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Many neuro-degenerative and metabolic diseases like Parkinson’s and 

Alzheimer’s are attributed to the effect of mis-folded and aggregated state of proteins in 

cells. This suggests that the phenomenon of in vivo protein aggregation may be relatively 

common, perhaps more than currently appreciated. In this study, we aimed to decipher 

the cause behind an intriguing and potentially related phenomenon observed in yeast cells 

- a widespread reorganization of hundreds of cytosolic proteins into punctate foci under 

starvation conditions. The key question that emerges is whether this phenomenon 

represents organization of proteins into functional assemblies or catastrophic aggregation. 

This thesis supports the aggregation hypothesis and provides evidence of its role in 

shaping the dynamics of cellular proteomes.  

 

We have been able to demonstrate that the proteins forming foci share a high 

propensity to aggregate and that these foci may represent sites of homogenous protein 

aggregation, structures which are typically associated with chaperones. A link between 

the formation of foci to the yeast aging process has also been established. With evidence 

correlating protein aggregation propensities to the cellular energy state, we have extended 
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the current "living on the edge" hypothesis (which demonstrates an inverse correlation 

between protein expression levels and their aggregation propensities). For a specific case 

of the "purinosome", which is inferred to be a functional enzyme complex responsible for 

purine biosynthesis, we have shown that the observations may be explained alternatively 

as a generic protein aggregation phenomenon. This study highlights a systems approach 

to studying cellular proteins, which can corroborate or provide an alternative explanation 

to inferences drawn from traditional reductionistic analysis. 



  

 ix 

Table of Contents 

List of Figures ....................................................................................................... xii 

Chapter 1 - Protein foci in yeast represent a generic protein aggregation phenomenon
.........................................................................................................................1 

Introduction.....................................................................................................1 

Results.............................................................................................................3 

Additional characterization of the foci phenomenon.............................3 

1. The kinetics of foci onset and penetrance are highly diverse. ...........7 

2. Computational prediction of protein aggregatability correlates with foci 
formation in S. cerevisiae. ............................................................8 

3. computational prediction of protein aggregatability correlates with foci 
formation in s. pombe. ................................................................10 

4. Foci can be induced by heat shock and osmotic stress in a manner 
consistent with induction by quiescence.....................................11 

5. Foci dissolution kinetics depend on time spent in stationary phase.15 

6. The interacting proteins Tps1 and Tps2 fail to form foci together. .16 

7. No functional signal is required for the induction of foci formation.17 

8. Ura7 and Ura8 form fiber-like structures.........................................18 

9. Proteins in the two tested pathways do not co-localize to the same foci.
.....................................................................................................20 

Discussion .....................................................................................................25 

MATERIALS AND METHODS..................................................................28 

Growth and microscopy of yeast .........................................................28 

Confirmation of Foci Formation by Immunofluorescence. .................28 

Chapter 2: Extending the “life on the edge” hypothesis to consider cellular energy 
levels .............................................................................................................31 

INTRODUCTION ........................................................................................31 

MATERIALS AND METHODS..................................................................34 

Growth and microscopy of yeast .........................................................34 

Analysis of Gln1-GFP foci composition..............................................35 



  

 x 

Imaging flow cytometry for automating Gln1-GFP assays .................36 

RESULTS AND DISCUSSION...................................................................36 

Punctate protein assemblies in budding and fission yeast possess 
properties of aggregates ..............................................................36 

The yeast glutamine synthetase Gln1 forms largely homogenous foci that 
are likely aggregates ...................................................................39 

Formation of Gln1 foci depends strongly upon cellular energy levels41 

Gln1-GFP foci may coalescence into single foci in an energy dependent 
manner.........................................................................................43 

Extending the life-on-the-edge hypothesis to consider cellular energy state
.....................................................................................................45 

REFERENCES .............................................................................................47 

Chapter 3: The purinosome, a generic protein aggregation phenomenon .............49 

Background ...................................................................................................49 

Results...........................................................................................................52 

1. Foci formation is largely independent of purine availability...........52 

2. Co-localization experiments were not able to reproduce the purinosome 
features. .......................................................................................58 

3. The TANGO score is highly predictive of purinosome foci penetrance.
.....................................................................................................61 

4. Unlike purine depletion, a variety of other cellular insults can induce 
purine biosynthetic protein foci. .................................................62 

Oxidative stressors ......................................................................63 

Inhibition of HSP90 molecular chaperones ................................65 

Inhibition of proteasome activity ................................................66 

Manipulation of cellular energy stores .......................................67 

5. Some foci are localized to aggresomes. ...........................................69 

6. Geldanamycin hormesis...................................................................71 

7. Foci formation correlates strongly with cell death ..........................72 

8. HSP70 co-localizes with PAICS-RFP foci. .....................................74 

Discussion .....................................................................................................75 



  

 xi 

A possible explanation for why An et al. observed foci upon purine 
depletion......................................................................................76 

METHODS ...................................................................................................77 

Cell Culture..........................................................................................77 

Transfection .........................................................................................78 

Preparation of Expression Plasmids.....................................................78 

Fluorescence Microscopy and Image Analysis....................................79 

Drug Treatments ..................................................................................79 

Immunofluorescence............................................................................79 

REFERENCES .............................................................................................81 

Chapter 4: Protein Aggregation and Aging ...........................................................84 

Introduction...................................................................................................84 

The role of protein aggregation in disease and aging ..........................84 

Yeast is a powerful model system for studying aging .........................86 

Results...........................................................................................................87 

Penetrance of Gln1-GFP foci varies with cell size, a proxy for cell age87 

Caloric restriction significantly reduces penetrance of foci ................89 

The age-extending drug rapamycin suppresses Gln1-GFP and Ade4-GFP 
foci formation..............................................................................91 

Six genes that are involved in thermal resistance that are also associated 
with longevity .............................................................................93 

Discussion .....................................................................................................94 

MATERIALS AND METHODS..................................................................96 

Growth and microscopy of yeast .........................................................96 

References.....................................................................................................98 

References............................................................................................................102 

Vita 109 



  

 xii 

 List of Figures 

Figure 1-1.  Foci formation is independent of the presence of the GFP epitope tag, as 

indicated by the foci formed by TAP-tagged Ade4, Gln1, Glt1, Pbs2, 

and Rio2 proteins. ...............................................................................5 

Figure 1-2. Diverse onset kinetics of protein foci....................................................8 

Figure 1-3. Cell stress induces protein foci in a manner similar to stationary phase.

...........................................................................................................13 

Figure 1-4. Dissolution kinetics of Gln1-GFP.......................................................16 

Figure 1-5. Disproving co-localization and tag affinity.........................................22 

Figure 1-6. In stationary phase yeast cells, proteins from the purine biosynthesis 

pathway fail to co-localize in foci with Ade4-mCherry foci. ...........24 

Figure 2-1. The life-on-the-edge concept. .............................................................33 

Figure 2-2. Proteins forming discrete intracellular foci both S. cerevisiae and S. 

pombe are expressed in vivo at lower levels and are computationally 

predicted to have higher intrinsic propensities to aggregate.............38 

Figure 2-3.  Immuno-purified Gln1-GFP foci consist almost exclusively of Gln1-GFP 

and HSP90 chaperones. ....................................................................40 

Figure 2-4. Glucose depletion induces Gln1-GFP foci formation in a concentration 

dependent manner. ............................................................................42 

Figure 2-5. Halting glycolysis by both glucose depletion and the addition of a 

competitive inhibitor of glucose hexokinase not only induces foci, but 

leaves cells peppered with small foci rather than one or two large foci.

...........................................................................................................44 



  

 xiii 

Figure 2-6. A schematic model of the “life-on-the-edge” hypothesis extended to 

incorporate cellular energy. ..............................................................46 

Figure 3-1. Purine biosynthetic enzyme foci formation is largely constant regardless 

of purine content of the cell culture medium. ...................................53 

Figure 3-2. Nutrient removal by 25 kDa dialysis of FBS does affect cell growth.55 

Figure 3-3. Addition of rich medium to purine-depleted cells largely do not reduce 

cluster formation. Using media formulation described in An et al. we do 

not find significant cluster dissolution..............................................57 

Figure 3-4. Co-transfected PAICS-RFP does not generally co-cluster with FGAMS-

EGPF.................................................................................................60 

Figure 3-5. Reported frequencies of cells with foci across the cell population and 

plotted as the blue curve, and predicted aggregation rates, measured as 

TANGO scores and plotted as the red curve. ...................................62 

Figure 3-6. PPAT-EGFP cluster formation is significantly induced by oxidative 

stress..................................................................................................64 

Figure 3-7. Concentration-dependent geldanamycin induction of PPAT-EGFP 

clusters. .............................................................................................65 

Figure 3-8. Treatment with the proteasome inhibitor MG-132 induces PPAT-EGFP 

clusters in HeLa and HEK293T cells................................................67 

Figure 3-9. Cellular energy levels effect foci formation........................................68 

Figure 3-10. MG-132 induces PPAT-EGFP aggresome formation.......................70 

Figure 3-11. Dosage-dependent effect of 40-hour GA pre-treatment on H2O2-induced 

PPAT-GFP puncta in HEK293T.......................................................72 

Figure 3-12. Differential survivability of cells with and without clusters. ............73 

Figure 3-13. Purine biosynthetic enzyme foci co-localize with HSP70 clusters. ..75 



  

 xiv 

Figure 4-1. Penetrance of Gln1-GFP foci across a cell population is strongly correlate 

with the sizes of the cells, which serve as a proxy for the cells’ ages.89 

Figure 4-2. Caloric restriction reduces foci formation in four GFP-tagged yeast 

strains. ...............................................................................................90 

Figure 4-3. Rapamycin markedly reduces Gln1-GFP and Ade4-GFP foci formation in 

a dose-dependent manner..................................................................92



  

 1 

Chapter 1 - Protein foci in yeast represent a generic protein aggregation 

phenomenon 

 INTRODUCTION 

A former graduate student in our lab, Rammohan Narayanaswamy, performed a 

fascinating genetic screen that laid the foundation for my dissertation work 

(Narayanaswamy, Levy et al. 2009). Using a collection of Saccharomyces cerevisiae 

strains individually genomically tagged with green fluorescent protein (GFP) as a fusion 

to each yeast protein (Huh, Falvo et al. 2003), he measured changes in the proteins’ 

subcellular locations using microscopy to monitor the reorganization  of 800 cytosolic 

proteins under starvation conditions. Initial screens using cell chip technology 

(Narayanaswamy, Niu et al. 2006) found a surprising phenomenon in which ~30% of the 

800 yeast proteins showed foci-like morphologies following the cells’ transitions to 

stationary phase. The foci were reversible (i.e., dissolved) by adding fresh medium. 

I joined the project at this point. I have collaborated extensively with Ram, as well 

as graduate students Jeremy O’Connell, Alice Zhao, and Jagannath Swaminathan on the 

experiments presented in this thesis. My work has included both experiments and 

theoretical interpretation of this complete body of work, and I have tried to indicate 

clearly the contributions of each person throughout. 

After a more detailed manual study of 256 of these yeast strains, Ram positively 

identified 180 foci-forming proteins. Although many, perhaps most, of the remaining 

strains showed some minimal level of foci penetrance across a population of cells, we 

decided not to consider them further as strong foci-formers. Ram discovered that similar 

foci could also be induced by depleting specific nutrients, in particular adenine for the 

enzyme phosphoribosylpyrophosphate amidotransferase (Ade4) and glucose for the 

enzyme glutamine synthetase (Gln1). As before, Ram found that these foci reverted to a 
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diffuse state after restoration of the depleted metabolite (Narayanaswamy, Levy et al. 

2009).  

The discovery of Ade4 foci was particularly intriguing because of a similar 

phenomenon discovered involving the homolog of Ade4 in human cells. In addition to 

finding foci that are reversible in response to adenine addition, An et al. found that many 

other members of the purine biosynthesis pathway show some level of co-localization. 

They hypothesized that a functional complex called the purinosome exists (An, Kumar et 

al. 2008). In the research presented here, my colleagues and I aimed to characterize these 

foci and to look for possible explanations for their formation. Throughout this research, 

we considered two contrasting theories:  

1. Functional assembly. The foci are functional complexes that form either to 

optimize enzymatic activity or to serve as a depot that protects proteins from degradation 

and keeps them accessible for rapid reuse.  

2. Aggregation. Alternatively, the foci may be a result of an aggregation-based 

phenomenon in which misfolding and domain swapping result in a massive, spontaneous, 

and potentially harmful aggregation. Although the aggregation properties of many 

individual proteins have been studied, to our knowledge, this explanation has neither 

been systematically discussed nor experimentally evaluated in prior work at the scale we 

describe.  

In my dissertation, I describe the experiments we conducted, the questions they 

aimed to address, and our findings. In this chapter, I discuss specific support for these 

two contrasting theories, in particular extensive support for the second case. In later 

chapters, I will detail experimental and theoretical results following up on specific 

proteins and specific cellular, organismal, and evolutionary consequences of widespread 

protein aggregation.  
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RESULTS 

Additional characterization of the foci phenomenon 

Before entering into a discussion of the support for the two theories (or some 

combination thereof), a bit more background is in order. In particular, Ram conducted a 

set of preliminary experiments to characterize the phenomenon. The experiments focused 

on a pair of proteins, Ade4-GFP and Gln1-GFP. The summary of his findings is as 

follows:  

1. PMSF, a serine protease inhibitor that is known to inhibit vacuolar proteases, 

did not influence the dissolution of Ade4-GFP or Gln1-GFP foci.  

2. Cycloheximide, which inhibits protein translation, severely decreased Ade4-

GFP foci formation after adenine removal. In addition, the dissolution of Gln1-GFP foci 

was partially inhibited by inhibiting protein synthesis.  

3. VPS33-delta, a yeast strain with a defect in vacuole formation, showed 

attenuated Gln1-GFP foci formation and localization of Ade4-GFP foci to the bud neck.  

4. Foci formation of either protein was not affected in an atg2-delta strain, which 

is characterized by defective autophagy. 

 

To confirm that foci formation was not an artifact of GFP, Ram applied an 

orthogonal method to assay for foci formation in native, untagged yeast cells by the use 

of tandem mass spectrometry (LC-MS/MS) quantification of protein abundance (Lu, 

Vogel et al. 2007). The shift of a protein from the insoluble cellular protein fraction 

(suggestive of foci formation) to the soluble fraction in stationary versus recovered cells 

was determined using a statistical scoring scheme (Narayanaswamy, Levy et al. 2009). 

The results showed that proteins that formed foci in the GFP screen were also 

predominantly located in the insoluble fraction in stationary phase, which is consistent 

with foci formation and provides independent verification of the GFP results. Thirty-two 
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of these proteins also shifted back to the soluble fraction following addition of fresh 

medium, supporting the microscopy results regarding the reversibility of foci formation. 

Although Ram’s use of an orthogonal method (mass spectrometry) reduced the 

possibility that the foci are a tag artifact, we still felt compelled to provide more evidence 

to support the validity of the observed foci. In order to further confirm the initial findings 

and provide yet another control for the possibility of GFP causing the aggregation, 

Jeremy O’Connell in the lab and I confirmed that proteins fused to a different epitope tag 

fully recreated the foci.   

