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ABSTRACT 

Prions are infectious proteins first implicated as causative agents of scrapie and 

kuru disease. These diseases are characterized by spongiform brain pathology caused by 

toxic amyloid filament deposition.  Our goal is to understand how the conserved 

structural components of proteins contribute to prion amyloid formation.  We used 

Saccharomyces cerevisiae as a model system because it harbors the prions [URE3] and 

[PSI+], which are amyloid prions of the proteins Ure2p and Sup35p, respectively. Two 

structural protein elements have been proposed to contribute to prion infectivity.  One is a 

conserved amino acid domain in Ure2p found in many yeast species, argued to be 

important for the conservation of prion-forming ability. The other structural element 

consists of N/Q residue stretches, found in both Ure2p and Sup35p.  We chose to 

examine Ure2 proteins from human pathogenic yeasts, Candida albicans and Candida 

glabrata, each containing one of the structural elements.  Due to greater homology to 

Ure2pS. cerevisiae, presence of the conserved sequence, and the proposed idea that prions are 

evolutionarily conserved to benefit yeast, we hypothesized that the Ure2pC. glabrata will 

form a prion.  To test this hypothesis, we compared the structures of Ure2pC. glabrata and 

Ure2pC.albicans, and their ability to form infectious amyloid.  

Contrary to our hypothesis, our data showed that the more distantly related 

Ure2pC. albicans forms a prion, while Ure2pC.glabrata does not.  Results showed that Ure2pC. 
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albicans readily forms amyloid filaments in vitro, and that these filaments are infectious.  In 

contrast, long-term incubation of Ure2pC. glabrata produced small amounts of amyloid, 

providing a sufficient explanation of its failure to form a prion in vivo. These results 

strongly suggest Ure2p is not evolutionarily conserved to become a prion and that 

homology and phylogenetic relationship cannot predict if a protein will generate a prion.  

We show that, like other yeast prion amyloids, Ure2pC. albicans amyloid has parallel, in-

register beta-sheet architecture.  Furthermore, data showed overexpression of the 

chaperone Hsp104 dramatically increased the frequency of Ure2pC. albicans prion 

formation, but did not allow Ure2pC. glabrata to form a prion. Thus, amino acid composition 

and not conserved sequence is an important determinant for prion generation.    

 

 

 
  

 



 
 

v

DEDICATION:  
First and foremost, I must give thanks to God for getting this country bumpkin 

into a PhD program when I was not even supposed to go to college and for sustaining me 

through the times when it seemed so much easier to give up.  I thank you God for the 

grace, joy, and strength that flows from your Spirit.  I want to thank my family for the 

support, encouragement, and sacrifice involved in allowing me to pursue my dreams. 

There are not enough words of gratitude for everything you have done.  To my girls, 

especially “US”, Aiko, Ebony, Phi, Brandi, Belki, Bridgett, Joan, Janel, Joyce, Missy, 

and Amarely—your prayers and powerful words have kept my head above water and in a 

way you all own a piece of this. I want to also express abundant gratitude to Caitlin 

McCarthy for her friendship, encouragement, and help in getting this submitted. I could 

not have done it without her help.  Huge thanks to Silver Spring small group and Seattle 

community group for their prayers, support, and wonderful encouragement.  To Steve, a 

big thank you for making the difficult times endurable through your unwavering support, 

kindness, emergency aid, and sense of humor.  This doctorate is yours too. Thank you all 

for getting me to victory.   

 Sincere thanks to my mentor, Dr. Reed Wickner for allowing me to enter his lab 

and providing the tools necessary to complete this work. It was a learning process for us 

both, and I am extremely grateful for him seeing me through to the end.  Herman Edskes 

was also instrumental in helping me through my project; thank you Herman for being so 

patient!  I must thank Mary Delong for choosing me to be the first GU-NIH student, and 

though being a guinea pig was tough, it was a valuable experience.  Mark Cookson and 

Alison McBride were wonderful program directors and I appreciated their open-door 

policy and advice along the way.  Huge thanks to my committee and the Biochemistry 

department for taking in an unknown when no one seemed to know how the partnership 

should go (or that it even existed), and providing helpful suggestions, advice, and 

kindness.  I also want to thank the GPP at NIH, especially Betsy Wagener, who provided 

support and started the Dissertation Writing Group which got me through the difficult last 

few months. The other GU-NIH students were wonderful and I could not have picked a 

better group to be apart of. Special thanks to Kate for helping me with signatures.  If I can 



 
 

vi

do it, you can do it too!  I also want to thank all the Wickner lab members for their 

advice, technical help, and showing me it is possible.  A special shout out to Vanessa 

McMain and Julie Nemecek for helping me with the revising process and checking 

grammar—you both deserve a prize.  I also greatly appreciate Terri Davis-Smith for her 

professional editing assistance and great feedback with such short notice.  I want to thank 

Pastors Donnell Jones and Darryl Morrison for continually reminding me that my 

purpose is beyond what I can see today and to press forward to do the work that will 

serve generations to come.  I also value the Rush and Morrison family for showing me 

that life is more than work and to keep perspective in the midst of chaotic situations.  

There are too many people to name individually, but I can only hope that the help and 

blessings shown to me will return 100 fold to them.  I thank you all for being a foil to 

allow me to shine and grow as a scientist, a friend, a colleague, a student, a teacher—a 

person.   

“Our deepest fear is not that we are inadequate. Our deepest fear is that we are 

powerful beyond measure. It is our light, not our darkness that most frightens us. 

We ask ourselves, who am I to be brilliant, gorgeous, talented, fabulous? 

Actually, who are you not to be? You are a child of God. Your playing small does 

not serve the world. There is nothing enlightened about shrinking so that other 

people won't feel insecure around you. We are all meant to shine, as children do. 

We were born to make manifest the glory of God that is within us. It's not just in 

some of us; it's in everyone. And as we let our own light shine, we unconsciously 

give other people permission to do the same. As we are liberated from our own 

fear, our presence automatically liberates others.” (Marianne Williamson, spoken 

by Nelson Mandela 1994)



 
 

vii

 

TABLE OF CONTENTS  

ABSTRACT .................................................................................................................................................. iii  

DEDICATION ............................................................................................................................................... v 

TABLE OF CONTENTS ............................................................................................................................. vii 

LIST OF FIGURES ........................................................................................................................................ x 

LIST OF TABLES ........................................................................................................................................ xi 

GLOSSARY OF TERMS AND ABBREVIATIONS .................................................................................. xii 

1 INTRODUCTION ....................................................................................................................................... 1 

1.1 PRIONS ARE INFECTIOUS PROTEINS ....................................................................................................... 1 

1.2 YEAST PRIONS ...................................................................................................................................... 4 

1.3 PRIMARY SEQUENCE, STRAINS AND PRION VARIANTS ........................................................................... 7 

1.4 INFECTIOUS AMYLOID AND CHAPERONES ............................................................................................11 

1.5 AMYLOID STRUCTURE AND NMR ........................................................................................................13 

1.6 PRION EVOLUTION? .............................................................................................................................17 

1.7 SPECIES CONSERVATION OF PRIONS ....................................................................................................19 

1.8 STATEMENT OF RESEARCH INTEREST AND HYPOTHESIS ......................................................................20 

2 RESULTS ...................................................................................................................................................26 

2.1 CANDIDA ALBICANS URE2P CAN FORM A PRION, BUT CANDIDA GLABRATA CANNOT ...............................26 

2.1.1 Introduction.................................................................................................................................26 

2.1.2 Results .........................................................................................................................................28 

2.1.3 Discussion ...................................................................................................................................44 

2.1.4 Materials and Methods ...............................................................................................................49 

2.1.4.1 Induction experiments ......................................................................................................................... 49 

2.1.4.2 Curing and cytoduction ....................................................................................................................... 50 



 
 

viii  

2.1.4.3 Western blot detection ......................................................................................................................... 51 

2.1.5 Acknowledgments ........................................................................................................................53 

2.2 CANDIDA ALBICANS AND CANDIDA GLABRATA N-TERMINAL REGIONS FORMED AMYLOID FIBERS ..........53 

2.2.1 Introduction.................................................................................................................................53 

2.2.2. Results ........................................................................................................................................55 

2.2.3 Discussion ...................................................................................................................................81 

2.2.4 Materials and Methods ...............................................................................................................85 

2.2.4.1 Plasmid construction ........................................................................................................................... 85 

2.2.4.2 Protein purification .............................................................................................................................. 86 

2.2.4.3 Congo red staining and x-ray diffraction ............................................................................................. 88 

2.2.4.4 NMR analysis ...................................................................................................................................... 89 

2.2.4.5 Alanine label incorporation: ................................................................................................................ 91 

2.2.4.6 Calculation of residues incorporated in β-Sheet .................................................................................. 92 

2.2.5 Acknowledgments ........................................................................................................................92 

2.3 CANDIDA ALBICANS AMYLOID FILAMENTS FORMED IN VITRO ARE INFECTIOUS ......................................93 

2.3.1 Introduction.................................................................................................................................93 

2.3.2 Results .........................................................................................................................................95 

2.3.3 Discussion .................................................................................................................................110 

2.3.4 Materials and Methods .............................................................................................................112 

2.3.5 Acknowledgments ......................................................................................................................114 

2.4 CANDIDA ALBICANS URE2 PRION CAN BE CURED BY CHAPERONES SIMILAR TO SACCHAROMYCES 

CEREVISIAE [URE3] .................................................................................................................................115 

2.4.1 Introduction...............................................................................................................................115 

2.4.2 Results .......................................................................................................................................116 

2.4.3 Discussion .................................................................................................................................121 

2.4.4 Materials and Methods .............................................................................................................123 

2.4.5 Acknowledgments ......................................................................................................................124 



 
 

ix

3 DISCUSSION ..........................................................................................................................................124 

3.1 CANDIDA ALBICANS URE2P FORMS A PRION ........................................................................................124 

3.2 NMR ANALYSIS CONFIRMS STRUCTURAL BASIS TO PRION GENERATION OF C. ALBICANS URE2P ........126 

3.3 CHAPERONE INTERACTIONS DEPENDANT ON PROTEIN STRUCTURE OF URE2P PRIONS ........................129 

3.4 URE2 N-TERMINUS NOT CONSERVED TO BE A PRION ..........................................................................131 

3.5 LIMITATIONS OF IN VIVO ASSAY FOR C. GLABRATA URE2P ..................................................................134 

3.6 FUTURE DIRECTIONS ..........................................................................................................................136 

3.6.1 Further prion induction studies ................................................................................................136 

3.6.2 Candida glabrata filament and kinetics experiments ................................................................137 

3.6.3 Chaperone overproduction .......................................................................................................138 

3.6.4. Evaluation of amyloid disruptive agents ..................................................................................139 

3.7 YEAST URE2 PROTEINS AS A MODEL FOR AMYLOID DISEASE .............................................................140 

4 REFERENCES .........................................................................................................................................143 

APPENDIX 1 ..............................................................................................................................................158 

YEAST MEDIA: .........................................................................................................................................158 

BACTERIA MEDIA: ...................................................................................................................................161 

 



 
 

x

LIST OF FIGURES 

FIGURE 1: COMPARISON OF PRION DOMAIN SEQUENCES .................................................................................10 

FIGURE 2:  PROTEIN CONFORMATIONS AND DISTANCES ELUCIDATED BY NMR. .............................................14 

FIGURE 3: SEQUENCE ALIGNMENT OF S. CEREVISIAE, C. ALBICANS, AND C. GLABRATA URE2P .........................25 

FIGURE 4: C. ALBICANS URE2 CAN FORM CURABLE PRIONS, WHILE C. GLABRATA DOES NOT ...........................34 

FIGURE 5: C. GLABRATA URE2P IS OVERPRODUCED BY GALACTOSE INDUCTION .............................................36 

FIGURE 6: QUANTIFICATION OF WESTERN BLOT MEASUREMENT OF INDUCTION OF URE2 FROM DIFFERENT 

SPECIES. ................................................................................................................................................37 

FIGURE 7: C. ALBICANS [URE3C.A.] IS A CYTODUCIBLE PRION .........................................................................43 

FIGURE 8: C. ALBICANS URE2P
1–90

 FORMS FILAMENTS.....................................................................................57 

FIGURE 9: C. ALBICANS URE2P
1–90

 FILAMENTS ARE AMYLOID. .......................................................................60 

FIGURE 10: X-RAY DIFFRACTION PEAKS SHOW DISTANCE BETWEEN Β-SHEETS ..............................................61 

FIGURE 11: SOLID-STATE 1D NMR SPECTRA OF C. ALBICANS URE2P
1–90

 SAMPLES .........................................63 

FIGURE 12: DIPOLAR RECOUPLING EXPERIMENTS SHOW PARALLEL IN-REGISTER Β-SHEET CONFORMATION 

FOR CANDIDA ALBICANS URE2P
1–90. .....................................................................................................68 

FIGURE 13:  2D NMR OF C. ALBICANS URE2P
1–90

 SHOWS INDIVIDUAL AMINO ACIDS ......................................72 

FIGURE 14:  C. GLABRATA URE2P
1–100

 CAN EVENTUALLY FORM FILAMENTS. ...................................................75 

FIGURE 15: C. GLABRATA URE2P
1–100

 FILAMENTS ARE AMYLOID. ....................................................................76 

FIGURE 16: C. ALBICANS FULL-LENGTH URE2P CAN FORM FILAMENTS ...........................................................78 