We performed immunofluorescence (IF) experiments using yeast strains 

expressed tandem affinity purification (TAP)-tagged versions of the proteins Ade4, Gln1, 

Glt1, Rio2, and Pbs2 (Ghaemmaghami, Huh et al. 2003). As seen in Fig. 1-1, the TAP-

tagged proteins yielded results similar to those of the GFP-tagged proteins. Specifically, 

we were able to recreate all foci characteristics both in stationary phase cells and under 

specific metabolite depletion conditions. 
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Figure 1-1.  Foci formation is independent of the presence of the GFP epitope tag, as 
indicated by the foci formed by TAP-tagged Ade4, Gln1, Glt1, Pbs2, and 
Rio2 proteins. 

 Like Ade4-GFP and Gln1-GFP, Ade4-TAP and Gln1-TAP show diffuse 

localization during log-phase cellular growth and punctate foci in stationary phase cells 

or log-phase cells shifted into drop-out medium (SD-adenine or SD-glucose, 

respectively). Both proteins shift from a punctate to a diffuse state following the addition 
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of fresh medium. Glt1, Pbs2, and Rio2 all behave similarly. Figure from 

(Narayanaswamy, Levy et al. 2009). 
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For the rest of this chapter, I now present 9 independent observations that appear 

to support a generic phenomenon of protein aggregation in vivo. 
 
 

1. The kinetics of foci onset and penetrance are highly diverse. 

In an extensive time-lapse experiment, which lasted over 5 days and involved 24 

GFP-tagged proteins, Jeremy O’Connell and I found that different proteins varied in the 

time of onset of foci formation and in their final penetrance across the population of cells 

(Fig. 1-2). Also, some proteins, like Gln1-GFP, formed foci that were very stable. In 

particular, after 5 days, Gln1-GFP foci showed only a ~20% reduction in penetrance, 

whereas other foci showed a rapid decline over time. This observation was confirmed in 

another experiment (described in Chapter 2), in which upon cell lysis, Gln1-GFP foci 

appeared to be very stable in comparison to those of other proteins. This suggests that 

there is diversity in the intracellular duration and physical stability of different foci. 

One other important observation is that some of the proteins, like Glt1-GFP, form 

foci in early log phase and were defined as “ambiguous” or “foci” in the original 

measurements of their subcellular locations (Huh, Falvo et al. 2003), but like the proteins 

forming foci later in stationary phase, they are characterized by foci reversibility when 

the cells are fed new medium. These results show that there is a common underlying 

phenomenon of foci formation with broadly similar features, but the foci manifest 

themselves on a continuous spectrum of varying parameters. 
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Figure 1-2. Diverse onset kinetics of protein foci.  

The purpose of this chart is to emphasize the wide range of kinetics parameters 

that are observed across different GFP-tagged proteins. In particular, one may appreciate 

the diversity in onset time, maximum penetrance, and temporal volatility of the 

phenomenon. 

 

2. Computational prediction of protein aggregatability correlates with foci 

formation in S. cerevisiae. 

The TANGO algorithm (Fernandez-Escamilla, Rousseau et al. 2004) is one of a 

myriad of tools that are being developed to predict the propensities of peptides to 

aggregate. In particular, TANGO reliably calculates the beta sheet aggregation propensity 

of a peptide, scanning for aggregation regions with protein sequences. Tango is based on 

physicochemical amino acid sequence properties. Given a sequence, the algorithm 

assigns a score to each residue based on a few empirically derived parameters, i.e, testing 

the assumption that aggregated stretches are buried inside the protein.  



  

 9 

When I compared the mean TANGO scores of the foci-forming vs. non-foci-

forming proteins identified in Ram’s GFP screen, I found that foci-forming proteins have 

a statistically significant increase in TANGO scores, hence intrinsic tendency to 

aggregate, over non-foci forming proteins (p<0.0001 Mann-Whitney test), as presented in 

more depth in Chapter 2. This result provides evidence in support of a generic 

aggregation-based phenomenon. 

It’s worth mentioning that the remaining group of ~550 cytosolic proteins from 

the initial screen—many of which were not followed up on initially often due to technical 

considerations, e.g. poor image quality or missing cells—had a TANGO score 

distribution that lay in between those of the foci-forming and non-foci-forming groups, as 

might be expected from a mixture of these cases. Rarely are proteins entirely free from 

foci formation in our experiments: we observed that even our negative set of ~30 proteins 

do sporadically show very low basal levels of foci. Among the negative proteins, Yef3 

and Rpl24a form foci at the lowest rate, although Yef3 shows some sporadic foci after 14 

days in stationary phase. 

However, it is important to note that TANGO is not a perfect predictor of 

aggregatability. One of the more obvious signs of its inaccuracy was noticed in an 

attempt to calculate the aggregation propensity of an inverted peptide. The result was an 

identical, but reversed, aggregation profile. Based on the literature (Lacroix, Viguera et 

al. 1998)  and unpublished data from the Georgiou lab (Mark Pogson, personal 

communication), we would not expect an inverted protein to have the same fold or 

functionality as the original protein, showing a clear failure of the algorithm. 

Furthermore, it is important to note that the intrinsic propensity of a protein to 

aggregate as calculated by TANGO is only one out of many other relevant factors (some 

of which are probably unknown), such as protein abundance, the cell's energy balance, 

the cell's stress level, the cell's age, the amounts of available chaperones, chaperone 
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affinities for the misfolded protein, the burden on the proteolytic system, the stability of 

the protein, and the oligomneric state of the protein. 
 
 
  

3. computational prediction of protein aggregatability correlates with foci formation 

in s. pombe.  

In 2006, a group of Japanese researchers reported the construction of a collection 

of strains of the fission yeast Schizosaccharomyces pombe in which each strain over-

expressed a single S. pombe protein as a yellow fluorescent protein (YFP) fusion 

(Matsuyama, Arai et al. 2006).  

When the researchers screened the library for each protein’s localization, many of 

the cytosolic proteins presented as “dot”-like (to use their description) intracellular 

structures. When I compared the TANGO scores of the dot-like proteins to those of the 

non-dot-like (i.e., diffuse cytosolic) proteins, the dot-forming proteins had significantly 

larger TANGO scores than the non-dot forming group (p<1e-7, Mann-Whitney test), 

consistent with dots representing aggregation. 

Among the different adenine biosynthesis genes, ADE4 is the only gene that 

forms dots in S. pombe when overexpressed. This is significant because Ade4 is also the 

only protein in the purine biosynthesis pathway that forms foci under purine depletion in 

Saccharomyces cerevisiae, when the purine pathway is known to be up-regulated, 

although additional members of the pathway form foci in stationary phase cells. This 

tendency in two very different organisms may suggest an increased tendency of Ade4 

proteins in general to form aggregates, a tendency we will revisit in Chapter 4.  

It is also worth mentioning that Saccharomyces cerevisiae URA6 is the only 

member of the pyrimidine de novo biosynthesis pathway that forms foci under uracil 

depletion. The URA6 S. pombe homolog also forms foci and long filaments when 
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overexpressed (visible at the Riken group’s supporting web site, 

http://www.riken.jp/SPD/Img_page/06_iP/06B11_Loc.html). 
 

 

4. Foci can be induced by heat shock and osmotic stress in a manner consistent with 

induction by quiescence. 

It has been observed that heat-shocked yeast cells and stationary-phase yeast cells 

have very similar transcription profiles (Gasch, Spellman et al. 2000). In addition, it is 

well known that heat shock causes protein misfolding and aggregation (Kramer, Queiroz 

et al. 2008; Levitsky, Pivovarova et al. 2008; Svensson, Linse et al. 2009; Ishikawa, Ito et 

al. 2010; Tutar, Arslan et al. 2010). These observations raise the intriguing possibility 

that heat shock and stationary phase are linked in a much more fundamental way. In other 

words, if the foci we observed represent catastrophic aggregation, we might expect the 

foci to form under a broad range of conditions that increase cell stress, including heat 

shock and energy deficiency in the cell. 

In the following set of experiments, we aimed to explore whether the proteins that 

exhibit aggregation in stationary phase also aggregate following heat shock. Similarly, 

we examined whether proteins that do not form assemblies also fail to show signs of 

aggregation under heat shock. Such a correlation would suggest that the same underlying 

phenomenon is observed in both conditions. For the positive (aggregating) set, we used 

the two proteins that we used in our prior work, Gln1-GFP and Ade4-GFP. We also 

examined another protein, Ura7-GFP, which formed foci and exhibited an unusual fiber-

like morphology. For the negative (non-aggregating) proteins, we used Yef3-GFP and 

Rpl24a-GFP, which did not show any sign of aggregation even after repeated 

experimentation.  

Cells were exposed to a 43°C heat shock for various durations ranging from 30 

minutes up to a maximum of 2 hours. The amount of foci formation was then compared 
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to that of a 30°C control culture. We found a perfect correlation between the stationary 

phase results and the heat shock results in terms of foci formation (Fig. 1-3). Specifically, 

all the proteins in the positive group formed foci, whereas the two proteins in the negative 

group showed no signs of foci under heat shock.  Furthermore, for the positive set, we 

observed the same pattern over time that we observed during the progression towards 

stationary phase (many small foci formed initially, and later on, cells predominantly 

contained one or two large aggregates). Another interesting observation is that Ura7, 

which exhibited both foci and fiber-like morphology in stationary phase, exhibited the 

similar foci and fiber-like morphology following heat shock. 
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Figure 1-3. Cell stress induces protein foci in a manner similar to stationary phase.  

Heat shock (a) and osmotic shock (b) induce protein foci in a manner similar to 

stationary phase, shown here for 3 foci-forming GFP-fusion proteins and two soluble 

proteins..  
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At this stage, it is worth mentioning the following observation made by David 

Botstein’s group when comparing yeast microarray profiles (Gasch, Spellman et al. 

2000): 

“…the genomic response to heat shock was strikingly similar to that triggered by 

stationary phase, including the induction of genes involved in respiration and alternative 

carbon source utilization. Because extracellular glucose concentrations did not change 

during the course of the heat shock experiment (data not shown), we propose that 

chaperone-dependent protein folding in the immediate aftermath of heat shock causes a 

sudden decrease in cellular ATP concentrations. A shift in the ATP:AMP ratio might then 

lead to the observed expression alterations in central energy metabolism genes, similar to 

the response seen in mammalian cells.”  

This assertion sheds more light on the intimate relationship between heat shock 

and stationary phase in yeast. Although in their paper, Gasch et al. preferred to take an 

approach that emphasizes the lack of energy as the common factor between these states, I 

would like to emphasize the increased aggregation that is observed under these 

conditions. 

Heat shock causes aggregation through misfolding, and yeast cells in stationary 

phase are inherently depleted of the energy that is needed by chaperones. Thus, 

aggregation is also a likely consequence of the stationary phase. A massive amount of 

protein aggregation and its consequences are the common thread between these 

seemingly unrelated cellular states. 

As a follow-up test to these results, I further confirmed that the 5 strains that were 

discussed in the last section showed similar behavior when subjected to osmotic stress by 

adding 0.8 M NaCl to a log phase culture. As seen in Fig. 1-3, the 3 positive strains 

showed extensive foci formation under this severe shock, whereas Yef3-GFP and 

Rpl24a-GFP failed to form foci (data not shown). Thus, as for heat shock, a second 
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global stressor to the cell recapitulates the observations from stationary phase, and 

therefore further supports the aggregation theory over the functional one. 
 

5. Foci dissolution kinetics depends on time spent in stationary phase. 

It is well known that in pathological cases of protein aggregation, there is a time-

dependent process in which initial aggregates are amorphous and loosely-bound. As time 

progresses, the aggregates become more tightly bound as they transverse the 

conformation space and eventually become trapped in strong binding states like amyloids 

(Chiti and Dobson 2006) .  

Jagannath Swaminathan performed a dissolution kinetics experiment in order to 

test the idea that protein aggregates in yeast become more tightly associated over time. In 

this experiment, he maintained yeast cells in stationary phase for increasing time periods, 

then added fresh medium and measured the penetrance of GFP foci across the cell 

populations as a function of recovery time. It is worth mentioning that even after 5 days 

of quiescence, 20% of foci-carrying cells lost their foci within the first 5 minutes after re-

feeding. This behavior is similar to but not as extreme as the quick dissolution of actin 

bodies and proteasome stress granules (Sagot, Pinson et al. 2006; Laporte, Salin et al. 

2008). 

The results of the dissolution kinetics experiment demonstrated a strong positive 

correlation between the time spent in stationary phase and the time it takes for full 

reversal of foci formation after being fed new medium (Fig. 1-4).  



  

 16 

0

20

40

60

80

100

120

0 20 40 60 80 100 120 140

Time (hrs)

%
 f

o
c
i 

(n
o

rm
a
li

z
e
d

 w
it

h
 t

=
0
 

v
a
lu

e
)

day 1

day 2

day 3

day 4

day 5

 

y = 0.0409x - 0.686

R
2
 = 0.872

-0.7

-0.65

-0.6

-0.55

-0.5

-0.45

-0.4

0 1 2 3 4 5 6

Days

D
is

so
lu

ti
o

n
 R

a
te

 

Figure 1-4. Dissolution kinetics of Gln1-GFP. 

 (top plot) Cells maintained for increasing times in stationary phase (curves) were 

recovered with fresh YPD medium and foci penetrance across cells measured as a 

function of recovery time. (bottom plot) Gln1-GFP foci dissolution rates were calculated 

as linear regression slopes for the different datasets in the top plot, and show a strong 

positive correlation with time spent by cells in stationary phase. 
 
 

6. The interacting proteins Tps1 and Tps2 fail to form foci together. 

Tps1 and Tps2 are cytoplasmic proteins that are components of trehalose-6-

phosphate synthase. This physical complex is responsible for the synthesis of trehalose. 
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Trehalose is a sugar that is assumed to be produced in high quantities under stressful 

conditions such as thermal, osmotic or oxidative shock (Pereira, Eleutherio et al. 2001). 

For example, trehalose is needed during quiescence (Shi, Sutter et al. 2010) 

Based on the above, my colleague Jagannath expected that Tps1 and Tps2 would 

co-localize to the same foci. However, to our surprise, only Tps2-GFP foci were observed 

under starvation conditions, and Tps1-GFP remained diffuse. This surprising result 

rejects the possibility that the Tps2-GFP foci are active physical complexes because a 

stoichiometric distribution is expected in a functional complex, and the absence of Tps2 

from the foci prevents that. 

Along similar lines, this observation also helps to reject the “depot” functional 

explanation which would suggest that the foci are storage depots to be drawn upon only 

when the proteins are ultimately needed by the cell. The sequestration of only one 

component of a multi-component complex makes this explanation unlikely. 

 
 

7. No functional signal is required for the induction of foci formation.  

One possibility is that, following depletion of growth medium, the proteins of a 

required pathway form assemblies whose purposes are to overcome the deficiency (An, 

Kumar et al. 2008). I will next summarize some data collected by my colleague Jeremy 

O’Connell that addresses this issue. To test this possibility, he performed 3 sets of 

metabolite depletion experiments on a large collection of GFP-tagged yeast strains and 

subsequently looked for evidence that all members of the same pathway formed foci in 

the same conditions, as one might expect if the pathway members were assembling 

functional subcellular assemblies.  

Jeremy’s results, summarized here, show that member of the same pathways did 

not in general form foci in the same conditions, specifically following adenine, uracil, or 

glucose depletion. Also, many heat shock proteins that are expressed under stress did 
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form foci in these conditions. Both outcomes undermine the likelihood of coherent 

functional assemblies being formed among pathway members. 