FIGURE 17: C. GLABRATA FULL-LENGTH URE2P DOES NOT FORM FIBERS. .......................................................80 

FIGURE 18: TRANSFORMATION PLATES. .........................................................................................................98 

FIGURE 19:  PROTEIN USED FOR INFECTION ..................................................................................................101 

FIGURE 20:  INFECTED STRAINS HAVE ADENINE-POSITIVE PHENOTYPE.........................................................103 

FIGURE 21: COLONIES INFECTED WITH [URE3C.A.] ARE CURABLE.................................................................105 

FIGURE 22: IN VITRO GENERATED C. ALBICANS URE2P
1–90 

FILAMENTS USED IN INFECTION CAN GENERATE 

DISTINCT VARIANTS ............................................................................................................................109 



 
 

xi

FIGURE 23: CURING OF C. ALBICANS [URE3C.A.] BY CHAPERONES .................................................................120 

 

LIST OF TABLES 

TABLE 1: S. CEREVISIAE STRAINS USED IN THIS STUDY. ...................................................................................31 

TABLE 2: OVERPRODUCING C. ALBICANS URE2P INDUCES ADE+ COLONIES WHILE C. GLABRATA URE2P 

OVERPRODUCTION DOES NOT. ...............................................................................................................32 

TABLE 3: COLONY COUNTS AFTER GALACTOSE INDUCTION FROM HA-STRAINS USED FOR WESTERN BLOT ..39 

TABLE 4: C. ALBICANS [URE3C.A.] CYTODUCES ...............................................................................................41 

TABLE 5: VALUES FOR DETERMINING THE NUMBER OF RESIDUES IN PARALLEL IN REGISTER Β-SHEET FOR THE 

VALINE -1-13C LABELED CANDIDA ALBICANS URE2P
1–90

 SAMPLE............................................................70 

TABLE 6:  SHIFTS FROM 2D NMR SPECTRA OF C. ALBICANS URE2P
1–90 

ARE CONSISTENT WITH Β-SHEET. ......73 

TABLE 6: C. ALBICANS AND C. GLABRATA URE2 EXPRESSION PLASMIDS SHOWN WITH PRIMERS USED FOR 

THEIR CONSTRUCTION. ..........................................................................................................................85 

TABLE 7: C. ALBICANS URE2P
1–90 

FILAMENTS ARE INFECTIOUS .....................................................................107 

TABLE 8: C. GLABRATA URE2P DOES NOT BECOME A PRION WITH CHAPERONE INDUCTION, AND C. ALBICANS 

URE2P RETAINS PRION-FORMING ABILITY . ..........................................................................................118 

TABLE 9: INDIVIDUAL TRANSFORMANTS TESTED FOR CURING .....................................................................120 

TABLE 10: CURED COLONIES REMAIN CURED AFTER LOSS OF LEU2 PLASMID CONTAINING CHAPERONES. ..120 

 



 
 

xii

GLOSSARY OF TERMS AND ABBREVIATIONS 

Amyloid— protein aggregate composed mostly of β-sheet and stains with Congo red to 
give yellow-green birefringence under polarized light 
 
ATP-adenosine triphosphate 
 
ADP—adenosine diphosphate 
 
ADE2—gene encoding phosphoribosylamino-imidazole-carboxylase in S. cerevisiae, 
functions in the adenine biosynthetic pathway and when mutated leads to the 
accumulation of red pigment derived from the polymerization of the intermediate 
phosphoribosylamino-imidazole (denoted AIR) 
 
BCA assay—bicinchoninic acid assay, used for measuring protein concentration 
 
BSA—bovine serum albumin  
 
BSE—bovine spongiform encephalopathy 
 
C.a.—Candida albicans 
 
C.g.—Candida glabrata 
 
Chaperone—a protein that assists the folding or unfolding of other proteins 
 
CJD—Creutzfeldt-Jakob disease 
 
CWD—chronic wasting disease 
 
FFI—fatal familial insomnia 
 
GAL1—gene for galactokinase which functions in galactose metabolism 
 
GPI-anchor—glycosylphosphatidylinositol anchor is a glycolipid attached to the C-
terminus of the protein during post-translational modification and “anchors” the protein 
to the lipid membrane 
 
HC—Hartwell complete media (see Appendix 1) 
 
NMR—nuclear magnetic resonance 
 
ORF—open reading frame 
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Prion—infectious protein 
 
Prion terminology—brackets [ ] indicate a non-Mendelian genetic element, including 
yeast protein in the prion form 
 
PRNP— prion protein gene 
 
PrPC—normal cellular prion protein 
 
PrPres or PrPSc—indicates the disease form of mammalian prion protein (res= proteinase 
K resistant, Sc= scrapie associated) 
 
RT—room temperature 
 
S.c.—Saccharomyces cerevisiae 
 
SDS— sodium dodecyl sulfate 
 
TEM— transmission electron microscopy 
 
TSE—transmissible spongiform encephalopathy 
 
USA—ureidosuccinate 
 
YNB—yeast nitrogen base
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1 INTRODUCTION 

1.1 Prions are infectious proteins  

Scrapie in sheep and goats was initially termed a “slow virus” disease and had 

similar brain pathology to people suffering from kuru (Hadlow and Eklund, 1968; Poser, 

2002).  The brain tissue appeared to have holes from neuronal cell death and the term 

transmissible spongiform encephalopathies (TSEs) became the descriptive classification 

for these mammalian diseases.    Diseases currently falling under the classification of 

TSEs include: scrapie, bovine spongiform encephalopathy (BSE), chronic wasting 

disease (CWD), and Creutzfeldt-Jakob disease (CJD), Gerstmann-Straussler-Scheinker 

syndrome, kuru and fatal familial insomnia (FFI) (Pocchiari,  1994).  Studies of these 

various spongiform encephalopathies, especially scrapie, kuru, and CJD, eventually led to 

a protein-only hypothesis with abandonment of the “slow virus” hypothesis (Goldfarb et 

al.,  2004; Griffith,  1967; Prusiner,  1991-1992; Toh et al.,  1985).  The protein-only 

hypothesis states that proteins, by themselves, can be infectious. This hypothesis was 

developed after discoveries showed the diseases described above resulted from toxic 

amyloid deposition and accumulation of the protein aggregate PrPres (prion protein 

resistant to proteinase K) (Diringer et al.,  1983; McKinley et al.,  1983).  PrPres is the 

proteinase-K resistant isoform of the normal cellular protein PrPC and the notation PrPSc 

is used to indicate the scrapie-associated prion protein.  The term prion was coined by 

combining the terms “infectious protein” and the infectivity can be transmitted 

horizontally or vertically (in yeast and fungi), or developed through spontaneous 

generation (Prusiner,  2004a).  Prion diseases currently have no known cure.   
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Even though PrP was implicated as the infectious agent in TSE’s, more evidence 

was required to support the idea of a protein-only disease.  Investigators generated proof  

by purifying protein from scrapie brains compared to normal, uninfected brain (Bolton et 

al.,  1982), sedimentation of the infectious material (Diringer et al.,  1983), and 

comparative biochemistry (Hope et al.,  1986).  These comparative studies showed that 

the amyloid fibrils found in scrapie infected brains were the same as the normal brain 

protein (PrP) using charge distribution, N-terminal sequencing, and apparent molecular 

weight (Hope et al.,  1986).  Further biochemical analyses of the protein showed that it 

contained octapeptide repeat regions, a GPI anchor, copper binding regions (Moore et al.,  

2009), and a natively unfolded, flexible N-terminal region (Pastore and Zagari,  2007).   

PrP protein forms β-sheet amyloid plaques in vivo which are proteinase K resistant 

(Caughey et al.,  1991; Meyer et al.,  1986).  However, it was not clear if the protein 

amyloid fiber formation in TSE’s was the infectious component or the biological 

response of the organism to the infection (Diringer et al.,  1983).  Genetic studies in 

scrapie-infected sheep revealed the PrP protein was linked to Sip genes, which were 

responsible for different scrapie disease phenotypes (Hunter et al.,  1989).  Similarly in 

mice, the Sinc genes were linked to PrP protein found in fibrils (Hunter et al.,  1987).  

Yet, genetic evidence demonstrating variable susceptibility to infection based on gene 

polymorphisms did not fully convince critics that PrP alone was the disease agent.  

Further results pertaining to structure and biochemistry accumulated in support of the 

protein only hypothesis. For instance, the fibril core of PrP27-30
 was shown to be highly 
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infectious in aqueous preparations (Caughey et al., 1991), and the results showed that the 

structured protease-resistant protein was important for infection.   

Although PrP has been identified as the protein responsible for scrapie and TSE’s 

by isolation of the protein in association with the infection and by identifying post-

translational protein modifications as important in infection (Bolton et al.,  1982; 

Borchelt et al.,  1990; Caughey and Raymond,  1991b), it has been a challenge to produce 

infection from recombinant protein. One approach uses a cell-free conversion system to 

determine the converting activity of PrPSc isolated from infected brain on normal protein 

isolated from cells (Caughey et al.,  1995; Kocisko et al.,  1994), but the problem of 

contamination from brain homogenate arises. Recent work has attempted to use rounds of 

controlled sonication, protein misfolding cyclic amplification (PMCA), to generate de 

novo infectious material where brain homogenate is minimal and eventually diluted out 

by multiple rounds of sonication of amyloid (Barria et al.,  2009).  Recombinant (rec) 

PrP(90-231) was toxic but not infectious (Post et al.,  2000), but in a later study, 

recPrP(89-230) formed infectious filaments (Leffers et al.,  2005). The differences in 

these bioassays, like variations in the amounts of sodium dodecyl sulfate (SDS), could 

have been a contributing factor to assessing the infectivity of recombinant PrP (Leffers et 

al.,  2005).  PrP without the GPI-anchor can infect transgenic mice, but does not produce 

clinical scrapie (Chesebro et al.,  2005).  Additionally, GPI-anchor-less PrP expressed in 

cells could not be infected by mouse scrapie material, indicating PrPres formation and 

interaction with soluble PrP occurs on the extracellular surface (McNally et al.,  2009). 

The minimal infectious unit of PrP was found to be 17-27 nm particles, equivalent to 14-
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28 PrP molecules (Silveira et al.,  2005).  The size of these infectious oligomers is 

consistent with the model where large amyloid aggregates are too large to transmit to 

cells and smaller oligomers are likely degraded (Come et al.,  1993) . While amyloid is a 

common pathology associated with neurodegenerative disease like Alzheimer’s and 

Parkinson’s disease, the question of what makes the PrP amyloid infectious and other 

amyloid non-infectious remains to be answered. 

At the same time that the prion field in mammals and humans was gaining insight 

into the biology and biochemistry behind prions and TSE’s, a similar phenomenon was 

being recognized and studied in yeast. Both mammalian prion and yeast prion research 

results can shed light on the basis for prion generation, propagation, and the role of 

specific protein structural characteristics in infection.   

1.2 Yeast prions  

  Saccharomyces cerevisiae is a model organism used for prion generation, 

propagation, and amyloid studies due to the well established genetic assays and efficient 

reporter systems for mutants and prions. Yeast prions were first identified in S. cerevisiae 

due to non-Mendelian inheritance and distinct phenotypes are associated with 

inactivation of functional protein in the prion form. Two of the first described prions 

were [URE3] and [PSI+].  [URE3] is the prion form of Ure2p, which functions to repress 

utilization of poor nitrogen sources in the presence of good nitrogen sources (Lacroute,  

1971; Wickner,  1994).  [PSI+] is the prion form of the Sup35 protein, which is a 

translation termination factor (Cox,  1965; Paushkin et al.,  1997; Wickner,  1994).  More 

recently, evidence shows that [PSI+] prion is produced de novo only in the presence of 
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another prion, [PIN+] (Derkatch et al.,  2000).  [PIN+] is the prion form of Rnq1p, which 

at this time has no known function, however, its presence increases the appearance of 

[PSI+] and [URE3] and truncated Rnq1 inhibits both [URE3] and [PSI+] propagation 

(Derkatch et al.,  2000;  Bradley et al.,  2002; Kurahashi et al.,  2008).  Discovery of 

these yeast prions described above led to further studies to find other prions and to 

determine a pattern for predicting which proteins would form prions. 

Exploration of S. cerevisiae and Podospora anserina led to the discovery of 

several prions which develop from proteins with relatively diverse compositional, 

structural, and functional characteristics.  Prions found in fungi include:  [URE3], [PSI+], 

[PIN], [Het-s], [C], [OCT+], [MCA], [SWI+] and [β].  The previously described Ure2, 

Sup35 and Rnq1 proteins have asparagine and glutamine (N/Q) rich sequences (Figure 

1), and genetic screening assays for new N/Q-rich prions have revealed [SWI+], [MCA],  

and [OCT+] as new yeast prions.  The Swi1 subunit of SWI/SNF ATP-dependent 

chromatin remodeling complex forms the prion [SWI+] (Du et al.,  2008).  Recently, the 

prion form of metacaspase homologue, [MCA], was described as another N/Q-rich 

protein which can form a prion in Saccharomyces cerevisiae (Nemecek et al.,  2009). 