It is worth mentioning that in the case of adenine depletion, as indicated above, 

only Ade4-GFP formed foci, whereas other members of the pathway remained diffuse. 

Similarly to the Tps1/2 experiment, we can reject the possibility of a heterogeneous 

active complex, at least for the yeast purine biosynthesis pathway. 
  

8. Ura7 and Ura8 form fiber-like structures. 

Ura7 and Ura8 are two isoforms of the CTP synthase (CTPS) gene that are very 

similar and highly conserved across phyla (BLAST E-value = 1e-136 between human 

and bacterial proteins). 

Both of these paralogs share features with all the other foci-forming proteins in 

that they form foci in the progression towards stationary phase and these foci dissolve 

upon medium replenishment. The formation also starts from many small foci, with cells 

later showing only one or two large bodies. What characterizes these foci is that they 

show a characteristic “rod-like” morphology, and this rod-like shape is conserved under 

heat shock induction. 

It is my opinion that a fiber or rod-like feature can often suggest some similarity 

to amyloid structures and is possibly indicative of a non-functional explanation. It also 

would seem not to be an efficient mode of packing proteins for the “depot” model, 

because the packing is much less compact than a round intracellular object. 

This viewpoint seems to be supported by a fortunate accidental finding Ram had 

with this project; when he tagged Gln1 and Ade4 with a cyan fluorescent protein (CFP) 

tag, he began to observe striking fiber-like intracellular structures, occasionally even 

spanning from mother cells all the way into their bud. Obviously, this result represents a 

tag-induced artifact. 
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Another example of striking fiber phenomenon is the S. pombe SPCC1795.05c 

protein. This protein (e.g. see its localization at the Riken website 

http://www.riken.jp/SPD/Img_page/06_iP/06B11_Loc.html) is reported to form 

filamentous structures following high levels of over-expression (but not moderate levels) 

as a YFP-tagged protein, which is again highly suggestive of a non functional role for the 

fiber (Matsuyama, Arai et al. 2006). 

While we were studying this phenomenon, a series of three papers were published 

that describe what seems to be the same phenomenon for CTP-synthase being conserved 

across diverse organisms (yeast, bacteria, flies and mammals (Ingerson-Mahar, Briegel et 

al. 2010; Liu 2010; Noree, Sato et al. 2010; Liu 2011)). These papers suggest CTPS 

fibers play functional roles in cells. Ingerson-Mahar et al. report in particular that the 

rods affect the shape of the particular bacterial species under study (Ingerson-Mahar, 

Briegel et al. 2010), although notably, in other species, they observe a strong correlation 

of the CTPS bodies to the apoptotic state of the cells. This observation is actually 

suggestive of an aggregation based phenomenon, as discussed further in Chapter 4. 

My alternative explanation for the results in these papers is one that I think is 

typical for the aggregation phenomenon in general; the function of an enzyme dictates 

strong constraints on its amino acid sequence. Those functional constraints may be 

accompanied by side effects intrinsic to these sequences, such as a propensity to 

aggregate in domain swapping proteins (Bennett, Schlunegger et al. 1995), which cannot 

be decoupled from the functional constraints. Thus, aggregation does not necessarily 

imply function, but accompany it in these cases. 

This last hypothesis is supported by unpublished research that was performed by 

Gwen Stovall from Andrew Ellington’s Lab. Gwen was able to show that in a set of 8 

mutant forms of Ade4-GFP that each have a single amino acid mutation relative to the 

wild-type sequence, the only one that showed a dramatic reduction in foci formation was 
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the one that almost fully abolished Ade4’s enzymatic functionality, measured as growth 

in adenine depleted medium. 

Sometimes, as I suspect might be the case of CTPS, the functional constraints are 

so severe that even after billions of years of divergence, a solution cannot be found. This 

is at this point, an unproven hypothesis, but seems worth pursuing into the future. 
  

9. Proteins in the two tested pathways do not co-localize to the same foci. 

In order to test the homogeneity of foci and to further evaluate whether members 

of the same pathway formed foci representing functional multi-protein complexes, 

Jeremy O’Connell and I performed a diverse set of protein co-localization experiments. 

We first performed a non-traditional experiment in which we tagged both Gln1 

and Ade4 with an identical GFP tag. The purpose of this experimental condition was to 

show a lack of co-localization and to disprove the possibility of tag affinity (an artifact in 

which a self affinity of the tags drives foci assembly). Thus, we specifically tested 

whether GFP-tagged proteins associate with other GFP-tagged proteins. 

Using the assumption of independent foci formation, we obtained evidence that 

the Ade4 and Gln1 foci do not co-localize. The evidence is apparent in the distribution of 

the number of foci per cell in the double-tagged strain (Ade4-GFP and Gln1-GFP) in 

comparison to the single-tagged strains expressing either Ade4-GFP or Gln1-GFP (Fig. 

1-5). Strains expressing the single tag tended to exhibit 1 foci per cell on average, 

whereas double-tagged strains favored two foci per cell, supporting the lack of co-

localization. Fewer cells with 3 or more foci were observed than expected, and this is 

likely due to reduced detection of fainter Ade4-GFP foci masked by a ten-fold increase in 

the background fluorescence of expressed Gln1-GFP. In a follow-up experiment using 

genomically tagged Ade4-GFP and Gln1-TAP, we found that only 2% of the cells that 

had both kinds of foci showed co-localization. 
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We then performed a set of more conventional double tag co-localization 

experiments. Initially, we used a positive control in which genomic Ade4 was tagged 

with GFP while an exogenous vector-based Ade4 was tagged with mCherry. As 

expected, both GFP and mCherry signals co-localized to the same foci for all cases, 

confirming that Ade4 foci colocalized, regardless of the identity of the two epitope tags. 

The results of the other combinations of proteins are summarized in Fig. 1-6. In short, no 

co-localization of proteins from the purine biosynthesis pathway with Ade4 was found. 

This finding is at least consistent with a homogeneous self-associated aggregation-based 

phenomenon for Ade4. An important implication of the co-localization experiments is 

that the idea of Ade4 foci being a yeast “purinosome” is rejected. In each of our attempts 

to track the location of pairs of proteins from the purine pathways, we always observed 

separate foci. 

In the next chapter, I will present specific evidence that a second foci-forming 

protein, Gln1-GFP, forms foci by aggregation rather then functional assembly, based on 

co-purification of the foci with heat shock proteins but no other pathway members. These 

results thus both support the aggregation hypothesis over the functional one. 
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Figure 1-5. Disproving co-localization and tag affinity.  

(A) Ade4 and Gln1 punctate foci do not strongly colocalize with each other, as 

measured in a doubly-tagged strain by immunofluorescence observation of TAP-tagged 

Gln1 in a strain expressing GFP-tagged Ade4. Colocalization occurred in 2% of cells 

with both Ade4 and Gln1 foci (i.e., in 1 of 46 cells observed to express at least 1 punctate 

body of each type.) Cells were grown in SC medium for 48 h to stationary phase (Scale 

bar: 10 m). (B) Additional evidence that Ade4 and Gln1 punctate foci do not strongly 

colocalize can be seen in the cell frequency histograms of punctate foci observed per cell 

for strains expressing Ade4-GFP, Gln1-GFP, or both. Strains expressing either Ade4-

GFP or Gln1-GFP favor 1 punctate body per cell, whereas strains expressing both favor 

two, supporting the lack of colocalization and indicating that the GFP epitope tag is 
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insufficient to direct specific aggregation. Fewer cells with 3 or more punctate bodies 

were observed than expected, likely because of limited detection of fainter Ade4-GFP 

punctate bodies amid the general increase in background fluorescence due to Gln1-GFP 

expression. Cells were grown in SC medium to early stationary phase. Error bars 

represent 1 SD, n=4 biological replicates. 
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Figure 1-6. In stationary phase yeast cells, proteins from the purine biosynthesis pathway 
fail to co-localize in foci with Ade4-mCherry foci. 
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 DISCUSSION 

 

Historically, much work has been performed on protein aggregation and the many 

types of functional multi-protein assemblies. Generally, individual proteins and 

assemblies have been studied independently. What makes the present work unusual is the 

attempt to examine such phenomena simultaneously across hundreds of cellular proteins. 

This is important for several reasons; perhaps the most important reason is that it 

provides a global perspective on the many aggregation-like events happening at once. 

Working in a lab, focused on a single gene or system, it is tempting and easy to assume 

that any protein assemblies observed are likely to be functional in nature. By observing 

protein behavior across many systems at once, it is immediately apparent that many 

distinct cases of protein assembly are occurring in parallel, arguing that potentially more 

may be happening than functional reorganization, and a more general phenomenon, such 

as widespread aggregation, may be at work.  

Our experimental approach, which emphasized using a high-throughput systems 

biology technique, provides us with a unique vantage point on the phenomenon of yeast 

foci formation during stationary phase. This vantage point allows us to avoid biases 

typical of more traditional reductionist approaches; in particular, our finding comes in the 

absence of a background of many years of work on a specific gene-system pair. This 

unbiased approach inherently comes with the simultaneous observation of hundreds of 

proteins under the same conditions, helping us to avoid the trap of one individual gene 

story, and it helped us to easily generalize and emphasize the similarities between the 

different proteins. 

For example, the finding that the kinetic characteristics of different proteins are so 

diverse emphasizes the commonalities and the differences between the proteins. On one 

hand, we see that a vast number of proteins share a similar phenomenon of foci 
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formation, but the very different characteristics of this formation might suggest that 

intrinsic features of the individual proteins come into play. The clear difference between 

the average TANGO scores of the foci-forming and non-foci-forming proteins provides, 

in my opinion, the strongest evidence as to where the discrepancy between the kinetic 

characteristics of protein foci stem from. Indeed, proteins that form dots upon 

overexpression in S. pombe also have an elevated TANGO score, supporting a generic 

aggregation-based phenomenon as a surprising, but credible, explanation for the 

observation in question. The full recapitulation of the foci formation phenomenon in heat 

shock and osmotic stress experiments corresponds very well to the same trend we saw 

previously. Such evidence argues against a model of functional coherence and couples 

well with Jeremy’s observations of the lack of pathway-specific patterns foci induction 

across different media conditions. 

Indeed, all of the proteins were characterized by a typical onset time and 

penetrance that increased with time as the medium was depleted. Another characteristic 

that was common to all the studied proteins was the reversibility of the phenomenon 

when cells were fed new medium. It is well known from the literature that aggregation 

has different stages that usually lead from a loosely connected body to a more rigid and 

less breakable one; this type of behavior is reflected in our dissolution kinetics 

experiment indicating that the stability of foci after re-feeding is closely correlated to the 

time the foci spent in stationary phase. The different kinetic characteristics of the various 

proteins also supported the idea that cells contain numerous different types of foci. If we 

were dealing with one big foci, one would expect a similar set of kinetics, at least in 

terms of the maximal penetrance. 

The specific case of Tps1 and Tps2 suggests that the Tps2 foci are not functional 

complexes or depots. With regard to the depot theory, it is worth emphasizing that 

similarly to the case of adenine induction for Ade4 foci, the product of Tps1 and Tps2 

(trehalose) is greatly needed at the time of foci formation. This last assertion argues 
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against a depot model wherein enzymes are sequestered to be used at a later time of need. 

Rather, the common circumstance in the two cases is the overexpression of genes when 

foci are forming. 

The common thread across all our findings that will be described in more detail in 

later chapters is that of homogenous self-association-based protein aggregation. This 

scenario seems to me to be the most probable and simple explanation that fits many of 

our observations. The homogeneous nature of the foci is highlighted by the lack of 

colocalization data, the TANGO analysis (because homogeneity is one of its 

assumptions), and the diverse set of kinetic characteristics.  

As will become apparent in the next chapters, the homogeneous nature of the foci 

is quite important, as it allow us to build a coherent model of these events. In further 

chapters, I will attempt to build support for such a model in which the physicochemical 

properties of a protein govern its intrinsic propensity for aggregation. 

Finally, these findings could have broad ramifications for cell biology because 

they strongly suggest that eukaryotic cells experience massive and widespread protein 

aggregation under native physiological conditions. This last assertion, coupled to the 

inherent toxicity that is often associated with aggregates (Pastor, Kummerer et al. 2008), 

bring me to ask some important questions that we tried to answer:  What are the 

evolutionary ramifications of our findings? What mechanism, if any, do cells use to 

minimize or control aggregation? How does these findings translate to more complex 

eukaryotes? Because of this apparently constant cellular exposure to potentially toxic 

species, in particular during cellular quiescence and the induction of aging in quiescent 

yeast, it is also tempting to ask whether protein aggregation has causal effects on 

eukaryotic aging. I will address each of these in subsequent chapters. 
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MATERIALS AND METHODS 

Detailed information for materials used in this study can be found in 

(Narayanaswamy, Levy et al. 2009) 

 

Growth and microscopy of yeast 

Yeast strains had a genetic background of BY4741 [genotype, MATa his3_1 

leu2_0 met15_0 ura3_0].  Strains expressing GFP-tagged proteins were obtained from the 

OpenBiosystems GFP collection. Rich medium (YPD) containing yeast extract (1%), 

peptone (2%) and glucose (2%) was purchased from Sunrise Sciences. Synthetic 

complete medium (SC) contained 1x yeast nitrogen base (BD Biosciences/Difco) without 

amino acids, synthetic drop-out medium supplement mix  or was purchased from Sigma. 

Cultures were started by picking from freezer stocks into YPD and growing overnight, 

before transferring to new medium for re-growth. All cultures were maintained shaking at 

30°C. Log phase cells were imaged and prepared for mass spectrometry at an optical 

density (O.D.) of approximately 2. Cells treated with 0.8 NaCl were also log phase cells 

at an O.D. of approximately 2. Stationary phase cells were grown a minimum of 48 hours 

before imaging or lysing for mass spectrometry analysis.   

 Cells were imaged on a Nikon E800 fluorescence microscope with 

Photometrix Coolsnap CCD camera under oil immersion at 100x magnification. 

Differential interference contrast (DIC) images and fluorescent images in the GFP 

channels were collected using standard filter sets. Cell lysate was imaged on a Nikon 

TE2000-E with a Photometrics Cascade II camera at 60x magnification. Images were 

processed using Nikon Elements AR.  

Confirmation of Foci Formation by Immunofluorescence. 

 TAP-tagged yeast strains (Open Biosystems) were grown at 30 °C in YPD or 

appropriate dropout medium, to mid-log or stationary phase, as appropriate, then fixed, 
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spheroplasted, incubated with FITC-conjugated rabbit anti-goat IgG (Zymed), and 

imaged using standard immunofluorescence protocols as described in (Narayanaswamy, 

Levy et al. 2009) 
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Chapter 2: Extending the “life on the edge” hypothesis to consider 

cellular energy levels 

 

INTRODUCTION 

The central importance of amyloid and prion proteins in neurodegenerative 

diseases is widely recognized, and the number of diseases linked to protein aggregation is 

growing continuously (Aguzzi and O'Connor 2010). Interestingly, evidence is building 

that protein aggregation in vivo may be far more common that expected (e.g., (Alberti, 

Halfmann et al. 2009; David, Ollikainen et al. 2010)), and work in recent years has 

revealed that cells possess many active strategies for controlling protein aggregation, 

ranging from molecular chaperones to a diverse array of subcellular compartments for 

storing, degrading, and perhaps recovering aggregated proteins (Johnston, Ward et al. 

1998; Kaganovich, Kopito et al. 2008). Recent evidence has also begun building for the 

evolutionary signatures associated with widespread aggregation. 

 

In particular, in a seminal paper, Tartaglia et al. demonstrated that a surprising 

anti-correlation existed between the cellular expression levels of a set of eleven human 

proteins and their propensity to aggregate in vitro (Tartaglia, Pechmann et al. 2007). They 

observed that each protein was naturally expressed in vivo at levels strongly correlated to 

its solubility, defining a solubility boundary which they dubbed “the edge” (illustrated as 

the red band in Fig. 2-1), with highly aggregating proteins maximally expressed at low 

levels, and less aggregating proteins maximally expressed at higher levels. While 

causality is unclear, two opposing evolutionary forces might be at work: First, proteins 

which are likely to form aggregates due to their physiochemical properties, all else being 

equal, should be constrained to lower abundances than proteins with lower natural 

propensity to aggregate. Second, proteins required by cells at higher abundances should 
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be constrained to lower aggregation propensity. One surprising aspect of these 

observations was that the proteins’ expression levels were not simply bounded by the 

edge, but rather they were uniformly found to be on the edge, suggesting balancing 

evolutionary selection between protein expression and aggregation propensity. 

While most (nine) of the proteins initially tested were known to be involved in 

protein aggregation diseases, more recent evidence suggests that the “edge” hypothesis 

might apply more broadly than to these largely pathological proteins. Perhaps the 

strongest support for increased generality of the observation came from a consideration of 

E. coli mRNA abundances, which showed a consistent anticorrelation with aggregation 

propensity, to the extent that mRNA levels could be in part predicted based upon 

predicted aggregation propensities (Tartaglia, Pechmann et al. 2009). 
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Figure 2-1. The life-on-the-edge concept. 

The life-on-the-edge concept of Tarteglia et al. demonstrated an inverse 

relationship between protein concentration, as measured by mRNA expression, and 

aggregation propensity (Tartaglia, Pechmann et al. 2007). They put forward the idea that 

protein expression levels and aggregation propensities have evolved to be anti-correlated, 

with proteins expressed in vivo near their respective solubilities (shown as the red band).  

 

We might expect that, given each protein’s inherent propensity to aggregate, the 

“edge”—i.e., the abundance level above which proteins will be significantly more likely 

to aggregate—is not fixed. Rather, it seems likely that the edge will depend upon the state 

of the cell, specifically its energy state and the availability of agents that are instrumental 

in dissolving aggregates, such as chaperones, proteasomes, autophagy, and so on. Thus, a 

simple but seemingly reasonable extension to the edge hypothesis would include a 
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consideration of cellular energy state in addition to proteins’ abundances and their 

intrinsic physicochemical aggregation propensities. 

We wished to test the generality of the edge hypothesis and to evaluate whether 

such factors as physiological and cellular state did in fact play roles in setting the “edge”. 

For these tests, we took advantage of large-scale datasets of protein localization in the 

budding yeast S. cerevisiae and the fission yeast S. pombe, as well as employed a simple 

and tractable in vivo model of protein aggregation, measured used fluorescent microscopy 

and imaging flow cytometry. In particular, microscopy-based screens have been 

performed under conditions which might be expected to lead to protein aggregation, 

using green fluorescent protein (GFP) fusions to measure localization of ~800 normally 

cytosolic proteins in nutrient starved  S. cerevisiae (Narayanaswamy, Levy et al. 2009), 

and yellow fluorescent protein (YFP) fusions to measure proteome-wide protein 

localization following over-expression in S. pombe (Matsuyama, Arai et al. 2006). We 

analyzed these datasets for evidence supporting the edge hypothesis, then characterized in 

more detail one particular protein—the biosynthetic enzyme glutamine synthetase—

observed to aggregate into punctate intracellular foci in the S. cerevisiae screen. 

 

MATERIALS AND METHODS 

Growth and microscopy of yeast 

Yeast strains had a genetic background of BY4741 [genotype, MATa his3_1 

leu2_0 met15_0 ura3_0].  Strains expressing GFP-tagged proteins were obtained from the 

OpenBiosystems GFP collection. Rich medium (YPD) containing yeast extract (1%), 

peptone (2%) and glucose (2%) was purchased from Sunrise Sciences. Synthetic 

complete medium (SC) contained 1x yeast nitrogen base (BD Biosciences/Difco) without 

amino acids, synthetic drop-out medium supplement mix  or was purchased from Sigma. 

Cultures were started by picking from freezer stocks into YPD and growing overnight, 
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before transferring to new medium for re-growth. All cultures were maintained shaking at 

30°C. Log phase cells were imaged and prepared for mass spectrometry at an optical 

density (O.D.) of approximately 2. Cells treated with 2% 2-deoxyglucose (Sigma) were 

also log phase cells at an O.D. of approximately 2. Stationary phase cells were grown a 

minimum of 48 hours before imaging or lysing for mass spectrometry analysis.   

 Cells were imaged on a Nikon E800 fluorescence microscope with 

Photometrix Coolsnap CCD camera under oil immersion at 100x magnification. 

Differential interference contrast (DIC) images and fluorescent images in the GFP 

channels were collected using standard filter sets. Cell lysate was imaged on a Nikon 

TE2000-E with a Photometrics Cascade II camera at 60x magnification. Images were 

processed using Nikon Elements AR.  

 

Analysis of Gln1-GFP foci composition 

S. cerevisiae cells expressing genomically-tagged Gln1-GFP were cultured in 

synthetic complete medium to stationary phase (48 hours) at 30˚C. Gln1-GFP foci 

formation was verified by microscopy before lysing cells by vortexing with glass beads 

in 50mM Tris, 50mM NaCl, 5mM MgCl2, 1X Protease Inhibitor Cocktail 

(CalBiosciences), and 1mM DTT. After verifying by microscopy that foci were retained 

in the lysate, Gln1-GFP was immuno-precipitated with rabbit anti-GFP antibodies 

(Sigma) tethered to Protein A-conjugated Dynabeads (Immunoprecipitation Kit, 

Invitrogen). Immuno-precipitated proteins were washed three times, acid eluted, and the 

solution neutralized prior to Western blot verification with mouse anti-GFP primary 

antibodies (Covance) and horseradish-peroxidase conjugated goat anti-mouse secondary 

antibodies (Santa Cruz Biotechnology), visualized by luminol (Santa Cruz 

Biotechnology). 
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Immuno-precipitated proteins were prepared for mass spectrometry by reducing 

and alkylating cysteine residues with iodoacetamide, protealyzing with trypsin, 

concentrating on C18 tips (Thermo), and filtering through a YM-10 Microcon filter 

(Millipore). Peptides were identified and proteins quantified using a Thermo Finnegan 

LTQ-Orbitrap mass spectrometer as in (Laurent, Vogel et al. 2010). 

 

Imaging flow cytometry for automating Gln1-GFP assays 

Cells in early log phase (~2 O.D./ml) were spun down and resuspended in SC 

with glucose concentrations ranging from 0 to 2% (again at ~1 O.D./ml). At 30 minute or 

1 hour intervals 300µl of culture was removed and fixed by incubation with 4% 

formaldehyde at room temperature for 60 min, and washed with PBS before storing at 

4°C. Cells were imaged on an Amnis ImageStream at 60x in brightfield and GFP 

channels. For all replicates, 50,000 cell images were at a flow rate of 40mm/s and a flow 

width of 7mm collected. Images were analyzed using custom templates in Amnis IDEAS 

4.0 software. The percent of cells with foci was calculated as the number of cells with at 

least 30% of GFP fluorescence intensity in less than ~1µm2 . The percent penetrance data 

was graphed to produce onset curves which where fitted with allosteric sigmoidal 

equation to calculate the onset of foci formation. The time value at fifty percent 

maximum penetrance was plotted against glucose concentration to determine energy 

dependence of puncta formation. 

RESULTS AND DISCUSSION 

Punctate protein assemblies in budding and fission yeast possess properties of 

aggregates 

Several lines of evidence support the notion that foci from large-scale screens are 

the result of aggregation. We applied the TANGO algorithm (Fernandez-Escamilla, 

Rousseau et al. 2004) to predict the aggregation propensity of each S. cerevisiae and S. 
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pombe protein. TANGO employs a statistical mechanics model for predicting 

aggregation propensities of peptides, assuming the possibility of five conformations of a 

given peptide sequence and assigns a probability to each conformation, stepping an 

evaluation window across the protein sequence. The algorithm has proven successful in 

predicting aggregation propensity of known proteins and has been widely used as such 

(Xu, Reumers et al. 2011). TANGO scores were elevated for foci-forming proteins in 

both S. cerevisiae and S. pombe, suggesting many of the foci may potentially represent 

aggregates (Figure 2-2C).   

Consistent with the life-on-the-edge hypothesis, the normal S. cereviseae cellular 

abundances of foci-forming proteins are significantly lower than the non foci-forming 

proteins (p < 10-8). Similarly the relative abundances of proteins in S. pombe over 

expression screen are significantly lower for foci-forming than non foci-forming proteins 

(p < 10-16) (Figure 2-2D). The trends in both experiments are consistent with outcome 

expected if GFP-protein foci were aggregates following the “life on the edge” hypothesis. 
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Figure 2-2. Proteins forming discrete intracellular foci both S. cerevisiae and S. pombe 
are expressed in vivo at lower levels and are computationally predicted to 
have higher intrinsic propensities to aggregate.   

(A) In S. cerevisiae cytoplasmic proteins normally appear diffuse when visualized 

with GFP. However, when depleted for nutrients many form distinct foci 

(Narayanaswamy, Levy et al. 2009). (B) A similar phenomenon is also seen in S. pombe. 

When YFP-tagged cytoplamic proteins are over-expressed some form cytoplasmic foci. 

(Figures from (Matsuyama, Arai et al. 2006)). (C) In both S. cerevisiae and S. pombe, the 

labeled proteins that show foci have a higher propensity to aggregate, as predicted by the 

TANGO algorithm, than proteins that do not form foci (S. cerevisia, p<1e-3; S. pombe, 

p<1e-7; M-W test). (D) Conversely, the absolute protein abundance in S. cerevisiae or the 

relative protein abundance in S. pombe is less for proteins that form foci than those that 

do not (S. cerevisia, p<1e-8; S. pombe, p<1e-3). Taken together these observations show 

a collective trend that mirrors the inverse relationship between aggregation propensity 



  

 39 

and expression level predicted by “the edge” hypothesis.  

 

 

 

The yeast glutamine synthetase Gln1 forms largely homogenous foci that are likely 

aggregates 

To evaluate the life-on-the-edge phenomenon more fully, we focused on one 

protein in more depth, the yeast glutamine synthetase (Gln1), which synthesizes 

glutamine from glutamate and ammonia. We had previously observed GFP-tagged Gln1 

protein to be diffusely localized in log phase yeast cells but to robustly form foci in 

stationary phase yeast cells (Figure 2-3A). To better establish the nature of the Gln1-GFP 

intracellular foci, we induced foci formation by growing yeast to stationary phase (48 

hours in SC medium, with >95% of cells exhibiting at least one punctate Gln1-GFP 

structure), then verified that foci remained largely intact and detectable upon cell lysis 

(Figure 2-3A). Using GFP-directed antibodies tethered to magnetic beads, we 

immunoprecipitated Gln1-GFP from the cell lysate (Figure 2-3B) and subjected the 

enriched material to tandem mass spectrometry shotgun proteomics analysis. 
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Figure 2-3.  Immuno-purified Gln1-GFP foci consist almost exclusively of Gln1-GFP and 
HSP90 chaperones. 

 (A) Representative fluorescence microscopy images of Gln1-GFP foci formation 

after 48h in SC. Gln1-GFP foci persist after cell lysis and survive outside of cells. (B) 

Immuno-purification of Gln1-GFP foci from quiescent yeast cells with anti-GFP 

antibody-labeled magnetic beads shows high specificity and yields for Gln1-GFP. (C) 

Mass spectrometry analysis of captured proteins shows a statistically significant 

enrichment of Z ≥ 2 for only Gln1-GFP and HSP90 family chaperones. The co-

purification of re-folding chaperones with Gln1-GFP supports the hypothesis that these 

foci are aggregates.  
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Strikingly, the Gln1-GFP pulldown material was dominated almost entirely by 

glutamine synthetase and one or possibly both of the molecular chaperones Hsp82 and 

Hsc82, with no other proteins detected at a level significantly beyond that of control 

purifications from untagged yeast strains (Z-score ≥ 2; Figure 2-3C). Homogeneity is a 

hallmark of many purified aggregates, such as bacterial inclusion bodies. Indeed, at high 

concentrations in vitro, E. coli glutamine synthetase is known to spontaneously assemble 

into filaments (Frey, Eisenberg et al. 1975), suggesting the protein may have an intrinsic 

propensity to self-organize into macromolecular assemblies, although we see no evidence 

for filament formation in vivo in yeast. While a uniquely identifiable peptide was 

observed only for Hsc82, the two HSP90 family chaperones are approximately 97% 

identical in sequence, so nearly all observed peptides match to both proteins, thus 

presence of Hsp82 cannot be ruled out. These chaperones, members of the HSP90 

chaperone family, are known to be required both for folding difficult-to-fold proteins as 

well as for refolding denatured proteins after stress (Nathan, Vos et al. 1997). 

Additionally, we have previously reported untagged Gln1 transitioning from the soluble 

phase to the insoluble phase of cell lysates upon nutrient depletion (Narayanaswamy, 

Levy et al. 2009). Thus the homogeneity of the Gln1-GFP foci, combined with the strong 

enrichment for HSP90 chaperones, and the observed transition to the insoluble phase 

strongly suggests the foci represent misfolded or misassembled aggregates, rather than 

functional assemblies.  

 

Formation of Gln1 foci depends strongly upon cellular energy levels 

Gln1 is normally expressed in exponentially growing yeast cells in rich medium at 

very high levels (approx. 350 000 molecules / cell (Ghaemmaghami, Huh et al. 2003)). 

The life-on-the-edge theory would suggest the protein sits close to the “aggregation 

edge”. Given this high starting level of Gln1, we hypothesized that depleting cellular 
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energy levels would lead to less effective protein homeostasis and a concomitant 

aggregation of Gln1. Indeed, we have previously observed Gln1-GFP to form foci both in 

stationary phase cells, but also when cells are transferred into glucose dropout medium 

(Figure 2-4A).  

Using imaging flow cytometry, we quantified the degree of Gln1-GFP foci 

formation as a function of glucose concentration, measuring the penetrance of foci 

formation across the population of cells as a function of time (Figure 2-4B). We found 

that decreasing glucose concentrations led to a corresponding decrease in the onset time 

of Gln1-GFP foci formation (Figure 2-4C).  This result provides evidence for the energy 

dependence of Gln1-GFP foci formation.  

 

Figure 2-4. Glucose depletion induces Gln1-GFP foci formation in a concentration 
dependent manner. 