Cyc8, a transcriptional co-repressor, was recently discovered to form a prion, [OCT+], 

and may influence gene expression (Patel et al.,  2009).  However, not all prions are N/Q-

rich.  For instance, [Het-s] protein found in the filamentous fungus Podospora anserina is 

not N/Q-rich, is active in the prion form and functions in heterokaryon incompatibility 

(Coustou et al.,  1997).  Furthermore, non-amyloid forming protein can also be a prion, as 

in the case of [β] in Saccharomyces cerevisiae. [β] is the prion form of vacuolar protease 



 
 

6

B and remains non-amyloid in the prion form (Roberts and Wickner,  2003).  It is an 

enzyme that is active in prion form and alters the precursor to self-propagate the prion 

form.   Similarly, in Podospora anserina, the [C] prion also seems to be involved in a 

self-activating mode of propagation. [C], or crippled growth, is a non-chromosomal gene 

of P. anserina. It has been shown to be involved with a self-regulating “cascade” where 

MAPKK and MAPK genes required for generation of [C] and overexpression of 

MAPKKK and MAPK leads to formation of [C] (Kicka and Silar,  2004; Silar et al.,  

1999).  While these proteins can have different functions and sequences, all prions are 

non-Mendelian genetic elements, self-propagating, and infectious. However, regulation 

of these elements is largely unknown.  The mechanism of prion generation, propagation, 

and elimination are under intense investigation using defined genetic studies.  

Yeast prions are genes; prions are heritable and exist in two “allelic” states of 

normal protein or prion form. There are three genetic criteria for yeast prions (Wickner et 

al.,  2004):  1) A prion can be reversibly cured by treating yeast cells with millimolar 

guanidine which eliminates existing prion, but allows the normal protein to still be 

produced. The prion, however, can again form spontaneously when grown on rich media. 

2) Overproduction of the protein increases the frequency of prion generation by 

increasing the amount available to spontaneously convert. 3) The phenotype of a knock-

out mutant of the gene encoding the protein resembles the phenotype of the prion 

(Wickner et al.,  2004).  The phenotype of the mutant will resemble the prion phenotype 

only if the prion is in an inactive form. The attributes of a prion gene allow for 

transmission of information from protein to protein through conveyance of a specific 
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protein conformation.  Protein conformation is critical for prion generation and 

infectivity, and the importance of amino acid content and primary sequence is a topic 

under intense investigation in the field.    

 

1.3 Primary sequence, strains and prion variants 

Prion amino acid content is critical to generation of a prion, but sequence is 

responsible for propagation and infection of an organism. Ure2p, Sup35p, and Rnq1p all 

have an N/Q-rich primary sequence that may play a role in prion propagation (Figure 1). 

In one study, the prion domains of Ure2p and Sup35p were shuffled randomly while still 

maintaining the amino acid content. In a β-helix or anti-parallel β-sheet protein structure, 

the order of residues would be important, and shuffling the sequence would disrupt 

interactions of complementary residues (i.e., polar with polar).  However, the shuffled 

sequences of Sup35 and Ure2 proteins could still form prions, which demonstrates that 

prion formation is dependent on overall amino acid content and not on the order of 

residues (Ross et al.,  2004; Ross et al.,  2005). The Sup35p and Ure2p prion domains 

have many polar residues and a parallel in-register β-sheet structure would stabilize the 

amyloid through interactions of like-residues (Ross et al.,  2005b).   

Amino acid sequence is critical for propagation and infection. In scrapie, it has 

been shown that one amino acid polymorphism can confer resistance to prion infection.  

For instance, sheep with the ARQ/ARQ homozygous genotype, where ARQ represents 

the polymorphisms at codons 136, 154, and 171 respectively, are susceptible to infection. 

However, sheep expressing the ARR/ARR or ARR/ARQ allele of PrP are resistant to 
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infection (Prusiner,  2004b;  Caplazi et al., 2004). Familial CJD cases are linked to 

mutations in PRNP (prion protein gene) and increased susceptibility to CJD has been 

linked to a polymorphism of Met/Val at position 129 (Weissmann and Aguzzi,  2005) 

(Figure 1).  Amino acid composition and sequence may also play a role in the “species 

barrier” phenomenon.  The term “species barrier” refers to the limited ability of a prion to 

be infectious in different animal species. Indeed, infection across species is often only 

achieved after serial passage, which could be due to selection of variants that can only 

replicate in one species over another (Bruce,  1993).  The TSE barrier is likely 

established by primary sequence differences preventing alignment of prion and normal 

forms of PrP, incompatible 3-D structures, and/or glycosylation (Moore et al.,  2005).  

Other evidence shows that though PrP is responsible for TSE’s and the sequence is for 

the most part identical, kuru and CJD prion diseases have distinct protein properties that 

are responsible for strain or variant differences (Wadsworth et al.,  2008).  Buffer 

conditions and variation in sequence can create conformational differences in prion 

protein, PrP, or  “topologies” (Jackson and Collinge,  2000). Even phosphoglycerate 

kinase can adopt five distinct states, demonstrating the phenomenon of conformational 

variation (Damaschun et al.,  1999).  The barriers between prion sequence variants in 

yeast are analogous to species barriers in the TSE prions.  Prion variants can have distinct 

morphologies and these “heritable conformations” are the basis for variant-specific 

infectivity in [PSI+] (Bagriantsev et al.,  2008).   Similarly, sonicated Ure2p amyloid 

produces several prion variants (Brachmann et al.,  2005) and Sup35 chimeric proteins 
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also form different conformations which constitute distinct variants (Chien and 

Weissman,  2001).  

Attempts to generate and propagate prions from other species in S. cerevisiae 

have further demonstrated sequence differences create a barrier between species. When 

the prion domain of SUP35 from S. cerevisiae was replaced with an analogous domain 

from Pichia methanolica, it eliminates the ability to transmit the prion between Sup35p 

variants (Chernoff et al.,  2000; Kushnirov et al.,  2000a; Santoso et al.,  2000). 

Conformational differences between Sup35p of S. cerevisiae and C. albicans Sup35p 

prevent seeding prion conversion and chimeras using the N-terminus of either C. albicans 

and S. cerevisiae SUP35 generate distinct prion variants (Chien and Weissman,  2001). 

Thus, individual mutations and sequence variation can prevent prion propagation. The 

sequence and amino acid content affects the conformation of the protein and ability to 

interact with the prion form of the protein.  The differences in conformation of a protein 

also affect its ability to interact with chaperones, which are critical in the propagation, 

curing, and stabilizing of prions.   
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Figure 1: Comparison of prion domain sequences. The prion domain for PrP is an 
estimate, and mutations that lead to some heritable forms of CJD are noted. In each 
domain there is either a repeat region and/or N/Q-richness within the sequence. (Wickner 
et al., 2004)
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1.4 Infectious amyloid and chaperones 

 Chaperones assist in protein folding, break up aggregates, and play a role in prion 

propagation (Chernoff et al.,  1995; Song et al.,  2005). Data suggest that chaperones, 

especially Hsp104, are important in breaking up amyloid fibrils to generate smaller 

particles called “seeds” (Hung and Masison,  2006;  Byrne et al.,  2009) and the 

interaction of prions with chaperones can determine the nature of a variant (Kryndushkin 

and Wickner,  2007; Paushkin et al.,  1996).   The amyloid filaments of [PSI+] and 

[URE3] prions have critical interactions with chaperones. Amyloid of Ure2p was shown 

to be infectious by Brachmann, Baxa, and Wickner (Brachmann et al.,  2005). They 

demonstrated that after sonication of amyloid filaments, there was a greater degree of 

infectivity, especially in filaments in the 20-200 nm range. They also showed that 

digested filaments, N-terminal fragments, and protein fusions were all infectious, 

indicating that the N-terminal 1-65 residues were sufficient for prion propagation. Since 

amyloid filaments grow from the ends, chaperones can increase prion levels by creating 

more ends for normal protein to interact with and convert to the prion form (Paushkin et 

al.,  1996; Caughey (review),  2000; Song et al.,  2005). However, even the role of 

chaperones in prion propagation can be confusing.   For example, over-expression of the 

chaperone Hsp104 and deletion of Hsp104 will cure [PSI+] (Chernoff et al.,  1995). One 

explanation of the Hsp104 phenomenon is that overexpression may break up amyloid 

aggregates and allow for protein degradation, while not having any Hsp104 present does 

not allow for any breakage of filaments and thus no ends for generating new prions. 

However, overproduction of Hsp104 does not cure [URE3], but is necessary for [URE3] 
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propagation (Moriyama et al.,  2000).  The role of Hsp104 and the interaction of the 

chaperone with the individual prion amyloid filaments vary, and the mechanisms are not 

thoroughly understood.   

There are many cellular chaperones, but only a few chaperones in S. cerevisiae 

influence prion propagation.  These chaperones often have co-factors or other proteins 

that are involved in the interaction with prions.  For instance, chaperone Hsp70 appears to 

be regulated by interaction with co-chaperones that regulate ATPase activity (Jones et al.,  

2004).  It is thought that Hsp104 and Hsp70 may be interacting directly with the amyloid, 

but that Hsp70 is regulated by co-chaperones such as Ydj1p (Hsp40), and Sti1p (Jones et 

al.,  2004).  Ydj1p curing of [URE3] is not due to direct binding to soluble Ure2p, but 

through interaction with Hsp70 (Sharma et al.,  2009).  Not all chaperone mechanisms 

are fully elucidated, and some chaperones have opposite effects on prion propagation.  

Ssa1 and Ssb1/2 are antagonistic modulators of [PSI+], where Ssa1chaperones increase 

prion formation, but Ssb1/2 reduces prion formation and propagation (Allen et al.,  

2005). Conversely, overproduction of Ssa1p cures [URE3] as does Ydj1p (Moriyama et 

al.,  2000; Schwimmer and Masison,  2002).  Prion propagation and formation is a 

complex system with many potential players with roles in controlling chaperones, as well 

as stabilizing interactions.  Identification of chaperones, accessory proteins, and their 

interactions with prion amyloid are important steps to understanding the mechanisms of 

prion biology. Since crystallization of prion-forming proteins is often difficult, solid-state 

NMR is an important tool in understanding protein structure and conformation.  

Structural information helps to not only understand intermolecular and intramolecular 
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interactions, but it also provides insights into chaperone interaction, propagation, and 

conditions for homogeneous/heterogeneous protein conformation development.  

1.5 Amyloid structure and NMR 

Study of amyloid structure and species conservation of amino acid sequence has 

revealed some characteristics of prion proteins.  The physiochemical properties of prion 

proteins, however, make crystallization and protein structure modeling studies of prions 

quite challenging. By utilizing several recent advances in solid state NMR techniques 

(Tycko,  2006), structural information can be obtained for prion proteins.    

Generally, NMR data is obtained from nuclei with a spin, I, of ½ which includes 

1H, 13C, and 15N.  This spin is related to the magnetic moment of the nucleus, µ. The two 

are proportional through the formula µ=γI where the constant, γ, is the gyromagnetic ratio 

(Rattle, 1995). NMR exploits the magnetic moment to generate a signal that provides 

information about individual nuclei in a molecule.  Each nucleus has an angular 

momentum and its own magnetic moment, which can interact with the applied magnetic 

field.  The angular momentum and interaction with magnetic forces lead to a precessional 

motion similar to a gyroscope (Rattle, 1995).  This precessional motion rate, or Larmor 

Frequency, is proportional to the strength of the applied magnetic field and varies 

depending on the nucleus (Rattle, 1995). Spin 1/2 nuclei can exist in two orientations 

(2I+1), and are approximately equal at equilibrium (Rattle, 1995). 
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Figure 2:  Protein conformations and distances elucidated by NMR.   Figure a-f and 
legend from (Ross et al.,  2003)  “A-f: Schematic representation of proposed structural 
models for aggregated mutant polyGln from (Ross et al.,  2003) but also applies to 
amyloid aggregates. β-sheet is shown as a zig-zag. Expanded polyGln as an extended 
antiparallel β-sheet, first described by Max Perutz as a ‘‘polar zipper’’ (a), or as a parallel 
β-sheet (b). (c) An antiparallel β-hairpin comprised of two β-strands and a single β-turn, a 
highly compact structure, consisting of four antiparallel random coil (d) or β-strand (e) 
elements. ( f) A parallel β-helix with 20 residues per turn. For simplicity, two polyGln 
molecules are shown each for a and b, whereas a single polyGln molecule is depicted in 
c–f.” (g) The diagrams indicate how distances calculated from solid state NMR spectra 
using dipolar recoupling techniques can provide information about the protein aggregate 
structure (adapted from F. Shewmaker, unpublished) 
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By placing a molecule in the NMR magnetic field, the spin states will have 

different energies. Applying radio frequency radiation pulses at a given frequency will 

excite the spins of nuclei, causing them to be tilted out of the large magnetic field, Bo. 