 (A) Inhibiting energy production induces the formation of Gln1-GFP foci. For 

example starving cells of glucose by switching to SC medium lacking glucose for two 

hours strongly induces Gln1-GFP foci. Inhibiting glucose metabolism with 2-
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deoxyglucose also leads to the formation of Gln1-GFP foci. (B) The energy dependence 

of Gln1-GFP foci was tested by measuring foci formation over time with varying 

concentrations of glucose in the medium. Cultures for each glucose concentration were 

grown in triplicate and sampled every hour for 9h. Samples were analyzed on an Amnis 

ImageStream by collecting 50,000 cell images per sample. Cell images were 

computationally analyzed such as to exclude out-of-focus cells, clusters of cells, or dead 

cells. Finally, a scatter plot of the 30% fluorescence intensity area mask separated the 

population into Gln1-GFP expressing cells with and without foci, providing relative 

quantitation of the two cell populations. (C) The mean foci penetrance per glucose 

concentration over time shows distinct curves for all but the lowest two concentrations. 

(Error bars are the standard deviations for three biological replicates.) (D) Plotting the 

mean time to 50% max penetrance against the glucose concentration per sample shows a 

clear correlation between increasing glucose concentration and time to foci formation. 

 

 

Gln1-GFP foci may coalescence into single foci in an energy dependent manner 

We further tested the energy dependence of Gln1-GFP foci formation by culturing 

Gln1-GFP tagged yeast cells in the presence of 2-deoxy-D-glucose (2DG), a competitive 

inhibitor of glucose hexokinase, to limit energy production from glycolysis. Formation of 

Gln1-GFP foci were strongly induced by 2DG treatment (Figure 2-4A), further 

supporting the notion foci formation has a strong dependence on available cellular energy 

levels, with lowered levels inducing foci.  

Moreover, when Gln1-GFP tagged yeast cells were grown in medium lacking 

glucose and containing 2DG, to mimic a state of extreme starvation, many small foci 

formed rather than a single large body as commonly seen in glucose depletion alone 

(Figure 2-5). This suggests that small foci may represent spontaneously forming small 
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assemblies that might coalesce into fewer large foci in an energy dependent process. One 

mechanism might be through active transport, similar to the formation of aggresomes 

(Johnston, Ward et al. 1998). Another possible mechanism could be through chaperone 

mediated dynamic partitioning, as seen in bacterial inclusion bodies (Carrio and 

Villaverde 2003).  In either case, the energy dependent assembly of larger structures 

removes smaller, potentially more toxic aggregates (Volles and Lansbury 2003; Reixach, 

Deechongkit et al. 2004; Pastor, Kummerer et al. 2008; McGlinchey, Kryndushkin et al. 

2011) from the cytoplasm by collecting them into a localized structure to improve 

cellular fitness.  Our observations of Gln1-GFP foci seem to show similar energy 

dependence for localization, suggesting the cell might actively minimize the presence of 

many such small assemblies. 

 

 

Figure 2-5. Halting glycolysis by both glucose depletion and the addition of a competitive 
inhibitor of glucose hexokinase not only induces foci, but leaves cells 
peppered with small foci rather than one or two large foci.  

Removing glucose from the medium directly halts gylcolysis, and leads to strong 

induction of Gln1-GFP foci after 2h. Adding 2-deoxyglucose also induces foci after 2h, 

but many more per cell, suggesting formation of a few large foci is an energy-dependent 

process. 



  

 45 

 

 

Extending the life-on-the-edge hypothesis to consider cellular energy state 

The “life on the edge” theory insightfully claims that proteins evolved to be at the 

limit of solubility in their respective cellular environments, and any increase in protein 

concentration or change in chemistry to increase aggregation rate will lead to insolubility 

and aggregation. However, even in a constant environment, cellular energy varies with 

cell cycle, and most environments are far from constant. When cellular energy is high, 

cells can expend energy for many ATP-dependent protein quality control systems, such 

as chaperones, in order to force insoluble proteins back across the edge into a soluble 

state. Aggregates that are recalcitrant to refolding or targeted degradation can still be 

removed from the cytosol by actively trafficking them to autophagosomal/lysomal bodies 

or into an rapidly growing list of aggregate sequestering structures (Tyedmers, Mogk et 

al. 2010).  When intracellular energy drops, these mechanisms can no longer function to 

buffer proteins that have crossed the edge of solubility, and insoluble proteins will 

accumulate and begin to aggregate. Given that the wide array of non-disease associated 

proteins that formed foci in S. cerevisiae under nutrient depletion and in S. pombe when 

over-expressed, and that two of the proteins forming “the edge” were also non-disease 

related, it is tempting to speculate that many if not all proteins are capable of crossing the 

edge given sufficiently high concentration and low cellular energy. More over, if all 

proteins form aggregates as homogenous as those formed by Gln1-GFP, then cells in a 

low energy state, such as stationary phase, might well contain hundreds of different 

aggregate bodies. 
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Figure 2-6. A schematic model of the “life-on-the-edge” hypothesis extended to 
incorporate cellular energy.  

The real model is probably much more complex and might include factors such as 

cell stress level, age, concentrations of available chaperones, chaperone affinities for 

misfolded proteins, the burden on the proteolytic system, the stability of the protein, and 

the oligomeric state of the protein. 
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Chapter 3: The purinosome, a generic protein aggregation phenomenon 

 

BACKGROUND  

Over the last four decades, there has been growing research on multi-enzyme 

complexes with beneficial roles in the cell. The notion of substrate channeling, which 

involves enzymes transferring substrates amongst themselves rather than releasing them 

back into solution, has been explored since the early 1970s (Kuzin 1970). The advantages 

of such multimeric complexes include improved efficiency and optimized capture of 

short-lived reaction intermediates (Mueller, Meyer et al. 1994; Rudolph and Stubbe 

1995). A handful of channeling complexes have been discovered. Of those complexes, 

the best studied pertain to the ribosome and different polymerase complexes that to a 

large extent do not separate into stand-alone enzymes. Another promising example is the 

purinosome, a multienzyme functional complex that encapsulates all the members of the 

purine biosynthesis pathway. Its existence was first predicted more than 30 years ago 

(Caperelli, Benkovic et al. 1980), and recent research has provided evidence for its 

existence. Supporting evidence includes the partial co-purification of two enzymes 

(Smith, Mueller et al. 1980). In addition, in mammals, the existence of second, third and 

fifth enzymatic activity in one physical protein suggests the possible proximity of the 

fourth enzyme through a noncovalent transient association. Supporting evidence also 

stems from the Rosetta stone algorithm (Marcotte, Pellegrini et al. 1999), which predicts 

the physical interaction between the second, third and fourth enzymes in E. coli. 

However, until recently, the purinosome itself has never been directly observed. 

In Chapter 1, I discussed our efforts to establish whether the foci we observed in 

yeast are aggregates or possibly functional complexes, with the weight of evidence 

broadly supporting aggregation, especially for the purine biosynthetic enzyme Ade4. In 

this chapter, I will begin with a brief description of the key findings that have been 
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reported in recent work regarding the human purinosome. Then, I will discuss the 

questions that we posed and the experimental studies that we performed in order to 

address these questions. In particular, my contributions to the work in this chapter have 

been to suggest and interpret experiments, with my collaborator Alice Zhao performing 

all human cell culture experiments, and Jagganath Swaminathan constructing a number of 

the human gene expression clones.  

Recently, An et al. presented findings that suggest the existence of the human 

purinosome (An, Kumar et al. 2008). Their study employs primarily HeLa cells that were 

transfected with one or two genes (mostly as fusions to genes encoding fluorescent 

proteins) from the purine biosynthesis pathway. The paper reports the induction of visible 

foci with purine-depleted media. Similar to the findings we summarized for yeast in 

Chapter 1, foci formation is reversible with the addition of purine-rich medium. In 

addition, the paper reports that the foci are highly dynamic because the recovery from 

photobleaching is quick. The transfection of single purine biosynthesis genes (as fusions 

to fluorescent protein reporters) yields a wide range of penetrating foci from 5% of PPAT 

(equivalent to yeast Ade4) to 77% of FGAMS (equivalent to yeast Ade5/7 and Ade8). 

Notably, we noticed a similarly wide range of penetrance ranging from 0% to 100% in 

our prior work, which I described in Chapter 1 on yeast. 

An et al.  also observed the co-localization of FGAMS with each of 5 other 

members of the purine biosynthetic pathway (An, Kumar et al. 2008), typically observing 

co-localization in a subset of the cells. The paper reports that the co-transfection of 

FGAMS with each member of the pathway also increases the penetrance of cluster 

formation, i,e, the fraction of cells in the population with foci. 

We initially found the similarity between the phenomenon in yeast and in humans 

to be striking, and it suggest to us the possibility for a conserved functional assembly of 

purine biosynthetic proteins. In particular, the formation of foci through purine depletion, 

the reversibility of the phenomenon, and the ability to cycle have been reported in both 



  

 51 

papers. However, further detailed studies have revealed substantial differences. First, 

while An et al. reported that foci form for all the pathway members under purine 

depletion, we found that in yeast, only Ade4 formed foci under purine depletion, and the 

remaining members showed foci only during the stationary phase (at least, of the 

conditions tested at that time). In addition, once foci were formed during the stationary 

phase, we did not observe pairs of pathway members to co-localize.  

Hence, we wished to better establish whether the foci observed in the purine 

biosynthesis pathway are functional or not. In particular, we asked whether the foci 

reported by An et al. might have formed due to over-expression or stress induced by 

suboptimal media employed in these experiments. Such stresses would thus not be 

specific to purine deficiency, and would argue against the formation of a functional 

purinsome. We will present data below suggesting that aggregation is indeed more likely.  

Two follow-up studies expanded on the initial purinosome observations, but did 

not provide convincing additional support for functional assemblies. First, An et al. (An, 

Kyoung et al. 2010) described a potential signal transduction mechanism regulating the 

formation of the purinosome, identified by inhibition of the CK2 kinase either via 

chemical or siRNA silencing. Importantly, CK2 has many protein substrates, and its 

inhibition influences a wide array of cellular activity. Thus, CK2 is known to be rather 

nonspecific (Litchfield 2003; Bibby and Litchfield 2005), and does not strongly constrain 

the mechanism underlying foci formation. Interestingly, CK2 inhibition is also known to 

induce apoptosis (Slaton, Unger et al. 2004; Ahmad, Wang et al. 2008; Trembley, Wang 

et al. 2009). Furthermore, the set of chemicals used to inhibit CK2 are also rather 

nonspecific (Pagano, Bain et al. 2008) and are themselves also associated with increased 

apoptosis (Schneider, Hessenauer et al. 2009). Thus, these data are not inconsistent with 

the notion that severe cell stress, which may be triggered by a variety of factors, might be 

the trigger for foci formation rather than signal transduction via CK2. 
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Second, the authors described the dependence of purinosome formation on 

microtubules (An, Deng et al. 2010). The authors demonstrate that purinosome formation 

is suppressed by the microtubule inhibitor nocodazole. It is worth mentioning here that 

nocodazole treatment is well documented as an aggregation antagonizing agent 

(Shimohata, Sato et al. 2002; Nozawa, Yamauchi et al. 2004; Tanaka, Kim et al. 2004). 

 

RESULTS 

I first summarize Alice’s attempts to reproduce the results of An et al. (An, 

Kumar et al. 2008), from which a number of discrepancies emerged with the original 

published work. Her experiments involved the following three enzymes from the 

pathway, PAICS (equivalent to yeast Ade2), PPAT, and FGAMS. These discrepancies 

led us to test a series of different aspects of purinosome foci formation, including their 

dependencies on diverse cell stresses, functional proteasomes and chaperones, and 

cellular energy state, the results of all of which are more consistent with aggregation than 

with functional purinosomes. I will discuss each set of experiments in turn. 

  

1. Foci formation is largely independent of purine availability. 

Repeated experiments with HEK-293T cells showed that each of the three 

individual proteins forms clusters regardless of the purine content (Fig. 3-1). In 

particular, we observed these clusters in the presence of purine. For example (in data not 

shown), PAICS-RFP protein foci formed in 48% of the cells without purine depletion. 

When growing cells with purine depletion, we observed only a slight, non-significant 

increase in foci penetrance (54%). Similarly, PPAT-EGFP protein foci appeared in 5% of 

cells grown without purine depletion, and foci appeared in 7% of cells with purine 

depletion, not a significant difference. These results raise several questions. If the foci 

represent multienzyme purine biosynthesis complexes, perhaps the most intriguing 
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question is why complex formation is independent of purine depletion? Furthermore, the 

depletion of purine did not seem to significantly increase the penetrance of foci. Notably, 

An et al. did not report the level of foci penetration without purine depletion (An, Kumar 

et al. 2008). 

 

Figure 3-1. Purine biosynthetic enzyme foci formation is largely constant regardless of 
purine content of the cell culture medium.  

The cluster formation frequencies of FGAMS-EGFP and PPAT-EGFP in 

HEK293 cells cultured in purine rich media (PR; dark bars) is 17.9% +/- 5.5% and 2.4% 

+/- 1.1%, respectively. Upon incubation with purine depleted media (PD; light bars) for 

1-2 hours, the cluster formation frequencies are 19.3% +/- 4.5% and 3.0% +/- 0.7%, 

respectively. Each FGAMS-EGFP bar represents 3 independent repeats (nPR=755, 

nPD=665). Each PPAT-EGFP bar represents 4 independent repeats (nPR=769, nPD=742).  
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It is important to note the methods we used and those methods reported by An et 

al. (An, Kumar et al. 2008) to yield purine depletion. An et al. used 25-kilodalton dialysis 

to deplete purines from the fetal bovine calf serum (FBS) added to the cell culture 

medium. We also tested 25-kilodalton dialysis. However, as purines are smaller than 0.5 

kilodaltons, we further tested the use of a more stringent dialysis condition—a 1 

kilodalton filter—to remove fewer non-purine components. Importantly, to ensure that 

any observed outcomes could be attributed only to purine depletion, we took extra care to 

keep the other conditions constant between the purine-depleted and purine-rich 

treatments. Our base medium used in both conditions was DMEM supplemented with 

10% FBS. This is in contrast to the media employed by An et al., which differed in 

additional ways between the purine-rich and purine-poor conditions.  

In particular, the base medium used by An et al. for the purine-rich treatment was 

MEM while RPMI 1640 was used for the purine-depleted treatment. RPMI 1640 is often 

used for nonadherent cells and thus may not be appropriate for HeLa cells; regardless, 

changing the base medium clearly changes many additional components beyond purines 

alone. In addition, An et al. used 5% dialyzed FBS for the purine-depleted treatment but 

10% FBS was used for the purine-rich treatment. Thus, it is not possible to determine 

whether the reported effects were due to the dialysis or were a compounded effect of the 

many changes to the media. Furthermore, because 25-kilodalton dialysis was used, many 

metabolites other than purines, as well as peptides and small proteins, may have been 

depleted as well. Consequently, it is not unreasonable that the depletion of a diverse 

collection of intracellular components combined with decreased serum levels and 

changes in the base medium may have contributed to increase cell stress, leading to 

induction of foci.  

 



  

 55 

 

 

 

 

Figure 3-2. Nutrient removal by 25 kDa dialysis of FBS does affect cell growth.  

Growth of cells in medium supplemented with FBS dialyzed using a 25kDa filter, such as 

used by An et al., severely attenuates growth after the second passage. This result suggests 

metabolite depletion in these growth conditions that likely leads to increased levels of cell stress. 