The pulses cause nutation in addition to the normal spin precessional motion (Larmor 

frequency). By being out of equilibrium with Bo, oscillating magnetization is generated 

that produces an electric signal that the detection coil can pick up. The signal is called the 

free induction decay (FID) and combines the NMR responses from all excited spins 

(Rattle, 1995).  The Larmor Frequency is altered by the chemical environment within a 

molecule, which can give structural information (Rattle, 1995).   In solid state NMR there 

are specific challenges associated with the nuclei being fixed in a solid, each with a 

slightly different chemical environment giving its own signal leading to a broadening of 

signal and lower resolution.  

 In solution NMR, dipole-dipole interactions, are usually averaged out by the 

rapid tumbling and diffusion of molecules. Dipole-dipole couplings are direct interactions 

of magnetic moments of two nuclei due to nuclear spins (Tycko,  2006).   In solid state 

NMR, however, dipole-dipole interactions and chemical shift anisotropies (CSA) 

(chemical shift dependent on the orientation of the molecule) are not averaged to zero and 

can actually be used to uncover interactions between residues (Tycko,  2006). One 

critical component is the use of magic angle spinning (MAS) which averages out the 

CSA, dipole-dipole interactions, and reduces line broadening. The other critical 

component is the use of pulse sequences to re-establish the dipole-dipole interactions 

known as dipole recoupling (e.g. DRAMA, (Tycko and  Dabbagh,  1990). One version of 
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these experiments employs pi-pulses (180 degree  or pi pulses) lasting 1/3 of the rotation 

time (hence the name “pi-thirds”) (Tycko,  2007) in a pattern/protocol of constant-time 

finite pulse radio frequency driven recoupling (fpRFDR-CT) (Ishii,  2001).  These 

methods help to take advantage of the 13C-13C dipole-dipole interactions where the rate of 

decay of signal decreases proportional to 1/r3, where r is the distance between labeled 

residues (Figure 2). By using these methods, some structural information can be obtained 

from proteins very difficult to analyze by crystallization or other methods.  

Infectious amyloid of both  Sup35NM and Ure2p1-89 from S. cerevisiae were 

analyzed by solid state nuclear magnetic resonance (NMR) and data from these 

experiments support a parallel in-register β-sheet structure (Baxa et al.,  2007; Chan et 

al.,  2005; Shewmaker et al.,  2006) (Figure 2).  Other non-infectious amyloids like A-

β(1-40) have also been shown to have parallel in-register β-sheet structure (Paravastu et 

al.,  2006). In another example, [Het-s] is a prion of P. anserina which forms an active 

prion. It also forms a β-sheet, but the motif is a β-helix instead of a parallel in-register β-

sheet (Ritter et al.,  2005) (Figure 2).  While the β–sheet structure is consistent in prions, 

the extent of the parallel in-register β–sheet motif is not known. It has been previously 

stated that amyloid filaments or “seed” is the infectious agent in prions, so the structure 

of the amyloid is critically important to understanding how prion amyloid filaments 

recruit normal protein to become part of the filament. It may also help in understanding 

the primary structure relationship by understanding which residues interact. These 

interactions could elucidate how spontaneous prion formation occurs by understanding 

how monomers become larger aggregates and amyloid.  Further investigation is needed 
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into the structure of functional amyloid (like Het-s) and prion amyloid from other species 

to determine if there is a pattern between structure and infectivity. Discovering a link 

between structure and prion formation may provide insight in the debate about whether 

prions evolved as a benefit to yeast populations or exist as a disease of yeast.  

1.6 Prion evolution? 

Several studies have explored the conservation of prion generating proteins across 

many species (Chernoff et al.,  2000; Coustou et al.,  1997; Edskes and Wickner,  2002; 

Edskes et al.,  2009; Kushnirov et al.,  2000a; Talarek et al.,  2005; Tanaka et al.,  2005).  

The C-terminal functional domains of both Sup35p and Ure2p are highly conserved, but 

the N-terminal sequences vary widely species to species. Some have argued that the N-

terminal prion forming domain is retained in the genome because it confers an 

evolutionary benefit (Eaglestone et al.,  1999; True and Lindquist,  2000; True et al.,  

2004). Two studies claim [PSI+] is able to help yeast survive various environmental 

stress conditions (Eaglestone et al.,  1999; True and Lindquist,  2000); however, the 

results actually show that fewer strains survive better with [PSI+] than without (True and 

Lindquist,  2000). There is also no consistent change in adaptation rates with [PSI+] 

present, based on evaluation of fitness levels under environmental stress (Joseph and 

Kirkpatrick,  2008). However, it has been shown that the prion domains are necessary for 

Ure2 protein stability (Shewmaker et al.,  2007) and Sup35 to function in mRNA 

turnover (Hosoda et al.,  2003).  Other evolutionary studies show genes which are not 

conserved for a necessary function have a more rapid evolution due to mutations that are 

not selected against and thus accumulate in the gene (Kimura,  1979; Klug  and 
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Cummings,  1999).  It has also been proposed that variation in the N-terminal region can 

generate a barrier for prion propagation and thus be a type of prion prevention (Edskes et 

al., 2009).  This could very easily explain the variability in the N-terminal region of 

Sup35p and Ure2p from species to species. As noted above, some have attempted to 

explain the presence of these prions and speculate about a potential evolutionary benefit 

(Shorter and Lindquist,  2005; True et al.,  2004); however, [URE3] and [PSI+] have 

been shown to be diseases in Saccharomyces cerevisiae (Nakayashiki et al.,  2005). 

Further, the [PSI+] prion is an epigenetic factor, and one study argues it can actually 

benefit yeast by modifying genetic variation to allow yeast to become established in 

various niches (True and Lindquist,  2000). While strains containing different prion 

variants may occupy different niches, it is more likely that the variants are generated by 

differences in amyloid structure of the seed (Toyama et al.,  2007) and not selected for 

through adaptive evolution. Any gene can undergo mutation and lead to disease in 

humans, but it does not prove the mutation was evolutionarily selected or maintained, nor 

does it lead to the conclusion that the disease is conserved.  By applying the neutral 

theory of molecular evolution, we conclude that any genetic change that is detrimental is 

eliminated from the population (such as a disease causing mutation) (Kimura,  1979). So 

if prions such as [PSI+] and [URE3] are diseases, one would expect these prions to be 

selected against in wild type populations. Indeed, this was observed by Nakayashiki et al. 

(2005), who did not detect [URE3] and [PSI+] in 70 S. cerevisiae isolates. Also, the prion 

[PIN+] was found to occur at a similar rate to RNA viruses (Nakayashiki et al.,  2005).  

While exploring different strains of S. cerevisiae for presence of prions is important, the 
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evolution of prions debate is still ongoing. By determining prion formation in divergent 

species, the adaptive potential of prion-forming proteins can be better understood.  

1.7 Species Conservation of Prions 

Sequence identity in homologous or orthologous proteins can help in 

understanding the importance of amino acid content for prion generation and amyloid 

formation.  For instance, the Ure2p of S. cerevisiae has considerable homology to other 

Ure2 proteins (Edskes and Wickner,  2002).   The Ure2 proteins from other yeast were 

able to complement the function of S. cerevisiae native Ure2, but only S. bayanus and S. 

paradoxus homologues were able to form prions.  Primary sequence dictates protein 

structure and function, and homology can predict conserved function among divergent 

species. However, the conservation of protein suggests conservation of function, but that 

function is not necessarily to form a prion. Indeed, it was found that the [URE3] prion 

was not conserved within Saccharomyces species and only S. uvarum could produce a 

[URE3] prion (Talarek et al.,  2005). 

 Aggregation is a common problem and organisms may have several ways to 

process proteins prone to aggregation; thus, there are likely a few mechanisms affecting 

the ability to form prions. One potential mechanism could be that specific proteins are 

highly amyloidogenic and chaperones and protein degradation cellular machinery cannot 

process the excess of aggregate.  Alternately, if protein aggregates rapidly, the binding 

regions for chaperones/ubiquitination enzymes may become hidden and cells are no 

longer able to break down all aggregates and degrade misfolded protein.  Chaperones, as 

previously mentioned, play a critical role in prion propagation. There is evidence that 
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chaperones are conserved to ensure proper protein folding and manage protein 

aggregates, for instance the C. albicans Hsp104 orthologue can be used to substitute for 

S. cerevisiae Hsp104 (Zenthon et al.,  2006). Additionally, Gln3 and Gat1 function in 

nitrogen regulation for C. albicans  (Liao et al.,  2008) similar to their function in 

nitrogen regulation in S. cerevisiae (Dabas and Morschhäuser,  2007; Georis et al.,  

2008).  Studies have also found that the C. albicans Sup35 is highly conserved, but it 

does not propagate S. cerevisiae [PSI+] prion (Resende et al.,  2002).  The C. albicans 

Sup35-PD, when overexpressed in S. cerevisiae, could induce a prion-like phenotype, but 

the infectivity of the aggregates was not evaluated (Santoso et al.,  2000). With this 

evidence in mind, we explored the viability of the C. albicans Ure2 protein’s potential to 

become a prion and compare it to the very similar Ure2p from C. glabrata.  The 

relationship between sequence, intra- and intermolecular interactions, species 

conservation of prion-forming ability, and the role of chaperones as important aspects of 

prion biology are addressed in this project.  

 

1.8 Statement of Research Interest and Hypothesis: 

The Ure2 protein is conserved in many ascomycete yeast species.  The C-terminal 

domain of Ure2pS.cerevisiae functions in nitrogen regulation in S. cerevisiae and is well 

conserved in both sequence and function in other yeast species’ Ure2 proteins (Edskes 

and Wickner, 2002). The N-terminal domain of Ure2pS.cerevisiae is the prion domain and 

this part of the molecule is much more variable across species (Edskes and Wickner, 

2002).  Although the Ure2p N-terminal domains are highly variable, sequence analysis 
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shows that they are constrained by evolution to retain amino acid compositional 

characteristics (Harrison et al., 2007).   It has been proposed above that prion-forming 

ability is the conserved function that drives the evolutionary conservation of the sequence 

of the Ure2p prion domain (Harrison et al., 2007).    However, Nakayashiki et al. (2005) 

demonstrated [PSI+] and [URE3] prions are not found in any of the 70 wild yeast strains 

studied,  and they conclude those prions must be detrimental to the cell and yeast 

population (i.e. “diseases of yeast”).  

Other explanations of these observations do exist.  The prion domain of Ure2p is 

important for the function and stability of Ure2p, and without it the protein is rapidly 

degraded in vivo (Shewmaker et al. 2007).  It is likely that the prion domain is conserved 

because of this function, and the variation observed between different species’ Ure2 

proteins is an adaptation to prevent infection of one species by another species’ prion (i.e. 

prion from species A cannot infect or “seed” prion with protein from species B).  The 

variation in this case would serve as a “species barrier” to protect against [URE3] prion 

transmission.  

Previous work by Edskes and Wickner (2002) showed that, except for the closely 

related Saccharomyces bayanus and Saccharomyces paradoxus, other species’ Ure2 

proteins were not able to propagate the [URE3] of S. cerevisiae.   It was unresolved if the 

Ure2 proteins from these different yeast species could become prions themselves.  Both 

C. albicans and C. glabrata Ure2p N-termini are N/Q-rich and contain elements of the S. 

cerevisiae Ure2p N-terminus.  C. albicans Ure2p1-90 contains stretches of N and Q similar 

to the S. cerevisiae Ure2p, but lacks the 10-39 region conserved in Ure2p from several 
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yeast species (Edskes and Wickner,  2002) and proposed by Harrison et al. (2007) to be 

important in prion-forming ability (Figure 3). C. glabrata Ure2p1-100, however, retains the 

10-39 conserved domain, but has fewer repeats of N and/or Q amino acids.  C. albicans is 

more phylogenetically distant from S. cerevisiae than C. glabrata, in terms of their 

homology of genome sequence and their Ure2 proteins in particular.  Understanding the 

prion potential of divergent protein sequences can help determine the extent of the prion 

phenomenon in yeast.  Previous work in the field has established that not all N/Q-rich 

proteins can form prions, and thus exploring each protein is essential to understanding the 

molecular basis of prion formation.  In this work, we test which of the following two 

prevailing ideas is more likely.  The “adaptive prion” idea predicts that the closer an 

Ure2p is to that of S. cerevisiae the better it will be at being a prion.  In contrast, the 

“prion disease” notion would suggest that prions occur sporadically and there is no clear 

relationship between homology to Ure2pS.c. and prion-forming ability. 

Building on the previous work described above, our goal was to determine 

whether a protein homologue from a highly divergent species of yeast could form a prion 

and also to determine if N/Q-richness or the 10-39 domain played a more important role 

in prion formation.  We hypothesized that C. glabrata Ure2p would form a prion due to 

its greater homology, closer phylogenetic relationship to S. cerevisiae Ure2p compared to 

C. albicans Ure2p, and the presence of the conserved sequence which has been 

implicated in adaptation of a protein sequence to form a prion.   

To test this, we developed the following individual hypotheses to guide 

experimental investigation.  First, if sequence conservation is important, then we expect 
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C. glabrata Ure2p to form a prion due to its greater homology (76.4% identity ) to S. 

cerevisiae Ure2p compared to C. albicans Ure2p (64.1% identity, see Figure 3).  Also, C. 

glabrata Ure2p contains the 10-39 region and C. albicans Ure2p does not.  Second, if the 

Candida species’ Ure2 proteins can form prions, it is important to determine the amyloid 

structure underlying prion formation.  We know that Saccharomyces cerevisiae Ure2p in 

the prion form has a parallel in-register β-sheet amyloid structure, but there are prions 

known to have beta-helix (i.e. [Het-s], Ritter et al., 2005) and anti-parallel β-sheet 

structures are possible (Sawaya et al., 2007).  Thus, it is important to determine the 

prevalence of the parallel in-register β-sheet structure for Ure2p prions. Third, if the 

Candida species can form amyloid, we have designed experiments to determine if 

infection occurs from the amyloid protein filaments alone. This is important both for 

proving that amyloid underlies the Candida prion phenomenon and insuring that the 

structural studies are being done on the actual infectious material.  Lastly, based on the 

importance of chaperones in prion propagation and generation, we wanted to determine 

a) if Candida species’ Ure2p can become a prion with chaperone overexpression and b) if 

the Candida species’ Ure2p prion can be cured by chaperone overexpression.  We 

hypothesized, as in S. cerevisiae [URE3], that overexpression of the chaperone Hsp104 

should have no effect on the Candida [URE3] but the chaperones Ydj1, Sse1, and Ssa1 

should have a curing effect.  

Results of these experiments will provide insight about whether amino acid 

content or sequence is more critical to prion formation.  Our results, in conjunction with 

on-going work, will also be informative for the current debate about whether the N-
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terminal domains evolved for prion formation, are adapted to resist prion infection, or 

varied as a consequence of a necessary portion of the protein that undergoes more rapid 

variation than the C-terminal domain. While we cannot determine fully the conservation 

of the prion without studying prion formation in the organism itself, this provides a first 

step using the reliable genetics of S. cerevisiae.   
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                10        20        30        40        50        60 
                 |         |         |         |         |         | 
SCure2  MMNN- NGNQVSNLSNALRQVNI GNRNSNTTTDQSNI NFEFSTGVNNNNNNNSSSNNNNVQ 
CGure2  MGDSRNTGTISNLSSALRQVNI GSGQ——-DQKNI NYEFSNGLNNNVNDNGNHNLVNTN 
CAure2  MMST- DQHIQQNMNDNSNNSNNSNNN——-NTNNNNNNQSVNVNVNNTNNNTQTIS NLS 
        * .. :    .*:..  .: * .. :     : .* * : * .:* * .:* .. .  * .  
PC      MM33RN3333SNLS3ALRQVNIGN3NSNTTTDQ3NIN3EFS3GVNNNNNNN333N33N33 
                70        80        90       100       110       120 
                 |         |         |         |         |         | 
SCure2  N NNSGRNGSQNN—-DNENNIK NTLEQHRQQQQAFSD—MSHVEYSRITKFFQEQPLEGY 
CGure2  E DNVNKDGSI NTNMMSRQVPIQ HTHGSQLLQQERMNEQQFNPMEYSRISKFFQNQPMEGY 
CAure2  A G—LKSVSLTD—-QQQNEVNLNLLQQQLHQEASTQ——-QQQSRI TQFFQNQPTEGF 
         .   :. * .    ..:  :: .  .:  :*:  .:      : ***::* **:** **:  
PC      33N23K3GS3N3NMM33QN3I33TL3QQ3LQQEA333QQ2223 EYSRITKFFQNQP3EGY 
               130       140       150       160       170       180 
                 |         |         |         |         |         | 
SCure2  TLFSHRSAPNGFKVAI VLSELGFHYNTI FLDFNLGEHRAPEFVSVNPNARVPALIDHGMD 
CGure2  TLFSHRSAPNGFKVSI VLSELGLQYNTI FLDFNLGEHRAPEFVSVNPNARVPALIDHGLE 
CAure2  TLFSHRSAPNGFKVAI I LSELNLPFNTFFLDFNNGEQRTPEFVTI NPNARVPALIDHYND 
        **************:*:****.: :**:***** **:*:****::****** ******  :  
PC      TLFSHRSAPNGFKVAIVLSELGL3YNTIFLDFNLGEHRAPEFVSVNPNARVPALIDHG3D 
               190       200       210       220       230       2 40                          
                 |         |         |         |         |         | 
SCure2  NLSIWESGAILLHLVNKYYKETGNPLLWSDDLADQSQI NAWLFFQTSGHAPMIGQALHFR 
CGure2  NLAIWESGAILLHLVNKFYKETGNPLLWSDDLADQAQI NAWLFFQTSGHAPMIGQALHFR 
CAure2  NTSIWESGAITLYLVSKYLKENGECSLWSNNLI EQSQI SSWLFFQTSGHAPMIGQALHFR 
        * :******* *:**.*: **.*:  ***::* :*:**.:*********** *********  
PC      NLSIWESGAILLHLVNKYYKETGNPLLWSDDLADQSQINAWLFFQTSGHAPMIGQALHFR 
               250       260       270       280       290       300 
                 |         |         |         |         |         | 
SCure2  YFHSQKI ASAVERYTDEVRRVYGVVEMALAERREALVMELDTENAAAYSAGTTPMSQSRF 
CGure2  YFHTQKI ESAVERYTEEVRRVYGVI EMALAERREALI MELDTDNAAAYSAGTTPLSQSRF 
CAure2  YFHSCPVPSAVERYTDEVRRVYGVI EMALAERREALI MDLDVENAAAYSAGTTPLSQSRF 
        ***:  : *******:********:***********:*:**.:******** ***:*****  
PC      YFHSQKI3SAVERYTDEVRRVYGVIEMALAERREALIMELDTENAAAYSAGTTPLSQSRF 
               310       320       330       340       350       360 
                 |         |         |         |         |         | 
SCure2  FDYPVWLVGDKLTI ADLAFVPWNNVVDRIGINI KI EFPEVYKWTKHMMRRPAVI KALRGE 
CGure2  FDYPVWLVGDKLTI ADLSFVPWNNVVDRIGINI KVEFPEVYKWTKHMMRRPAVI KALRGE 
CAure2  FDHPVWLVGDRTTVADLSFVPWNNVVDRIGINLKVEFPEVYKWTKHMMQRPAVKRALRGD 
        **:*******: *:***:**************:*:*************:** ** :****:  
PC      FDYPVWLVGDKLTIADLSFVPWNNVVDRIGINIKVEFPEVYKWTKHMMRRPAVIKALRGE 
 
 

Figure 3: Sequence alignment of S. cerevisiae, C. albicans, and C. glabrata Ure2p. 
Asterisks indicate conservation which is echoed in the PC or primary conserved 
sequence, red indicates perfect match. (Alignment generated with CLUSTALW 
alignment, NPS@, PBIL Lyon, France)  Underlined portions indicate the N-terminal 
region or “PD” used later in experiments.  C. glabrata Ure2p has 76.4% identity with S. 
cerevisiae Ure2p and C. albicans Ure2p has 64.1% identity with S. cerevisiae Ure2p. 
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2 RESULTS 

2.1 Candida albicans Ure2p can form a prion, but Candida glabrata cannot 

2.1.1 Introduction 

 Prion propagation is affected by many factors. The species source is one of these 

factors. The S. cerevisiae [URE3] prion can be transmitted to other species within the 

Saccharomyces genus, but there is variability in prion generation and propagation due to 

the species barriers (Edskes and Wickner,  2002; Edskes et al.,  2009). The [URE3] prion 

can be generated in Saccharomyces uvarum but not in Saccharomyces paradoxus, 

indicating the prion is not conserved in closely related species (Talarek et al.,  2005). 

 Even within the same species different prion variants can arise (Bradley et al.,  

2002; Birkett et al.,  2001; Derkatch et al.,  1996). Different conditions can generate 

different protein morphologies (Bessen and Marsh,  1994; Jackson and Collinge,  2000), 

and different morphologies are responsible for prion variants (Toyama et al.,  2007; 

Tanaka et al.,  2004; Tanaka et al.,  2006; Bagriantsev et al.,  2008). Similarly, Aβ1-40 

forms a heterogeneous population of filament conformations (Petkova et al.,  2005), but 

protein seeded with diseased brain material produces one conformation (Paravastu et al.,  

2009). Kuru and Creutzfeldt-Jakob disease have also been found to have strain variation 

(Wadsworth et al.,  2008).  Variation in conformation of in vivo and in vitro-generated 

huntingtin amyloid causes variation in toxicity (Nekooki-Machida et al.,  2009), and 

heterogeneity of Aβ17-42 amyloid is linked to variation in turn location (Miller et al.,  
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2009).  Prion variants have been observed in S. cerevisiae where Sup35p forms different 

protein conformations that produce phenotypic variants (Derkatch et al.,  1996; Uptain et 

al.,  2001).  [PIN+] variants can inhibit weak [PSI+] infection and biochemical assays can 

detect variants of [PIN+] (Bradley and Liebman,  2003;  Liebman et al.,  2006).  S. 

cerevisiae  Ure2p amyloid formed in vitro generates a heterogeneous population of 

protein conformations that produces prion variants when cells are infected (Brachmann et 

al.,  2005) 

Previous work showed Sup35p from Kluveromyces lactis can produce a prion 

similar to Sup35p in S. cerevisiae (Nakayashiki et al.,  2001). It was our goal to see if the 

prion-forming ability of Ure2p extends beyond S. cerevisiae. To test this we chose two 

species previously found to have a species barrier to prion formation with the S. 

cerevisiae Ure2p, but had interesting differences in their N-terminal primary sequences. 

The N-terminus contains the prion domain for S. cerevisiae Ure2p, but also is the most 

variable portion of Ure2 between yeast species. S. cerevisiae Ure2p10-39 has been shown 

to be conserved in several different yeast species (Edskes and Wickner,  2002) and to be 

highly amyloidogenic (Chan et al.,  2005). When comparing sequences, the Candida 

glabrata Ure2p N-terminus maintained homology in the 10-39 region, but has a 

decreased amount of N and Q residues. Conversely, the Candida albicans Ure2p N-

terminus retains a high degree of N/Q-richness, but the 10-39 region is essentially deleted 

(Figure 3).  It is unclear if the conserved 10-39 domain or the N/Q amino acid content is 

more important for prion formation.  The interest in prion generation by different species’ 

Ure2 and implications of differences in primary sequence led us to test the ability of C. 
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glabrata and C. albicans Ure2 to become a prion. In this work, we analyzed S. cerevisiae 

strains with the URE2 open reading frame (ORF) with either the C. albicans or the C. 

glabrata URE2 ORFs and overproducing each on a plasmid to determine if homotypic 

Ure2p can generate prion while using the genetic system of S. cerevisiae. Using this 

approach, we show that the C. albicans Ure2p can become a prion while C. glabrata 

Ure2p cannot. 

2.1.2 Results 

 In previous experiments, Candida albicans and C. glabrata Ure2p could not 

propagate [URE3] in S. cerevisiae (Edskes and Wickner,  2002), but the possibility of 

their N-terminal domains retaining enough N/Q residues to establish a prion like S. 

cerevisiae Ure2p was yet to be tested. To examine whether either Candida sp. Ure2 could 

form its own prion, we perfectly replaced the URE2 open reading frame (ORF) in S. 

cerevisiae with either C. albicans or C. glabrata URE2 generating strains BY302 and 

BY304 respectively (gifts of A. Brachmann, Table 1).  

By using the PDAL5::ADE2 reporter (Brachmann et al.,  2006), we could select the 

prion-positive cells by growth on adenine-dropout media or screen for them by white/red 

colony color on adenine limiting media (where white indicates the presence of a prion). 

Briefly the reporter system uses the function of Ure2p as a negative transcription 

regulator, which is regulated by the nitrogen sources present. For instance, if a good 

nitrogen source is present like NH3 or glutamate, then Ure2p is activated.  Ure2p then 

binds to Gln3 which prevents its activating the transcription of DAL5, encoding allantoate 

permease (Cooper,  2002; Magasanik and Kaiser,  2002).  However, if Ure2p is in the 
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prion form, [URE3], then it is inactive and Gln3 is free to activate DAL5 transcription. 

When DAL5 is active, uptake of the poor nitrogen sources allantoate or the structurally 

similar ureidosuccinate (USA) occurs regardless of whether or not there is a good 

nitrogen source present. Prion presence can be assayed by growth on USA media 

(Lacroute,  1971) or, in this case, ADE2 can be attached to the DAL5 promoter. The 

adenine reporter utilizes phenotypic selection where ade2 mutants cannot grow on 

adenine-dropout media and appear red or pink on adenine limiting media. If Ure2p is in 

the prion form, it will be non-functional, and DAL5 will be transcribed as will the 

attached ADE2, and the strain will be white on limiting media, and grow on adenine-

dropout media (Brachmann et al.,  2006). 

Nomenclature: 

 To differentiate between protein and prion form, the individual Ure2 proteins will 

be S.c. Ure2p (S. cerevisiae), C.a. Ure2p (Candida albicans), or C.g. Ure2p (Candida 

glabrata).  The N-terminal domains will be indicated by the amino acid residues, for 

instance the N-terminus of C. albicans will be shown as C. albicans Ure2p1-90 and C. 

glabrata as C. glabrata Ure2p1-100.  Also in keeping with the terminology for prions, 

since the S. cerevisiae Ure2p prion is indicated as [URE3] or [URE3S.c.], a prion of Ure2p 

of C. albicans or C. glabrata will be indicated as [URE3C.a.] or [URE3C.g.] respectively.  