 

 To test the impact of the differences in media on cell growth, we cultured HeLa 

cells in each of the following media: (1) purine-rich medium, composed of MEM and 

10% FBS, (2) purine-depleted medium, composed of MEM and 10% FBS that was 

dialyzed via 1-kilodalton dialysis, and (3) purine-depleted medium composed of RPMI 

1640 with 5% FBS dialyzed via 25-kilodalton dialysis. As shown in Fig. 3-2, we found 

no difference between treatments (1) and (2) on cell growth. Thus, 1kDa dialysis of FBS 

did not significantly affect cell growth. However, the purine-depleted medium used by 

An et al. exhibited a substantial impact on cell growth, demonstrating that the treatment 
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caused substantial stress to the cells. An et al. noted that when they aimed to reproduce 

the results for a breast cancer cell line, the purine-depletion condition (RPMI 1640 and 

5% FBS dialyzed using a 25-kilodalton membrane) was lethal to the breast cancer cells. 

The indifference to purine levels in our experiments is supported by the 

observation made by An et al. that the addition of hypoxanthine does not reverse cluster 

formation but actually increased cluster florescence intensity.  

Finally, our multiple attempts to reproduce the cycling phenomenon reported by 

An et al. were also not successful. We saw no significant decrease in the number of foci, 

measured for specific single cells in time lapse experiments, when the medium was 

changed from purine-depleted to purine-rich (Fig. 3-3). According to An et al., this 

treatment rescued foci formation; however, no statistics were reported about the 

prevalence of reversibility, and we do not observe significant reversibility in our 

experiments, with foci even induced by the media swap. I suspect that the media swap 

may simply be stressing the cells, inducing foci in a manner consistent with results to be 

described later in this chapter. 
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Figure 3-3. Addition of rich medium to purine-depleted cells largely do not reduce cluster 
formation. Using media formulation described in An et al. we do not find 
significant cluster dissolution. 

 

These observations raise significant doubts regarding the possibility that the foci 

represent multienzyme complexes. Furthermore, the wide range of penetrance among 

proteins does not support the hypothesis of a multienzyme complex where the protein 

stoichiometries are consistent across all constituents. Specifically, the lowest penetrance 

level is 5% (An, Kumar et al. 2008). Hence, if purinosomes are formed, they are formed 

in no more than 5% of the cells. Thus, the majority of clusters reported cannot be 

explained by the formation of intact purinosomes. In addition, the shapes and 

distributions of foci in the cells varied widely among proteins (An, Kumar et al. 2008). 

Interestingly, some of the foci were 1-2 microns in size. The functional benefits of such 

large complexes are unclear. 
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2. Co-localization experiments were not able to reproduce the purinosome features. 

 

The key finding in support of the foci as a multienzyme purinosome complex is 

the co-localization of FGAMS with each of the enzymes in the purine biosynthesis 

pathway (An, Kumar et al. 2008). To reproduce these results, we revisited the possible 

co-localization of FGAMS-EGFP with PAICS-RFP, and also tested PPAT-EGFP with 

PAICS- RFP. In both cases, we found no evidence of co-localization. We first tested co-

localization in HEK-293 cells with purine-rich media and purine-depleted media via 1-

kilodalton dialysis. There was no significant difference in the penetrance of foci across 

the two conditions. Importantly, we also did not observe any significant co-localization 

(Figure 3-4).  

We then tested for co-localization attempting to precisely match the cell growth 

conditions described by An et al. (i.e., RPMI 1640 and 5% FBS dialyzed via 25-

kilodalton dialysis). As noted above, we found that such conditions impose severe stress 

on the cell, which impacts cell growth, while our purine-depletion condition (MEM and 

10% FBS dialyzed via 1-kilodalton dialysis) did not. For FGAMS-EGFP and PAICS-

RFP, for which An et al. reported the strongest evidence of co-localization, we were 

unable to find such evidence. When looking at the red foci, we did not observe any 

matching foci in the green channel (Figure 3-4). In addition, when looking at the green 

foci, we only observed matching red light in rare cases. A representative photo is 

presented in Figure 3-4. In conclusion, we were unable to find any significant evidence in 

support of co-localization for FGAMS-EGFP and PAICS-RFP.  

We also tried to co-localize FGAMS-EGFP with native PAICS using 

immunofluorescence. For the latter, we could not identify any PAICS foci forming 
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natively, and only FGAMS-EGFP foci were seen on this screen. Our interpretation here 

is that either over-expression or the epitope tag are required for PAICS foci formation. 

Furthermore, An et al. describe a synergetic effect in which double transfection of 

a pair of purine biosynthetic enzyme genes increased the penetrance of the individual 

fluorescent protein foci. In general, we tended to observe the opposite effect, in which 

double transfection into HEK293T cells dramatically reduced the penetrance of the 

individual protein foci (data not shown). 
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Figure 3-4. Co-transfected PAICS-RFP does not generally co-cluster 
with FGAMS-EGPF.  

(Top, middle) PAICS-RFP and FGAMS-EGPF foci can form 
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inside the cell, and do not co-cluster. Cells were grown in purine-

depleted medium (Bottom) The same cell as in (middle) shows dramatic 

increase in foci formation two hours after changing medium to the 

purine-rich medium. Co-localization is minimal. 

 

3. The TANGO score is highly predictive of purinosome foci penetrance. 

We noted earlier that the possible formation of purinosomes is inconsistent with 

the wide variance in the extent of foci penetrance across the population of transfected 

cells in our experiments and in those experiments reported by An et al.. However, if the 

observed foci are aggregates, then the physiochemical properties of the proteins should 

have a direct impact on their likelihood to aggregate. Thus, we explored whether the 

predicted propensity for protein aggregation based on a protein’s physiochemical 

property is associated with the penetrance of foci observed for that protein.  

Thus, we computed the TANGO score for the six members of the purine 

biosynthesis pathway (See Chapter 1 for details on the Tango score). In Fig. 3-5, low 

TANGO scores are associated with low foci penetrance, as reported in An et al. for HeLa 

cells, whereas high TANGO scores are clearly associated with high penetrance.  
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Figure 3-5. Reported frequencies of cells with foci across the cell population and plotted as 
the blue curve, and predicted aggregation rates, measured as TANGO scores and 
plotted as the red curve. 

 

4. Unlike purine depletion, a variety of other cellular insults can induce purine 

biosynthetic protein foci. 

An et al. (An, Kumar et al. 2008) suggested that purine deficiency is the cause of 

purinosome formation, a logical expectation considering purinosomes are postulated to 

be multienzyme structures playing key roles in purine production. Thus far, however, we 

have shown that the structures that are formed were not differentially induced by purine 

presence/depletion. Instead, in a series of experiments, we found that foci can result from 

a variety of treatments. Importantly, the processes that induce these structures are not 

specific to purine deficiency, but rather constitute a variety of cellular stresses. In this 
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section, we describe the treatments that we tested. Note that many of these conditions are 

previously known to induce protein aggregation. 

 

Oxidative stressors 

Oxidative stress is known to induce aggregation of specific proteins (Hashimoto, 

Hsu et al. 1999; Takahashi, Ko et al. 2007)(Goswami, Dikshit et al. 2006) and might in 

principle more broadly induce protein aggregation. We tested two commonly used 

oxidative stressors, menadione and hydrogen peroxide. Indeed, both induced PPAT-

EGFP and PAICS foci in a dose-dependent manner (shown for PPAT-EGFP in Fig. 3-6). 
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Figure 3-6. PPAT-EGFP cluster formation is significantly induced by oxidative stress.  

(Top) Hydrogen peroxide induction of PPAT-EGFP clusters. HEK293T cells 

were grown in DMEM + 10% FBS and transfected with PPAT-EGFP. 4.0% +/- 0.7% of 

cells showed foci when untreated (left). When treated with 1mM hydrogen peroxide 

(right), foci were observed in 70.0% +/- 23.8% of the cells within 1-2 hours. We observe 

similar results with oxidative stress induction by menadione (not shown). Each bar 

represents 3 repeats (nUntreated=914 cells; nH2O2=551 cells) The bottom panel shows 

representative cells. 
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Inhibition of HSP90 molecular chaperones 

Geldanamycin is a benzoquinone ansamycin antibiotic that inhibits the important 

HSP90 family of stress-induced protein chaperones. Numerous studies have 

demonstrated that the inhibition of HSP90 with Geldanamycin leads to intracellular 

protein aggregation (e.g., (Corso-Diaz and Krukoff 2010)). Indeed, when we tested the 

effect of geldanamycin on foci formation, a clear dose-dependent positive trend was 

observed (Fig. 3-7). 
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Figure 3-7. Concentration-dependent geldanamycin induction of PPAT-EGFP clusters. 

 PPAT-EGFP cluster formation is significantly increased with chaperone 

inhibition. Penetrance of PPAT-EGFP foci increase with increasing dosages of 

geldanamycin. HEK293T cells treated with vehicle (0.1% DMSO) show foci in 7.4% +/- 

4.4% of the cells. Addition of the HSP90 inhibitor Geldanamycin increases foci 

penetrance across the cell population to 7.5% +/- 4.5% (0.01 µM), 18.0% +/- 10.4% (0.1 

µM), 24.7% +/- 5.7% (1µM), and 36.2% +/- 2.3% (10µM); p < 1E-12 (Chi square test); 

ncontrol=680; n0.01µM=351; n0.1µM=565; n1µM=601; n10µM=616.  
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Inhibition of proteasome activity 

Mg132 is a potent proteasome inhibitor whose application to cells is expected to 

significantly affect the proteostasis machinery. In particular, we expect treated cells to be 

less efficient at degrading misfolded and/or excess proteins, which might then accumulate 

within the cells. We therefore asked if inhibiting the proteasome (with 20 µM of Mg132) 

affected foci formation by purine biosynthetic enzymes. As with the other stressors, we 

observed a strong induction of foci following treatment. Notably, cluster penetrance 

increased with treatment time: After 90 minutes, roughly one-third of cells showed 

PPAT-EGFP foci; by 5 hours, over 90% showed foci (Fig. 3-8). 
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Figure 3-8. Treatment with the proteasome inhibitor MG-132 induces PPAT-EGFP 
clusters in HeLa and HEK293T cells. 

 HeLa cells grown in DMEM +10% FBS were transfected with PPAT-EGFP and 

treated with 20uM of MG-132 for various time periods. (Top) Increasing penetrance of 

foci were observed with longer exposure to MG-132. (Bottom) Representative HeLa cells 

with foci. Cells on the right exhibit large foci in the inner curve of the nucleus, consistent 

with aggresomes, as discussed below. 

 

Manipulation of cellular energy stores  

We might expect similar effects following the depletion of cellular energy stores. 

Indeed, foci and aggregation have previously been observed after removal of glucose 

from cell culture medium (Narayanaswamy, Levy et al. 2009; Marambio, Toro et al. 

2010). The cellular proteostasis system consumed a considerable amount of energy. A 

sudden reduction in available energy could in principle leave the cell with highly 

expressed gene products that were accommodated during a previously rich energy state 

(for example, as under our extension to the life-on-the-edge theory in Chapter 1). 

Following a rapid depletion of available cellular energy, ATP-dependent chaperones and 

proteasome systems might be overloaded by large numbers of proteins, resulting in 

aggregation. In contrast, supplementation of cellular energy metabolites might be 



  

 68 

expected to have the opposite affect, providing cells with a energy boost that allows them 

to better manage aggregation. We tested this notion for purine biosynthetic enzymes by 

culturing transfected HEK cells with cell culture medium constructed either from the base 

medium or base medium supplemented with sodium pyruvate. The cells fed with sodium 

pyruvate-supplemented medium showed significantly fewer PPAT-EGFP and PAICS-

EGFP foci than cells lacking the supplement (Fig. 3-9). This result is at least consistent 

with a model in which cellular energy state influences protein aggregation.  

 

To summarize the results in this section, we observe a wide variety of cell 

stressors—from oxidative stress to proteasome and chaperone inhibitors—to induce foci 

formation, while enhancement of cellular energy stores decreases them, all of which are 

consistent with expectation should purinosome foci be aggregates. 
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Figure 3-9. Cellular energy levels effect foci formation. 

 Addition of sodium pyruvate to the cell culture medium reduces the penetrance 

of PPAT-EGFP and PAICS-EGFP foci, supporting a model in which lower cellular 

energy levels enhance foci formation. 
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5. Some foci are localized to aggresomes.  

A hallmark of protein aggregation in mammalian cells is the formation of 

aggresomes, which are proteinaceous juxtanuclear bodies. These bodies are located in 

the microtubule organizing center and are characterized by a cage-like structure that is 

formed around it by the intermediate filament vimentin (Johnston, Ward et al. 1998). The 

aggregated proteins themselves are thought to be shuttled to the aggresome on 

microtubule tracts that utilize dynein as the carrying motor (Johnston, Illing et al. 2002). 

As a result, microtubule-antagonizing drugs can disturb the formation of an aggresome. 

Aggresomes are positioned next to proteasomes, which are presumed to participate in the 

degradation of the aggregated proteins. Importantly, stress-induced aggregation is 

associated with aggresome formation (Johnston, Ward et al. 1998). A partial list of such 

contributing stresses includes heat (Kolodziejska, Burns et al. 2005), protein 

overexpression (Szebenyi, Wigley et al. 2007), viral infection (Wileman 2007; Hanson, 

Slater et al. 2009), and protein homeostasis-disturbing drugs (Mittal, Dubey et al. 2007; 

Kalveram, Schmidtke et al. 2008).  

Given the central role of aggresomes in mammalian protein aggregation 

phenomena, we asked whether the purinosome foci localized to aggresomes. If so, this 

result would suggest that the foci are much more likely to be aggregates rather than 

functional structures. In our first experiment, we transfected Hela cells with PPAT-EGFP 

and induced highly penetrant foci by treating the cells with the proteasome inhibitor 

mg132. The cells were fixed and immunostained with a vimentin antibody. As can be 

seen in Figure 3-10, the localizations of PPAT-EGFP foci and the vimentin marker were 

strongly associated. We found that the mg132-induced PPAT-EGFP foci are 

predominantly localized in aggresomes, as marked by their positions in the inner curve of 

the nucleus surrounded by a network of vimentin. 

When induced by other methods, we often observed foci on the periphery of the 

nucleus, suggesting they may be aggresome-associated, but additional experiments will 
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be required to determine this definitively. Nonetheless, at least for the case of mg132-

induced PPAT-EGFP foci, this result adds strong evidence to the model in which foci are 

dead-end aggregates rather than functional complexes. 

  

   

   

                   PPAT-EGFP                                       Vimentin                                       Merge 

Figure 3-10. MG-132 induces PPAT-EGFP aggresome formation. 

HeLas transfected with PPAT-EGFP and treated with proteasome inhibitor MG-

132 show juxta-nuclear PPAT-EGFP clusters (green) enclosed by the MTOC/aggresome 

marker vimentin (red). It may be possible that vimentin guides the PPAT-EGFP into the 

aggresome . 
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6. Geldanamycin hormesis 

Our data thus far demonstrates that there exist a variety of treatments that lead to 

purinosome foci formation, many of which do not explicitly manipulate purine levels, but 

rather induce generic cell stress. Hence, we hypothesized that the purinosome foci may 

result from stress rather than be a specific response to purine deficiency. In order to 

explore this hypothesis further, we examined whether these processes can be inhibited by 

anti-aggregation treatment.  