Induction of C. albicans Ure2p increases adenine positive colonies.  

 One of the genetic criteria for yeast prions is that overproduction of the protein 

increases the frequency of prion formation (Wickner,  1994). To measure prion induction, 

a strain containing either C. albicans or C. glabrata URE2 was inserted by replacing the 



 
 

30

ORF of S. cerevisiae URE2 under the S. cerevisiae constitutive promoter to generate a 

chromosomal copy of either of the Candida URE2 genes. The same URE2 was also over-

expressed on a plasmid driven by the GAL1 promoter and prion induction was measured 

by growing on adenine-dropout plates. Prion-positive colonies will appear white and 

grow on adenine-dropout media due to Ure2p being unable to regulate the PDAL5::ADE2 

element, as it is non-functional when in the [URE3] amyloid form. After induction of C. 

albicans Ure2p using the GAL1 promoter, there was a marked increase the number of 

Ade+ colonies (Table 2) when compared to the vector alone. However in a similar strain 

background, the C. glabrata Ure2p did not show this same increase compared to vector. 
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Strain Genotype Reference 
BY302 MATa his3, leu2, trp1, kar1 CaURE2 

PDAL5:ADE2 PDAL5:CAN1 
Gift of Andreas Brachmann  

BY304 MATa his3, leu2, trp1, kar1 CgURE2 
PDAL5:ADE2 PDAL5:CAN1 

Gift of Andreas Brachmann 

YHE711 MATα ura2, leu2::his6 Edskes et al. 1999 Genetics 
153: 585 

YHE1265 BY304 with C.g. URE2 ORF replaced with S. 
cerevisiae URE2 

gift H. Edskes 

YHE1181 MATα ura2, leu2, rho0 Ure2C.a. kar1 
PDAL5:ADE2 PDAL5:CAN1 

gift H. Edskes 

YHE1161 C. albicans prion-positive BY302 strain; 
MATa his3, leu2, trp1, kar1 CaURE2 
PDAL5:ADE2 PDAL5:CAN1 [URE3C.a.] 

gift H. Edskes 

YHE1150 MATα ura2 leu2::his6 his3::his6 pep4::G418 
GLN3-3HA-His+, URE2-3HA-G418  

Edskes et al. 2009 Genetics 
181: 1159 

FPS337 MATa leu2 trp1 his3 kar1 
 ure2:: URE21–354+3HA PDAL5:ADE2 
PDAL5:CAN1 

Shewmaker et al. 2007 
Genetics 176: 1557 

Table 1: S. cerevisiae strains used in this study. 
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Strain/replicate Plasmid # of Ade + colonies 

per million cells 

BY302 (C. albicans URE2)  vector  
1  2 
2  2 

BY302 (C. albicans URE2)  PGAL1URE2C.albicans  

A  102 

B  158 

   

BY304 (C. glabrata URE2)  vector  

1  14 

2  14 

BY304 (C. glabrata URE2). PGAL1URE2C.glabrata  

A  37 

B  26 

   

YHE1265 (S. cerevisiae URE2)  vector  

1  102 

2  470 

YHE1265 (S. cerevisiae URE2) PGAL1URE2S.cerevisiae  

A  135000 

B  178000 

C  112000 

Table 2: Overproducing C. albicans Ure2p induces Ade+ colonies while C. glabrata 
Ure2p overproduction does not.  
Strain BY302 is S. cerevisiae with the URE2 ORF replaced with the C. albicans URE2. 
Strain BY304 is S. cerevisiae with the URE2 ORF replaced with the C. glabrata URE2. 
YHE1265 was created by replacing the C. glabrata URE2 with the S. cerevisiae URE2.  
Plasmid pH317 (2µ DNA LEU2 PGAL1) is the vector control, pH376 is plasmid (2µ DNA 
LEU2 PGAL1URE2S.cerevisiae) with S. cerevisiae URE2, pH563 is plasmid (2µ DNA LEU2 
PGAL1URE2C.albicans) with C. albicans URE2, and pH659 plasmid (2µ DNA LEU2 
PGAL1URE2C. glabrata) contains C. glabrata URE2, each controlled by the GAL1 promoter 
(PGAL1). Plasmids pH317, pH376, pH563, and pH659 are all gifts from H. Edskes. 
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Induced Candida albicans Ure2p adenine positive colonies are curable 

 To confirm if these adenine positive cells were indeed prion-positive, we cured 

adenine positive cells by streaking to 3-5 mM guanidine-HCl YPAD plates. After 3-5 

days on curing media, the strain was compared to the same colony streaked to YPAD 

plates lacking guanidine-HCl.  We observed the change in the characteristic phenotypes 

between prion-positive colonies (white or light pink and grow on adenine-dropout media) 

and cured colonies (become red or dark pink colonies with no or very little growth on 

adenine-dropout media after curing).  

 None of the C. glabrata Ure2 Ade+ colonies were curable by guanidine. 

Generally, the colony either was white and stayed white, or when the original Ade+ 

colony was streaked again to adenine-dropout or YES media,  the colony was actually red 

and Ade- (negative). Induced adenine positive C. albicans Ure2 colonies however were 

consistently curable (Figure 4), with 13 of 15 colonies tested being curable (87% 

curable).  The S. cerevisiae Ure2 Ade+ colonies were also curable, as expected.   
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A)  BY302 (C. albicans URE2)  B) BY304 (C. glabrata URE2) 

          
 
C)  YHE1265 (S. cerevisiae URE2) 

 
  
Figure 4: C. albicans Ure2 can form curable prions, while C. glabrata does not. The 
letter “C” indicates curing by 3-5 mM Guanidine-HCl, while “Un” indicates the uncured 
original Ade+ colony,  A-C are plated on YES media.  A) Individual isolates that are both 
cured and uncured from induction of BY302 containing plasmid pH563 (2µ DNA LEU2 
PGAL1URE2C.albicans) B) Individual isolates that are both cured and uncured from induction 
of BY304 containing plasmid pH659 (2µ DNA LEU2 PGAL1URE2C. glabrata)  C)  
Individual isolates that are both cured and uncured from induction of strain YHE1265 
containing plasmid pH376 (2µ DNA LEU2 PGAL1URE2S.cerevisiae) 
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All Ure2 proteins were overproduced 

 When the C. albicans Ure2p could induce a prion, but C. glabrata Ure2p could 

not, we wanted to make sure the protein was indeed being overproduced. We made 

constructs encoding an HA-tag attached to the C-terminal end of each URE2 (C. 

albicans, C. glabrata, and S. cerevisiae URE2), and inserted each into the same vector 

controlled by the GAL1 promoter. Transformants were grown in galactose media for 

induction, and equal amounts of cells were lysed. Fifteen micrograms of total protein was 

analyzed by gel electrophoresis (4-12% Bis-Tris, see Methods Section 2.1.4.3) to 

determine the amount of protein from induction. The Western blot was quantified by 

densitometry using the 45 second exposure; later time points were over-saturated and not 

accurately quantifiable. The C. glabrata Ure2p-HA was clearly overproduced compared 

to vector alone and C. albicans Ure2p-HA. Three experiments were performed and both 

C. glabrata and the S. cerevisiae Ure2p-HA were overproduced at high levels (Figure 5). 

C. albicans Ure2, however, seems to be overproduced at a much lower level. The five 

minute exposure was shown for Figure 5 to visualize the induction from C. albicans 

Ure2p-HA. The level of induction of Ure2-HA was compared between the samples, 

showing all were overproduced compared to the vector alone (Figure 6).  
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Figure 5: C. glabrata Ure2p is overproduced by galactose induction.  
Minus indicates no induction (glucose media), plus indicates induction (2% galactose/1% 
raffinose media), L= ladder (SeeBlue Plus2, Invitrogen), strain FPS 337 lysate S. 
cerevisiae Ure2-3HA (see Table 1). Strains used for C. albicans, C. glabrata, and S. 
cerevisiae Ure2p were BY302, BY304, and YHE1265 respectively (Table 1).   Vector 
indicates plasmid pH317 (2µ DNA LEU2 PGAL1), vectors for the URE2-HA under GAL1 
induction were pH1016 (2µ DNA LEU2 PGAL1URE2S.cerevisiae-HA), pH1017 (2µ DNA 
LEU2 PGAL1URE2C.albicans-HA), and pH1018 (2µ DNA LEU2 PGAL1URE2C. glabrata -HA), 
all gifts from H. Edskes (Bethesda, NIDDK) 
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OD Quantification of Western Blot
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Figure 6: Quantification of Western blot measurement of induction of Ure2 from 
different species.  
Plus (+) indicates the induced individual Ure2 proteins, no plus sign indicates no 
induction. Exposure time of 45 seconds was used for quantification. OD measurements 
were taken with Model GS800 Calibrated Imaging Densitometer (Bio-Rad) and analyzed 
with Quality One software (Bio-Rad). 
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Galactose-induced strains containing HA-tagged Ure2 proteins can still become 

Ade+ 

 Additionally, the galactose-induced strains containing the S. cerevisiae Ure2p-

HA, C. albicans Ure2p-HA, and C. glabrata Ure2p-Ha were plated on adenine-dropout 

media to measure the prion induction. We found that the strain containing the C. glabrata 

Ure2p-HA (BY304) still does not induce, as the vector alone has approximately the same 

number of Ade+ colonies as the induced culture (Table 3).  The strain with C. albicans 

Ure2p-HA (BY302) does induce but at a reduced level (about a 10 fold increase; Table 3) 

compared to initial induction experiments (about a 65 fold increase; Table 2).  The large 

induction seen with S. cerevisiae Ure2p-HA induction (approximately 287 fold increase) 

is similar to the induction without the HA tag (approximately 557 fold increase, Table 2). 

Strain YHE1265 was generated by replacing the C. glabrata URE2 in strain BY304 with 

the S. cerevisiae URE2. This strain promotes high background (as seen with C. glabrata 

Ure2p induction), but it is capable of inducing the [URE3S.c.] prion. The reduced level of 

induction of prion using the C. albicans Ure2p-HA (strain BY302) is linked to the lower 

cell growth in this experiment. The experiment was repeated four times, and growth of 

strain BY302 containing the plasmid construct expressing Ure2pC.a-HA was slower and 

never reached the same cell density as BY304 with Ure2pC.g-HA and YHE1265 with 

Ure2pS.c-HA.  
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Strain/replicate Plasmid # of colonies per 
million cells 

BY302 (C. albicans URE2)  vector 6 
BY304 (C. glabrata  URE2)  vector 18 

YHE1265 (S. cerevisiae URE2)  vector 470 
   

BY302 (C. albicans URE2)  PGAL1URE2C.albicans-HA 57 

BY304 (C. glabrata  URE2) PGAL1URE2C. glabrata -HA 19 

YHE1265 (S. cerevisiae URE2)  PGAL1URE2S.cerevisiae-HA 135000 

Table 3: Colony counts after galactose induction from HA-strains used for Western Blot.   
The strains induced and lysed for Western Blot in Figure 4 were also plated on adenine-
dropout media at the same time to measure prion induction.  Strain BY302 is S. 
cerevisiae with the URE2 ORF replaced with C. albicans URE2. Strain BY304 is S. 
cerevisiae with the URE2 ORF replaced with C. glabrata URE2.  YHE1265 was created 
by replacing the C. glabrata URE2 with the S. cerevisiae URE2.  Vector was plasmid 
pH317 (2µ DNA LEU2 PGAL1), vectors for the URE2-HA under GAL1 induction were 
pH1016 (2µ DNA LEU2 PGAL1URE2S.cerevisiae-HA), pH1017 (2µ DNA LEU2 
PGAL1URE2C.albicans-HA), and pH1018 (2µ DNA LEU2 PGAL1URE2C. glabrata -HA), all gifts 
from H. Edskes (Bethesda, NIDDK) 
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Candida albicans [URE3] is cytoducible 

 Yeast prion infectivity is shown by cytoduction (cytoplasmic mixing). Ure2p is 

cytoplasmic, and the prion [URE3] can be passed by cytoduction. If the C. albicans 

Ure2p is a prion, seeds can pass from one strain to the other and infect the recipient 

strain, causing a phenotypic change of the recipient strain from red on limiting adenine 

(i.e.,  YES media) and no growth on adenine-dropout media to white or light pink on 

limiting adenine and growth on adenine-dropout media (-ade).  However, if it is a non-

infectious protein, no change in phenotype should be seen.  

 Adenine positive colonies from the inductions were isolated and allowed to mate 

for seven hours with the recipient strain YHE1181 (MATα ura2, leu2, rho0 kar1 URE2C.a 

PDAL5::ade2 PDAL5:CAN1).  Using the PDAL5::ADE2 reporter in addition to the USA 

reporter assays (Brachmann et al.,  2006), we found that C. albicans Ure2p 

overproduction induced a [URE3] prion. It is a prion because it was cytoducible and 

infected a new strain (Figure 7). Of all of the Ade+ colonies tested, 72% were 

cytoducible (Table 4). However, 48 individual colonies expressing C. glabrata Ure2p 

that were isolated as adenine positive from the induction were not cytoducible (Table 4). 

A prion-positive strain isolated in a previous induction of C. albicans Ure2p (H. Edskes, 

unpublished), YHE1161 (MATa his3, leu2, trp1, kar1 URE2C. albicans PDAL5: ADE2 

PDAL5:CAN1 [URE3C.a.]), was used as a positive control, and indeed showed 100% 

cytoduction (Table 4). 
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Donor Recipient Number 

Ade+ tested 
Number 

cytoducible 
 % 

cytoduction 
YHE1161 ([URE3C.a.]) YHE1181 8 8 100% 
BY302 (CaURE2) YHE1181 8 0 0% 
BY304 (CgURE2) YHE1181 8 0 0% 
BY302+C.a.Ure2, overexpressed YHE1181 32 23 72% 
BY304+ C.g.Ure2, overexpressed YHE1181 48 0 0% 
Table 4: C. albicans [URE3C.a.] cytoduces.  The category "number Ade+ tested" indicates 
individual colonies from the induction that were curable (for C. albicans only). The 
number of cytoducible cells was counted from colonies that grew on adenine-dropout, 
were USA+, and were white to light pink on YES media. All strains MATa his3, leu2, 
trp1, kar1 PDAL5: ADE2 PDAL5:CAN1. Strain BY302 is S. cerevisiae with the URE2 ORF 
replaced with C. albicans URE2. Strain BY304 is S. cerevisiae with the URE2 ORF 
replaced with C. glabrata URE2 (see Table 1). YHE1161 (MATa his3, leu2, trp1, kar1 
URE2C. albicans PDAL5: ADE2 PDAL5:CAN1 [URE3C.a.].   YHE1181 strain is MATα ura2, 
leu2, rho0 kar1 URE2C.a PDAL5::ade2 PDAL5:CAN1.  
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Figure 7 continued to next page 
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Figure 7: C. albicans [URE3C.a.] is a cytoducible prion.  The images are representative 
colonies demonstrating the phenotypes observed and used to compile Table 4.  Individual 
Ade+ colonies were picked from induction and used for cytoduction. YES is adenine 
limiting, -ade is adenine-dropout, and USA is ureidosuccinate media (see Appendix 1).  
Control experiments were conducted with BY302 and BY304 uninduced stock strains, 
which did not contain the plasmids overexpressing the C. albicans or C.glabrata Ure2p.  
Strains are explained in Table 1 and Table 4. 
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2.1.3 Discussion 

 Previous studies showed that overproduction of URE2 homologues from other 

yeast species could not induce the [URE3] prion in S. cerevisiae where the chromosomal 

URE2 remained (except S. paradoxus), and only S. paradoxus and S. bayanus Ure2p can 

propagate S. cerevisiae [URE3] (Edskes and Wickner,  2002).  Generally, overproduction 

of the protein leads to a greater level of spontaneous prion generation (Wickner et al.,  

2004), but not all Ure2p homologues can become prions. There is a species barrier 

preventing the transmission of [URE3] between Saccharomyces species despite URE2 

homology and functional similarities of the Ure2 proteins (Edskes and Wickner,  2002; 

Edskes et al.,  2009). This study further explored the capacity of other species’ ability to 

form prions by comparing the prion-forming ability of two Candida species in the 

context of the established prion genetics of S. cerevisiae.  Initial interest centered on the 

recognition of the variability of the N-terminal regions with specific differences between 

C. albicans Ure2p and C. glabrata Ure2p. Both N-terminal sequences are rich in N/Q 

residues, but C. glabrata Ure2p does not have long stretches of N/Q residues like C. 

albicans Ure2p and S. cerevisiae Ure2p (Figure 3). However, C. glabrata Ure2p does 

retain the 10-39 region, which is highly amyloidogenic in vitro (Chan et al.,  2005), while 

the C. albicans Ure2p does not contain this region.  

 We found that the C. albicans Ure2p can form a prion, but C. glabrata Ure2p 

cannot (Table 2 and 3). The C. albicans [URE3C.a] is curable by guanidine and 

cytoducible (Figure 4 and 7). The Ade+ colonies from C. glabrata Ure2p induction did 
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not show curability or cytoducibility (Figure 4 and 7).  It is possible that C. glabrata 

Ure2p forms a prion that is not curable by guanidine; however separate curing 

experiments were performed by Herman Edskes (unpublished) and confirm these results. 

The cytoduction experiments were limited because the recipient strain, YHE1181, 

contained the C. albicans URE2 and created a species barrier for cytoduction with C. 

glabrata Ure2p. However, further C  glabrata Ure2p cytoductions were performed using 

a recipient strain containing the C. glabrata URE2, which confirmed it was not infectious 

(H. Edskes and L. McCann, unpublished). Experiments using chaperones with C. 

glabrata Ure2p were performed to determine if a prion could be generated and the results 

are shown in Chapter 2.4.  Lack of prion generation by C. glabrata Ure2p could also 

have been due to insufficient induction of protein. We showed this was not the case by 

attaching a C-terminal HA-tag to the Ure2 proteins. All of the Ure2p constructs 

overproduce compared to vector control, but surprisingly the C. albicans Ure2p is 

induced at a lower level (Figure 5 and 6). Thus, conditions that allowed both C. albicans 

and S. cerevisiae Ure2p to form prions did not allow C. glabrata Ure2p to become a 

prion. However, overexpression of S. paradoxus Ure2p prevents the formation of a 

[URE3] prion (Crapeau et al.,  2009), and with the excess of C. glabrata Ure2p produced 

(Figure 5), we may be observing a similar phenomenon. Additional experiments would 

need to be performed to determine if the protein concentration is affecting prion 

generation of C. glabrata Ure2p. 

 Ure2p function in nitrogen regulation is critical for detection of prion generation 

using the adenine and USA reporter assays.  The negative result from C. glabrata Ure2p 
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overproduction led us to consider the possibility that Ure2pC.g. was not functional in the 

assays.   However, each Candida species’ Ure2 proteins complement the function of S. 

cerevisiae Ure2p (Edskes and Wickner,  2002).  This complementation demonstrated that 

there was a level of similarity in the proteins, and more importantly, that the proteins 

could function in the nitrogen regulation system of S. cerevisiae. When strains were 

constructed by replacing the S. cerevisiae URE2 with the Candida URE2 ORFs, their 

functional complementation was necessary for the prion assays since prion detection is 

based on Ure2p being inactivated in the prion amyloid form. Additionally, nitrogen 

regulation of each Candida species has not been fully investigated.  Gln3p and Gat1p 

were found to function in the nitrogen regulation system of C. albicans similar to the 

nitrogen system in S. cerevisiae (Dabas and Morschhäuser,  2007; Liao et al.,  2008),  but 

there has not been any investigation into the C. glabrata nitrogen regulation.  For C. 

glabrata, nitrogen response is mentioned in the context of environmental response and 

virulence factors, but there is no evidence of a nitrogen regulation pathway similar to S. 

cerevisiae (Calcagno et al.,  2003).   

The phenotypic variation of the C. glabrata Ure2p strain (BY304) also led us to 

question the stringency of the reporters and the Ure2pC.g. function in the assays.  The 

induction experiments show a higher background for the BY304 strain compared to the 

C. albicans Ure2 strain, BY302 (Table 2).  Also, the [URE3C.a.] cytoductants were clearly 

positive on adenine-dropout, YES, and USA media (Figure 7). C. glabrata Ure2p 

cytoductants were clearly negative on YES and adenine-dropout media, but there is some 

growth on USA media (Figure 7).  The most likely explanation is that the cells were left 
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too long on plates and allowed for some spontaneous USA+ colonies to grow up.  We 

expect these colonies to be negative because the recipient strain contains the C. albicans 

URE2 and the species barrier should inhibit infection.  These colonies could be mutants 

of one of the components of nitrogen regulation as the nitrogen regulation system is 

complex (Wong et al.,  2008).  It is also possible that the C. glabrata Ure2 is not as 

stringent in the nitrogen regulation system of S. cerevisiae. Repeating the induction in 

another strain with the C. glabrata URE2 replacing the S. cerevisiae URE2 ORF would 

help determine if this is a strain effect or a leaky reporter through the C. glabrata Ure2p. 

While there were limitations to the results mentioned above, we showed C. albicans 

Ure2p forms a prion, but C. glabrata Ure2p does not.  This result not only disproved our 

hypothesis, but added greater evidence to support the idea that prions are a disease of 

yeast.  

  Some evidence indicates prions can be an advantage to yeast under certain 

conditions and that they are evolutionarily conserved to provide genetic diversity 

(Eaglestone et al.,  1999; True and Lindquist,  2000; Tyedmers et al.,  2008). 

Phylogenetic analysis of the prion domains of Sup35p and Ure2p in yeast species shows 

conservation of N/Q-richness, which led to the conclusion that the prion has an evolved 

function (Harrison et al.,  2007).  If this were the case, we would expect species closely 

related to S. cerevisiae to also have prion-forming ability. Except for Saccharomyces 

castellii, five species within the Saccharomyces genus could form the [URE3] prion 

(Edskes et al.,  2009), though others demonstrate S. paradoxus Ure2p does not form 

[URE3] in S. paradoxus (Talarek et al.,  2005). This study shows that C. glabrata Ure2p 
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cannot form a prion, even though the protein has a higher degree of homology to S. 

cerevisiae than does that of C. albicans (Figure 4). C. glabrata is also closer to S. 

cerevisiae in the phylogenetic lineage compared to C. albicans (Diezmann et al.,  2004; 

Harrison et al.,  2007).  If it were a beneficial heritable trait and if C. glabrata, S. 

cerevisiae, and C. albicans share a common ancestor, then we predict they would all have 

prion-forming ability. Instead, our data support a more sporadic occurrence rate of prion 

formation, which is more characteristic of a disease.  A less parsimonious hypothesis 

could be that individuals have lost the prion-forming trait, which could support the idea 

that the variability in the N-terminus is to prevent prion infection (Edskes et al.,  2009).  

While this study is limited and only explores prion induction of C. albicans and C. 

glabrata Ure2 proteins, it supports data showing that [URE3] and [PSI+] are diseases of 

yeast (Nakayashiki et al.,  2005). Additionally, rapid variation is more often seen when 

there is little or no selection pressure and the variation is the result of random mutations, 

which accumulate when not selected against (Kimura,  1979).  Lastly, there is evidence 

that the N-terminus is maintained to improve function of the C-terminal region in 

nitrogen regulation (Shewmaker et al.,  2007).  The data viewed together with previous 

studies demonstrates that a normally functional protein can become dysfunctional, and 

that this dysfunction is not conserved for a purpose, but is a disease state.   

The protein over-expression experiments showed that C. glabrata Ure2p is 

overproduced at a greater level than C. albicans (Figure 5 and 6), but the C. glabrata 

Ure2 still cannot become a prion. The differences in prion amyloid structure are a 

possible reason for this difference in prion-forming ability. To study this hypothesis, we 
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generated protein in vitro to determine if Ure2 protein from C. albicans and C. glabrata 

form amyloid, and if this amyloid forms a parallel in-register β-sheet structure similar to 

S. cerevisiae prions [URE3] and [PSI+] (Baxa et al.,  2007; Shewmaker et al.,  2006) 

2.1.4 Materials and Methods 

2.1.4.1 Induction experiments 

Strains BY302 and BY304 were generated by completely replacing the S. 

cerevisiae URE2 open reading frame (ORF) with the C. albicans or C. glabrata URE2, 

respectively (gift of Andreas Brachmann).  Plasmids pH376, pH563, and pH659 were 

generated from pH317 (2µ DNA LEU2 PGAL1) by placing the S. cerevisiae, C. albicans, 

or C. glabrata URE2 ORFs under the GAL1 promoter, respectively (gift of Herman 

Edskes).   

Freshly grown yeast cells from overnight culture were transformed with these 

plasmids. The transformation was done according to the following protocol.  Cells were 

washed in 1 ml of 0.1 M lithium acetate, 10 mM Tris-Cl pH 8, 1 mM EDTA, then the 

cells were pelleted and re-suspened in 250 µL of the same buffer. To this suspension, 10 

µL of freshly denatured carrier DNA (sheared DNA 10 mg/ml, Open Biosystems), 3–5 

µL of plasmid miniprep, 100 µL of cells in lithium acetate buffer, and 600 µL of 40% 

PEG 3650 or 4000, 0.1 M lithium acetate, 1 mM EDTA, 10 mM Tris-Cl pH 8 were 

added. This was mixed well by vortexing and incubated for 30 min at 30˚C. Cells were 

incubated at 42˚C for 15 min. Cells were pelleted for 30 sec in a microcentrifuge and re-

suspended in 300 µL of sterile water before being plated on selective media. Leucine 
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dropout media (KD Medical) was used to select for BY302 and BY304 strains containing 

the URE2 overproduction plasmids. All media preparations will be listed in greater detail 

in Appendix 1.  

Transformants were grown in liquid leucine dropout media with 2% glucose 

overnight. Leucine dropout media containing 2% galactose and 1% raffinose was then 

inoculated with 100 µL of the overnight culture, or, alternatively, fresh transformants 

were cultured directly in the leucine dropout media containing galactose and raffinose. 