The term hormesis refers to the observation that toxic treatments can be beneficial 

in small doses. The theory behind this phenomenon is that low dose treatment may 

produce a disproportionally large protective response. Consequently, after being exposed 

to an initial treatment of small doses of a toxin, cells (or even whole organisms) are better 

poised to withstand larger subsequent doses of the toxin (Kaiser 2003). A classic example 

involves the protective effect of pretreatment of organisms with short, nonlethal heat 

shock prior to being exposed to an otherwise lethal heat shock (Arguelles 1997; Bettaieb 

and Averill-Bates 2005; Canamas, Vinas et al. 2008; Beckham, Wilmink et al. 2010).  

One such well-documented hormesis has been shown for the HSP90 inhibitor 

geldanamycin. At high doses, geldanamycin blocks activity of HSP90, leading to cell 

cycle arrest and providing some utility as an anticancer drug. The hormetic response of 

geldanamycin can be achieved by using low dose and longer treatment. Following low 

level longterm exposure, cells induce the expression of HSP70, which then serves to 

refold misfolded proteins in order to prevent aggregation (Sittler, Lurz et al. 2001; 

McLean, Klucken et al. 2004). 

We pretreated HEK293T cells over a period of 40 hours to varying concentrations 

of geldanamycin. After the cells were exposed to a low dose of Geldanamycin (ranging 

from 0 to 200nM), we exposed the cells to a high dose of hydrogen peroxide (1mM). We 

then measured the penetrance of foci across cells in each condition. Pretreatment with 



  

 72 

Geldanamycin led to marked reductions in PPAT-EGFP foci penetrance (Fig. 3-11), 

suggesting that HSP70 induction is protective versus PPAT-EGFP foci formation. 
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Figure 3-11. Dosage-dependent effect of 40-hour GA pre-treatment on H2O2-induced 
PPAT-GFP puncta in HEK293T 

 

7. Foci formation correlates strongly with cell death 

In the course of this work, Alice made a striking observation that further supports 

our argument. In an experiment following the fate of individual cells with and without 

FGAMS-EGFP foci, she observed a rather striking pattern. After 2 hours, roughly half of 

the cells with foci had died (measured as characteristic and dramatic cell morphology 

changes associated with apoptosis), while merely 2% of the cells expressing diffuse 
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FGAMS-EGFP had died within the same time frame (Fig. 3-12). The marked increase in 

the death rate of cells harboring foci provides strong support that the foci are associated 

with increased levels of cell stress, as might be expected for aggregates rather than 

functional complexes.   
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Figure 3-12. Differential survivability of cells with and without clusters. 

HeLa cells cultured in purine depleted medium (PD) were replenished with purine 

rich medium (PR) for 1-2 hours in an attempt to dissolve the clusters. We followed cells 

containing FGAMS- clusters and adjacent cells containing diffuse expression  Of cluster-

containing cells, only 59.9% +/- 11.1% survived the 1-2 hour re-incubation, compared to 

the 96.5% +/- 1.4% survivability of cells showing diffuse expression. Cell death was 

assayed by cell morphology. Each bar represents 3 independent replicates. (ncluster=58 
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cells, ndiffuse=206 cells).One example of death of cell with clusters within 2 hours of 

media replenishment (buttom).  

 

8. HSP70 co-localizes with PAICS-RFP foci. 

The Geldanamycin hormesis experiment described above indirectly implicated the 

heat shock protein and chaperone HSP70 in foci formation, specifically suggesting that 

PPAT-EGFP foci formation might be blocked by HSP70 induction. Indeed, HSP70 has 

previously been observed to co-localize with aggregates in several cases (Kawamoto, 

Akiguchi et al. 2007; Lahaye, Vidy et al. 2009; Bastian, Livingston et al. 2010). We 

aimed to explore whether HSP70 might also co-localize with the foci. We therefore co-

transfected HeLa cells with HSP70 (either as an EGFP or RFP fusion, as appropriate) and 

either PAICS-RFP, FGAMS-EGFP, PPAT-EGFP . Fig. 3-13 shows clear co-localization 

of HSP70 with the first of the two proteins (PPAT-EGFP data is not shown but the results 

are the same) .  

These results are consistent with the PPAT-EGFP geldanamycin hormesis 

because low dose geldanamycin is thought to prevent protein aggregation through the 

induction of HSP70. 
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Figure 3-13. Purine biosynthetic enzyme foci co-localize with HSP70 clusters. 

 PAICS-RFP (A; and red in C) and FGAMS-EGFP (D; and green in F) form foci 

in HeLa cells that are enriched with HSP70-GFP (B; and green in C) and HSP70-RFP (E; 

and red in F) 

 

 

DISCUSSION 

In this study, we investigated the behavior of the cytoplasmic foci known as 

purinosomes. In controlled conditions, we grew cells using media that differed in their 

purine content. Using different cell lines and different purine biosynthetic enzymes, we 

found that the formation of foci is independent of purine availability. In addition, we 

were unable to confirm the most direct evidence in support of the purinosome. Namely, 

we did not find significant co-localization of different members of the purine biosynthesis 
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pathway. While we did not find evidence to suggest that foci constitute the purinosomes, 

we did find that the foci exhibit a number of properties of protein aggregation.  

In particular, we find that purinosome foci can be induced using a variety of 

stresses, all of which are associated with the formation of aggregates and/or aggresomes. 

Furthermore, the increased death rate in cells with FGAMS-EGFP foci, co-localization of 

PAICS-RFP and FGAMS-EGFP foci with HSP70, and geldanamycin hormesis of PPAT-

EGFP foci strongly suggest that the cytoplasmic foci are probably aggregates rather than 

active multienzyme functional complexes. 

Overall, our experiments suggest that the foci formed by the purine synthesis 

pathway members form in a manner correlated with cell stress, which may also be 

aggravated by protein over-expression. Importantly, such stress is not idiosyncratic to the 

purine pathway; rather foci formation by the purine synthesis pathway members is a 

result of a generic propensity for proteins to aggregate, as measured by their TANGO 

scores. As discussed in Chapter 2, aggregate formation is dependent on this intrinsic 

propensity, the cell’s energy state and the abundance of proteins. 

 

A possible explanation for why An et al. observed foci upon purine depletion. 

 

Our attempts to replicate the experiments of An et al. revealed that their treatment 

causes a severe growth defect. The elements that contributed to the growth defects 

include the use of an inferior base medium, such as RPMI 1640, unnecessarily extreme 

25-kilodalton dialysis, and a lower concentration of dialyzed FBS (5%). The negative 

impact on cell growth may have caused a stress response that led to foci formation. We 

tested for foci formation 24 hours after transfection. We were unable to confirm the 

results made by An et al. (An, Kumar et al. 2008). The stress caused by their media is 

likely to become more severe over time. Hence, more foci could have formed over a 
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longer period of time. Nonetheless, there is a strong correlation between the TANGO 

scores of the six purine biosynthesis enzymes and their relative foci penetrance, as 

reported by An et al. 

I speculate that the minimal co-localization we found might be explained by a 

third intermediate, such as HSP70, which co-localizes with PAICS-RFP. If another 

protein is over-expressed, then the high levels of HSP70 next to the PAICS-RFP foci may 

bind to the other over-expressed and aggregated proteins, forming the illusion of co-

localization. 

In summary, the purinosome may yet exist, but our experiments do not support 

that the fact that the structures described by An et al. are purinosomes. Further studies 

will be required to determine the existence of true purinosomes. 

 

METHODS 

 

Cell Culture 

 

To replicate conditions previously claimed to give rise to the “purinosome” 

clusters, HeLa cells obtained from American Type Culture Collection (ATCC) were 

cultured at 37 °C with 5% CO2  in the following media exactly as described in An et al. 

2008: (1) MEM supplemented with 10% FBS (fetal bovine serum) and 50 ug/mL 

gentamicin, serving as the “purine rich” medium, or (2) RPMI supplemented with 5% 

dialyzed FBS and 50 ug/mL gentamicin, serving as the “purine depleted” medium.FBS 

was dialyzed against 0.9% NaCl at 4ºC for 2-4 days using a 25 kDaMWCO dialysis 

membrane with daily exchange of the dialysis solution. 
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293 and 293T cells were cultured at 37 °C with 5% CO2 in the following media 

unless otherwise noted: (1) DMEM medium supplemented with 10% FBS (fetal bovine 

serum) and 35 uM hypoxanthine, serving as the “purine rich” medium, or (2) DMEM 

medium supplemented with 10% dialyzed FBS, serving as the “purine depleted” medium. 

To remove purines but retain other important nutrients, FBS was dialyzed against 0.9% 

NaCl at 4ºC for 2-4 days using a 1 kDa MWCO dialysis membrane with daily exchange 

of the dialysis solution [9211923][11290738]. 

 

Transfection 

 

One day before transfection, cells were plated in 6-well (HeLas) or 96-well (293s 

or 293Ts) glass bottom plates in either “purine rich” or “purine depleted” medium 

without antibiotics. Plasmids were transfected into cells with Lipofectamine 2000 

(Invitrogen) using Opti-MEM reduced serum medium (Invitrogen) according to the 

manufacturer’s instructions. The transfection medium was replaced with fresh “purine 

rich” or “purine depleted” medium five hours after transfection. Cells were then imaged 

~24 hours after transfection. 

 

Preparation of Expression Plasmids 

 

The phPPAT-EGFP and phFGAM-EGFP expression plasmids were generously 

provided by Stephen Benkovic [18388293]. All other cDNAs in this work were available 

from our lab’s human ORFeome library (OpenBiosystems).The hPAICS gene was 

amplified by PCR with EcoRI and BamH1 restriction sites and was cloned into 

pTagRFP-N (Evrogen). For all other RFP expression plasmids, plasmid pTAG-RFP 

(Evrogen) was double digested by EcoRI and BamH1. The PCR amplified attR1-ccdB-
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CAT-attR2 (gateway cassette) region from pDEST47 (Invitrogen) was cloned into the 

linearised pTAG-RFP plasmid using methods detailed in Clontech Infusion manual. 

hHSP70 and hHSP90 were inserted into these vectors to make hHSP70-RFP and 

hHSP90-RFP. 

Fluorescence Microscopy and Image Analysis 

 

Live cells were imaged using a Nikon Eclipse TE2000-E inverted microscope 

while inside a chamber maintained at 37ºC and 5% CO2.Images were acquired using 

Photometrics CascadeII 512 camera and Nikon Plan Apo 40x/1.40, 60x/1.40, or 

100x/1.40 objectives. 

 

Drug Treatments 

 

Hydrogen peroxide was added directly to cells 1-1.5 hours before imaging at a 

concentration of 1mM. Geldanamycin (GA) solubilized in DMSO was added to cells at 

the indicated concentrations at the time of post-transfection medium replacement for an 

incubation time of ~18 hours. For long term GA treatment, GA was added 16 hours 

before transfection for a total of 40 hours incubation. 

 

Immunofluorescence 

 

Cells for immunofluorescence imaging were fixed with 3.7% formaldehyde at 

37ºC for 15-20 minutes then further fixed and permeabilized with 100% methanol at -

20ºC. The cells were then blocked with 5% normal goat serum for 1 hour at room 

temperature and then incubated with the following primary antibodies for an additional 2 

hours: Ade2 (SCBT), Vimentin (V6630, Sigma) . 



  

 80 

All antibodies were used at the manufacturer’s recommended concentrations. 

Following PBS washes, cells were then incubated with the following secondary 

antibodies at 1:1000 dilution in PBS for 1 hour: bovine anti-goat IgG-TR (SCBT). 
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Chapter 4: Protein Aggregation and Aging 

 

INTRODUCTION 

Aging correlates strongly with the incidence of many, if not most, morbid 

diseases of adults, including cancer, Alzheimer’s disease, and cardiovascular disease. As 

such, aging could be defined as the ultimate systems biology frontier, in the sense that it 

encapsulates the collapse of the entire system rather than failure of just a single pathway. 

In previous chapters, I argued that protein aggregation was induced by many diverse 

system-wide effectors. In this chapter, I build a case that aging may also influence protein 

aggregation. 

 

The role of protein aggregation in disease and aging 

The role of protein aggregation in disease has been increasingly recognized in 

Alzheimer’s, Parkinson's, and Huntington's disease research (Ross and Poirier 2004). In 

general, the toxicity of protein aggregates is attributed primarily to small amorphous 

aggregates that are thought to cause cell structural damage and create pores within the 

cellular membrane (Stefani and Dobson 2003), and they may also remove functional 

copies of proteins from the overall pool of proteins. In the case of yeast prion models, it 

has not been possible to identify monomeric infectious forms of prions, suggesting that 

prions, at least in yeast, constitute a continuous spectrum of aggregation. Thus, prions, as 

well as other forms of aggregation, may possibly be characterized by multiple foci, 

allowing aggregated prion proteins to propagate more easily to daughter cells. Other 

studies support this notion, such as the counterintuitive role of chaperonin Hsp104 in 

propagating prions (Chernoff, Lindquist et al. 1995), as well as prions’ dependence on 

protein concentration (Crapeau, Marchal et al. 2009). The identification of numerous new 
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yeast prions (Alberti, Halfmann et al. 2009) serves to define a much larger set of proteins 

that has been observed to aggregate both in vitro and in vivo. Aggregated proteins are 

often sequestered to specific cellular sites [e.g. aggresome (Johnston, Ward et al. 1998), 

IPOD, and JUNQ (Kaganovich, Kopito et al. 2008)], and aggregation increasingly 

appears to be an actively regulated process (Tyedmers, Mogk et al. 2010). Evidence has 

been growing that protein aggregation also plays an important role in mediating aging 

(Maisonneuve, Ezraty et al. 2008). This is specifically tied to accumulating evidence that 

oxidative damage is at least partially responsible for aging (Harman 1956). This theory 

suggests that the gradual accumulation of reactive oxygen species occurs mostly through 

mitochondrial activity. This gradual accumulation of damage is, in some cases, 

irreversible, particularly in the case of carbonylation. 

Recent studies have shown that specific protein aggregation events precede and 

are required for certain forms of irreversible oxidative damage (Maisonneuve, Fraysse et 

al. 2008). Thus, aggregation may induce a cascade of events that are ultimately associated 

with aging (Tannous, Zhu et al. 2008). One rather suggestive piece of supporting 

evidence comes from considering the longest living rodent, the naked mole rat, whose 

proteome shows exceptional stability, which may potentially represent an effective 

strategy against toxic protein aggregation (Perez, Buffenstein et al. 2009).  

Although oxidative damage is one of the most prevalent theories of aging, there is 

a recent surge in the number of papers that suggest that oxidative damage is not the 

leading source of senescence, as down-regulation or silencing of oxidative damage 

defense proteins do not necessarily shorten life, and in some cases even extend lifespan 

(Bjelakovic, Nikolova et al. 2007; Schulz, Zarse et al. 2007; Doonan, McElwee et al. 

2008; Van Raamsdonk and Hekimi 2009). Thus, other senescence factors are likely at 

play. 

Recently, Kenyon and colleagues have directly observed increased protein 

aggregation in aging worms and decreased aggregation in worms with mutations that 
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extend their life spans (David, Ollikainen et al. 2010). In their paper, the authors used 

mass spectroscopy measurements of C. elegans soluble and insoluble protein fractions in 

order to demonstrate a potential increase in insoluble protein concentrations as the worms 

age. The major findings from Kenyon’s paper are as follows: 

1. Young worms contained large proportions of insoluble proteins. 

2. The proportion of insoluble proteins significantly increased with age and was 

not due to an overall increase in total protein in the older organism. 

3. The insoluble proteins were significantly enriched with β-sheets secondary 

structures, notable as β-sheets are often associated with amyloid fibers. 

4. The deletion of daf2, which is an insulin regulator that is known to significantly 

increase lifespan, reduced the proportional increase in worm insoluble proteins that was 

associated with aging. Importantly, daf2 activity is involved in caloric restriction, which 

is the only known mechanism that has been found to increase lifespan across species  

from yeast to primates (Sinclair 2005). 

5. A subset of the proteins that were associated with the insoluble protein fraction 

showed foci-like structures after being tagged with a fluorescent marker. 

6. Many proteins that are associated with human aging have worm homologs and 

were significantly enriched in the insoluble fraction. 

This paper was the first to show a widespread aggregation-like phenomenon 

relevant to aging, as shown for C. elegans. 

 

Yeast is a powerful model system for studying aging 

Budding yeast has been used for many years as a model of eukaryotic aging 

(Kaeberlein 2010). Yeast researchers have defined two models of yeast aging, replicative 

aging and chronological aging (Powers, Kaeberlein et al. 2006). Replicative lifespan is 

defined by the number of daughters a single mother can produce before she enters 
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senescence. Chronological lifespan is defined by the time a cell can spend in stationary 

phase before it dies. The typical changes that yeast cells experience as they age include 

the accumulation of extra-chromosomal rRNA circles (ERCs) (Lindstrom, Leverich et al. 

2011), increased cell size (Zadrag-Tecza, Kwolek-Mirek et al. 2009), accumulation of 

cell damage, increased numbers of oxidized proteins, and mitochondrial dysfunction 

(Jazwinski 2005). 

In our previous paper, we described, for the first time, the widespread formation 

of protein foci in stationary phase yeast cells (Narayanaswamy, Levy et al. 2009), which I 

have argued in Chapters 1 and 2 may be dominated by aggregating proteins. Our initial 

motivation to explicitly connect our phenomenon to aging was directed by a study by 

Sinclair et al. which predicted the existence of a factor, termed “factor x,” that 

supposedly accumulates in yeast during starvation and causes a substantial reduction in 

replicative lifespan without many of the other signs of aging (Ashrafi, Sinclair et al. 

1999). Given that yeast entry into stationary phase represents the early stages of 

chronological aging, I begin to wonder about a possible association of the protein foci we 

had observed with the phenomenon of aging. In the rest of this chapter, I will present 

initial observations and speculations supporting the notion that protein aggregation might 

be such a senescence factor. 

 

 

RESULTS 

Penetrance of Gln1-GFP foci varies with cell size, a proxy for cell age  

We wanted to test whether systematic difference in cell age existed for foci-

forming and non foci-forming yeast cells. Yeast Replicative aging assays are notoriously 

labor-intensive, involving physical separation of mother and bud cells 

micromanipulators, making both the assays and the accumulation of sufficient counts for 
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robust statistics extremely difficult. We instead measured a proxy for cells’ ages, their 

sizes, because, as shown previously, there is a strong linear relation between cell size and 

cell age in S. Cerevisiae (Zadrag-Tecza, Kwolek-Mirek et al. 2009). Note that this 

microscopy-based approach has its problems as well, as physical separation of mother 

and daughter cells at least has the major advantage of enriching for extremely old 

mothers. Without such enrichment, a simple calculation shows that the chances of finding 

a 20-generation-old mother in a mixed exponentially-growing cell population is 

~1:1,000,000, and, for extremely old mothers, the ratio can easily increase to 

1:1,000,000,0000, meaning that an extremely old mother is very rarely identified in a 

survey of cells of mixed ages. Nonetheless, we could perform an initial survey searching 

for a trend that encapsulated very young to “middle-aged” yeast cells prior to moving 

forward with more laborious assays. 

The experiment itself involved counting foci in 2- to 4-day chronologically aged 

Gln1-GFP yeast cells and charting the dependence of foci penetrance on the measured 

cell areas. As seen in Fig. 4-1, a very clear trend can be observed, wherein 

smaller/younger cells have significantly less foci forming than larger/older cells. In future 

tests of this notion, we plan to explicitly compare young and old cells using a newly 

developed “mother enrichment program” strain of yeast reported by (Lindstrom and 

Gottschling 2009) . 
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Figure 4-1. Penetrance of Gln1-GFP foci across a cell population is strongly correlate 
with the sizes of the cells, which serve as a proxy for the cells’ ages. 

 

Caloric restriction significantly reduces penetrance of foci 

Caloric restriction is the only safe and commonly known method to extend the lifespan of 

organisms ranging from yeast to higher primates. There are even a few reports that claim 

an applicability in bacteria, although this has not been widely confirmed (Milind G. 

Watve 2008 ) . We decided to test the hypothesis linking protein aggregation to yeast 

senescence by growing four different foci-forming yeast strains (Gln1-GFP, Ade4-GFP, 

Ura7-GFP, and Glt1-GFP) in rich medium (YPD) made with four different 

concentrations of glucose (ranging from 0.02 to 2%), assaying for foci formation 48 

hours after inoculation from log-phase cultures in rich medium (YPD with 2% glucose). 

As shown as Fig. 4-2, we can see a strong reduction in penetrance of foci following 

caloric restriction.  
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One might conclude that slow growth is the generic, most important factor that 

contributes to longevity, as result of low caloric availability. However, our previous tests 

show that glucose dropout medium strongly induces foci formation of at least Gln1-GFP, 

which argues that slow growth itself is not the most relevant factor here.  This result thus 

decouples growth rate from longevity for most extreme case of no glucose, and 

emphasizes that one cannot obtain the same results by merely continuing to remove 

glucose completely (Goldberg, Bourque et al. 2009). This finding is consistent with the 

involvement of aggregation in aging, in which energy is required to maintain the 

proteostasis system, in particular, chaperone and proteasome protein function. 
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Figure 4-2. Caloric restriction reduces foci formation in four GFP-tagged yeast strains.   
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The age-extending drug rapamycin suppresses Gln1-GFP and Ade4-GFP foci 

formation 

Rapamycin was discovered as an antifungal antibiotic produced by Streptomyces 

hygroscopicus bacteria found on the Easter islands (Vezina, Kudelski et al. 1975) . Its 

mechanism of action is to inhibit the protein mTOR and, mimicking caloric restriction. 

Notably, it is not fungicidal, but rather reduces growth rates of fungal competitors of the 

bacterium. Although rapamycin is traditionally used as an immunosuppressive treatment, 

typically given to organ transplant patients, it is also associated with many other benefits. 

In particular, mTOR inhibition using rapamycin is the single most reliable 

pharmacological method of lifespan extension from yeast to mammals (Miller, Harrison 

et al. 2011). Rapamycin has also shown promising results in treating aggregation-related 

diseases, such as Alzheimer’s (Caccamo, Majumder et al. 2010; Spilman, Podlutskaya et 

al. 2010). Lately, there has been a surge in the use of rapamycin for many complex 

diseases, including cancer (Albert, Serova et al. 2010), schizophrenia (Kim, Duan et al. 

2009), and autism (Ehninger and Silva 2011). 

We speculated that if a correlation exists between aging and foci formation, then 

we would expect that treatment with rapamycin, which slows growth and extends 

lifespan, might antagonize foci formation, particularly in long living cells. In order to test 

this hypothesis, we cultured the Gln1-GFP and Ade4-GFP yeast strains in increasing 

concentrations of rapamycin, counting foci and assessing cell growth by microscopy 24 

hr after treatment. We observed a significant and dramatic dose-dependent inhibition of 

foci formation in rapamycin-treated cells (Fig. 4-3). 
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Figure 4-3. Rapamycin markedly reduces Gln1-GFP and Ade4-GFP foci formation in a 
dose-dependent manner. 

Cells were incubated for 24 hours with different concentrations of rapapmycin. 

Representative images of Gln1-GFP cells after 24 hours of incubation with rapapmycin 

demonstrate the striking dose-dependent reduction in foci penetrance (top).Both Gln1-

GFP (bottom left) and Ade4-GFP (bottom right) cells show a strong reduction of foci 
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penetrance after 24 hours incubation with rapamycin. 

 

Four genes that are involved in thermal resistance that are also associated with 

longevity  

While our investigations of the relationship between aging and aggregation are 

still ongoing, one additional line of evidence has supported such a connection. In the 

context of a collaborative project with graduate student Jon Laurent, we performed an 

extensive data mining analysis of yeast genes, searching for association rules (Swami 

1993) that relate one mutational phenotype to another through significant sharing of 

implicated genes. We analyzed a set of >80,000 yeast gene-phenotype relationships, 

available from (McGary, Park et al. 2010) and combined into a single database. We used 

WEKA machine learning package in order to search for all significant associations 

between pairs of yeast phenotypes. To assess phenotypes relevant to aggregation, we 

analyzed mappings to altered resistance to heat shock as the closest phenotypic proxy for 

aggregation. This relationship is well-known and is supported by numerous reports that 

aggregates form after heating both in vivo and in vitro (Kramer, Queiroz et al. 2008; 

Levitsky, Pivovarova et al. 2008; Svensson, Linse et al. 2009; Ishikawa, Ito et al. 2010; 

Tutar, Arslan et al. 2010) .Also, in our earlier studies in Chapter 1, we showed that 

stationary phase-induced foci were also induced by heat shock. 

We thus asked if association rules related heat shock phenotypes to other 

phenotypes. The algorithms determined a significant relationship between decreased heat 

sensitivity phenotype and increased lifespan. Five genes are associated with the former 

phenotype (BMH1, EFG1, TOR1, UTH1, and YLH47); four of these are also associated 

with increases in lifespan. The fifth gene, EFG1, does not show an association with 

increased lifespan; it is further also associated with increased heat sensitivity. 

It is worth mentioning that while 1,106 genes show increased heat sensitivity after 

being deleted in yeast, only these five show decreased heat sensitivity 
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(http://www.yeastgenome.org/). The latter emphasizes the relative fitness of the wild-

type, such that a single gene deletion rarely improves heat resistance (only ~0.4% of all 

genes tested for heat sensitivity). These results, while indirect, add support for a 

relationship between protein aggregation and aging in yeast.   

 

DISCUSSION 

Protein aggregation is an inherent side effect of protein misfolding. This basic 

phenomenon in cells cannot be avoided, but can be minimized and its accumulation 

delayed. Our observations in Chapters 1 and 2 support the notion that protein aggregation 

may be a phenomenon that is not only associated with pathological conditions but, rather, 

is a generic in vivo property of many proteins. Our that suggest that, given the right 

conditions, many proteins will aggregate within yeast cells. The notion that protein 

aggregation is widely experienced in physiological conditions carries rather dramatic 

implications. Not least, if we consider the possibility that aggregates may often be toxic, 

it is very tempting to speculate that protein aggregation might play a role as a major 

senescence factor.  

The effect we observe on foci by caloric restriction and rapamycin treatment 

emerges naturally from our hypothesis on the nature of aggregation. If aggregation does 

naturally occur widely in cells, then caloric restriction, by reducing the total numbers of 

proteins expressed in a cell should also reduce the amount of aggregation. The recent 

discovery that caloric restriction operates via the conserved Tor1 protein (Powers, 

Kaeberlein et al. 2006), which is a primary regulator of protein translation, offers further 

evidence in support of this hypothesis. I speculate that these effects, which we directly 

measure only for Gln1-GFP and Ade4-GFP foci, will be generally applicable to many 

proteins, and that suppression of aggregation may contribute to the increases in longevity 

observed in these treatments. 
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Emerging mechanistic details of caloric restriction may add support to the 

involvement of protein aggregation in aging. Recently, it was discovered that the caloric 

restriction advantage is strongest when cells are restricted for essential amino acids, 

particularly methionine (Grandison, Piper et al. 2009). The reasons for this are unknown; 

however, protein aggregation seems to supply a parsimonious explanation: Restrictions 

on essential amino acids should limit protein translation, as opposed to restricting non-

essential amino acids, which can be synthesized as needed. Reducing protein translation 

would in turn be expected to reduce protein aggregation. The finding is intriguing that, 

out of all of the amino acids, methionine seems to bestow the strongest effect on lifespan, 

because methionine is the first translated amino acid in most proteins. Thus, a decrease in 

methionine would not only reduce translation rates, but this limitation would 

preferentially occur at the start position of proteins, consistent with biochemical notions 

of efficient regulation occurring at the first committed step of biochemical pathways. 

Whether or not this is actually the case will require future experiments. 

Whatever the cause of senescence, it is tempting to ask why the cell is not solving 

the problem by just producing more maintenance enzymes, for example, chaperones for 

protein aggregation, superoxide dismutase for oxidative damage, and telomerases for 

telomere shortening, etc. Protein aggregation offers a natural solution for this mystery in 

the form of the “life-on-the-edge” theory discussed in Chapter 2. A cell cannot simply 

over-express proteins so as to satisfy any demand, as proteins will crash out as they 

traverse the edge. We might expect even the proteostasis proteins, such as protein 

chaperones and the proteasomes (which are already known to form intracellular foci, 

termed “proteasome bodies” (Laporte, Salin et al. 2008) ), to obey this trend.  Heat shock 

proteins are optimized to help other proteins avoid aggregation; however, this does not 

mean that they themselves have escaped that ancient and inherent feature of all proteins, 

that is, the intrinsic tendency to aggregate. Indeed, we have observed foci from Hsp104-

GFP—the so-called “disaggregase” chaperone (Kellokumpu, Suokas et al. 1997)—that 
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form in stationary phase yeast cells (Narayanaswamy, Levy et al. 2009). Such foci form 

with partial penetrance across the cell population (~20% maximum), and with cells 

typically carrying one to two large foci of morphologies superficially resembling Gln1-

GFP and Ade4-GFP foci, suggesting by analogy that these too may represent aggregation 

of Hsp104-GFP. Future experiments will be required to determine if this is indeed the 

case. 

If chaperones and other proteostasis proteins behave like other proteins in terms 

of their aggregation characteristics, then there will exist a natural and intrinsic limit to the 

cellular stress response. Such a limit might change with cellular energy levels, protein 

damage and oxidation, and perhaps even cell age, and provides another potential 

mechanism of senescence. 

MATERIALS AND METHODS 

Detailed information for materials used in this study can be found in 

(Narayanaswamy, Levy et al. 2009) 

 

Growth and microscopy of yeast 

Yeast strains had a genetic background of BY4741 [genotype, MATa his3_1 

leu2_0 met15_0 ura3_0].  Strains expressing GFP-tagged proteins were obtained from the 

OpenBiosystems GFP collection. Rich medium (YPD) containing yeast extract (1%), 

peptone (2%) and glucose (2%) was purchased from Sunrise Sciences. Synthetic 

complete medium (SC) contained 1x yeast nitrogen base (BD Biosciences/Difco) without 

amino acids, synthetic drop-out medium supplement mix  or was purchased from Sigma. 

Cultures were started by picking from freezer stocks into YPD and growing overnight, 

before transferring to new medium for re-growth. All cultures were maintained shaking at 

30°C. Log phase cells were imaged and prepared for mass spectrometry at an optical 

density (O.D.) of approximately 2. Cells treated with Rapamycin (Sigma) were also log 
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phase cells at an O.D. of approximately 2 before Inoculation. Stationary phase cells were 

grown a minimum of 48 hours before imaging or lysing for mass spectrometry analysis.   
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