The strains were grown for 3–5 days at 30˚C with agitation. The culture turbidity was 

measured at A600.  Cell number was calculated where 1/ (A600 * dilution factor) equals the 

number of milliliters containing 107 cells.  107 cells were serially diluted to 102 cells. 

Each dilution was plated on adenine-dropout plates, and 102 cells were plated on YPAD. 

Cells were grown at 30°C for 3–5 days before counting colonies.  

2.1.4.2 Curing and cytoduction 

Colonies displaying good growth and white color on adenine-dropout media were 

tested for presence of prion by curing and cytoduction. To establish curing, cells showing 

the adenine-positive phenotype were streaked to single colony on YPAD with 3–5 mM 

guanidine HCl. After 2–3 days on curing plates, the strain was then streaked to adenine-

dropout and YES media to observe a change in phenotype.  

Cytoduction was performed by taking adenine positive colonies that were curable 

and mating with a kar1 rho0 recipient strain, YHE1181 (Table 1), allowing 6–7 hours for 

the mating. In the case of C. glabrata Ure2p Ade+ colonies, the colonies that remained 

white or pink during curing were chosen for cytoduction. All other preliminary Ade+ 
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colonies, when picked and grown again on adenine-dropout and YES media, did not 

grow and were –ade phenotype.  Mating with a kar1 rho0  results in cytoplasmic mixing, 

because the kar1 mutation prevents nuclear fusion (Conde and Fink,  1976; Rose and 

Fink,  1987). The strain produced from mating was then streaked to single colonies to 

select against the donor strain—in this case plating on histidine dropout media (Quality 

Biological SD media with 1% leucine and tryptophan added). Colonies were grown 2–3 

days at 30°C, then replica plated to YPG media (KD Medical) and uracil dropout media 

(KD Medical) to select against the recipient. Cytoductants were scored as colonies able to 

grow on YPG (are rho+) but not on uracil dropout media. Cytoductants were then 

analyzed by plating to adenine limiting media (YES), adenine-dropout media (-ade), and 

ureidosuccinate (USA) medium. USA medium is a minimal medium with USA added 

(Appendix 1) and is used for an assay of prion formation based on Ure2p function. 

Functional Ure2p prevents transcription factor Gln3p from activating DAL5 (the 

allantoate permease gene), and USA is not taken up. If Ure2p is in the prion form, then it 

is inactive; DAL5 is produced and can take up USA, even in the presence of a good 

nitrogen source. USA, an intermediate of uracil biosynthesis, is structurally very similar 

to allantoate and can be transported by Dal5p (Turoscy and Cooper,  1987).  

2.1.4.3 Western blot detection 

 Plasmids containing the C. albicans or C. glabrata URE2 with a HA tag were 

cloned into pH317 expression vector backbone to yield pH1017 and pH1018, 

respectively (gift of Herman Edskes). The S. cerevisiae URE2 was produced with a HA 

tag to yield pH1016. The plasmids were then transformed into yeast strains BY302 (C. 
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albicans URE2), BY304 (C. glabrata URE2), and YHE1265 (S. cerevisiae URE2). The 

resulting strains (BY302+pH1017, BY304+pH1018, and YHE1265+pH1016) were 

grown in 2% glucose leucine dropout media overnight at 30°C with agitation. The A600 

was measured, and cells were used to inoculate the working culture in 2% galactose/1% 

raffinose leucine dropout media to A600 of 0.1. The culture was grown to A600 of 0.6–0.8, 

and cells were pelleted and the supernatant was discarded. Cells were lysed in buffer 

[0.004% Triton X-100, 1 mM phenylmethylsulfonyl fluoride (PMSF), PBS pH 7.4, 

0.25% glycerol, 1 tablet of EDTA-free protease inhibitor (Roche) dissolved in 2 mM 

EDTA] with 0.5mm zircon/silica beads (Biospec Products) using a homogenizer Mini-

Beadbeater (Biospec Products). Lysates were spun at 4°C, removed from the beads, and 

then spun again at 4°C to remove any cell debris. Ten microliters was retained for the 

BCA assay (Pierce), and the rest of the lysate supernatant was kept on dry ice or at -80°C 

to stop any proteolysis. Fifteen micrograms of total protein were added to sample buffer, 

loaded onto a 4–12% Bis-Tris NuPAGE gel, and electrophoresed at 120V in 1xMES 

buffer (Invitrogen) to separate protein fractions. The protein was then transferred to 

PVDF membrane using Invitrogen X Cell II Blot transfer and stained with Ponceau S for 

5 min and destained for 5 min to detect total protein. The blot was incubated with 5% 

milk in TBS-T to block, then rat anti-HA antibody (Roche) was added at a 1:1000 

dilution in 5% TBS-T milk for 1 hr and then rinsed twice for 5 min each with TBS-T. 

The blot was then incubated with goat anti-rat IgG-AP secondary antibody (Santa Cruz 

Biotechnology) at a 1:5000 dilution for 1 hr, and rinsed three times for 5 min each with 

TBS-T. The blot was then washed in 0.1 M Tris pH 9.5 for 5 min with agitation. After 
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blotting off excess wash buffer, 5 ml CDP-Star (Roche) was added and was incubated at 

room temperature for about 5 min. Excess was removed and the blot dried for 3–5 min 

before putting in cellophane or other clear wrapper. The blot(s) were then placed in a 

developing cassette with Blue Light Autorad film (ISC BioExpress). A range of exposure 

times were used to visualize the bands. Standard exposure increments of 30 sec, 2, 5, 10 

and 15 min were used. The bands from the autoradiogram were scanned and quantitated 

using Model GS800 Calibrated Imaging Densitometer (Biorad) and analyzed with 

Quality One software (Biorad).  
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2.2 Candida albicans and Candida glabrata N-terminal regions formed amyloid 

fibers 

2.2.1 Introduction  

 We explored the potential structural basis for the difference between C. albicans 

Ure2p, which formed a prion, and C. glabrata Ure2p, which did not (Chapter 2.1). Both 

Candida Ure2 proteins have N/Q-rich N-terminal domains similar to S. cerevisiae Ure2 
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(Figure 3). The N-terminal domain of S. cerevisiae Ure2p has been shown to form a 

parallel in-register β-sheet (Baxa et al.,  2007), and the N-terminus is sufficient for prion 

propagation (Masison and Wickner,  1995; Masison et al.,  1997).  While URE2 is 

conserved in various yeast species (Baudin-Baillieu et al.,  2003; Edskes and Wickner,  

2002; Edskes et al.,  2009), the N-terminal domains vary considerably, but many do 

retain N/Q richness. The importance of amino acid composition for prion generation and 

propagation has been established for both [URE3] and [PSI+] (Ross et al.,  2004; Ross et 

al.,  2005). The model of parallel in-register β-sheet amyloid explains how amyloid 

recruits soluble protein to the growing filament by templating initiated by interaction of 

like residues in the peptide (Ross et al.,  2005b; Wickner et al.,  2008).  This templating 

may be facilitated by stretches of N/Q residues;  however, amino acid content is not the 

sole determinant of prion generation, because not all N/Q-rich proteins become prions.  

 Different conditions can alter protein conformations and generate prion variants 

(Jackson and Collinge,  2000; Tanaka et al.,  2004; Tanaka et al.,  2006). The N-terminal 

domains of C. glabrata, C. albicans, and S. cerevisiae Ure2p do vary and may lead to 

unique conformational differences.  Indeed, even  one protein can take on multiple 

conformations leading to a heterogeneous prion protein population, but variants are 

faithfully transmitted (Bessen and Marsh,  1994;  King and Diaz-Avalos,  2004; Tanaka 

et al.,  2004; Bagriantsev et al., 2008;  Baxa et al.,  2006; Uptain et al.,  2001). Thus, it is 

very likely that conformations of a orthologous protein would have different 

conformations leading to variation in prion-forming ability (Chien and Weissman,  2001; 

Tanaka et al.,  2005; Toyama et al.,  2007). 
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 Results from the previous chapter demonstrate that the differences in the Ure2p 

between C. albicans and C. glabrata allow the former to become a prion but not the 

latter.  The variation in the N-terminal domains may be causing different structures to 

form. Since we know conformation of the protein is critical to prion formation and 

propagation, we hypothesize that the difference in the ability of the two species’ Ure2 

proteins to form prion is based on the protein structure.  The differences between C. 

albicans and C. glabrata Ure2 protein structure were assessed using biophysical and 

biochemical techniques. Any result from these experiments would be informative to 

determine if the conserved sequence or amino acid content plays a larger role in amyloid 

structure.   

 We determined that C. albicans Ure2p1–90 does form parallel in-register β-sheet amyloid. 

The C. glabrata Ure2p1–100 can form β-sheet-rich amyloid, but is not formed as readily as 

the C. albicans Ure2p amyloid.  

2.2.2. Results 

Candida albicans Ure2p forms filaments 

Overproducing C. albicans Ure2p1–90 in vitro is toxic to E. coli, and initially it 

was difficult to generate sufficient protein. The first construct of C. albicans Ure2p1–90 

using a modified pET-17 vector did not produce enough protein, and we switched to a 

pET-21 vector (Table 4).  C. glabrata Ure2p1–100 was also toxic to E. coli, but it produced 

sufficient protein for analysis using the modified pET-17 vector (gift Ulrich Baxa).  

 Purification using Ni-NTA and a secondary purification using a salt gradient with 

a Q-sepharose column (Biorad) increased the purity of the protein. Once a pure sample 



 
 

56

was obtained, various buffers were tested until the buffer of 50 mM Tris, 150 NaCl, pH 8 

was found to be the most consistent for filament formation.  Filaments were observed 

initially as a white fluffy precipitate in buffer and then confirmed by transmission 

electron microscope (TEM) imaging. C. albicans Ure2p1–90 filaments formed in 1–2 days 

after gentle agitation at room temperature. If the aqueous sample were allowed to sit 

either at room temperature or at 4˚C, longer filaments formed. Generally, with agitation, 

the filaments were short and clumped together, resembling “hashbrowns” (Figure 8B).  

Using high magnification images from TEM and Image J software, we found the filament 

diameter to be an average of 6.2 nm. The filament morphology is similar in appearance to 

the appearance of S. cerevisiae Ure2p filaments (Brachmann et al.,  2005; Speransky et 

al.,  2001; Taylor et al.,  1999). Conversely, protein that was quickly precipitated using 

cold methanol formed an amorphous aggregate with no ordered structure (Figure 8C).  
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Figure 8: C. albicans Ure2p1–90 forms filaments. Transmission electron microscope 
images of C. albicans Ure2p1–90 negatively stained with uranyl acetate. A) Unlabeled  
44000x  B) Ile 13C label 56000x  C) Amorphous aggregate was cold methanol 
precipitated at -20°C, 44000x. 
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Candida albicans Ure2p1–90 filaments are β-sheet amyloid 

Congo red stain binds to protein and has a characteristic yellow-green 

birefringence when exposed to polarized light. After staining the C. albicans Ure2p1–90 

filaments with Congo red, we found the filaments in buffer and lyophilized filaments 

both had yellow-green birefringence (Figure 9 B, C) compared to bright field (Figure 

9D).  

 By using the following calculations and x-ray diffraction analysis, we confirmed 

C. albicans Ure2p1–90 filaments formed β-sheet filaments (Figure 9A and 10).  We 

applied the equation nλ=2d * sinθ (Bragg’s law),  where nλ represents a whole number of 

wavelengths. The variable, d, is the unknown distance between layers in a crystal, or, in 

this case, the protein filaments. Sinθ is the angle between the incident x-ray and 

diffracted ray (Silberberg, 2000). Bragg’s law is based on the principle that atomic nuclei 

scatter x-rays in a pattern that can be used to calculate inter-atomic distances. The data 

acquired from x-ray diffraction gives uniform rings, which is consistent with the non-

aligned composition of filaments (Figure 9A). The x-ray diffraction pattern was 

quantified with the help of Fred Dyda (Bethesda, MD, NIDDK). From the resulting 

graphs, we obtained values for the key peaks in the diffraction pattern (Figure 10). The 

known value for λ from the x-ray diffraction machine is 1.54, and the peak values are 

given as 2θ. The resulting equation to calculate distance, d, is (1.54/ sin (x/2))/2, where x 

is the peak value obtained from the quantization of the diffraction ring pattern. The 

resulting value for C. albicans Ure2p1–90 from the strong peak at 18.9˚ (Figure 10A, 

empty arrow) was 4.7 Å, which corresponds to the distance between β-strands.  The 
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distance of 9.4 Å corresponds to the broader peak at 9.4˚ (Figure 10A, filled arrow), 

which represents the distance between β-sheets. The broader peak could be an indication 

that there are many atoms at an average of 9.4 Å apart, and “the diffuse peak around 9.4 

Å is consistent with an atomic pair distribution that has a lot of atoms that are around 9.4 

Å from each other”  (F. Dyda, personal communication, August 2009).   
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A)           B) 

           
 
C)           D) 

  
 
 
Figure 9: C. albicans URE2p1–90 filaments are amyloid.  A) X-ray diffraction shows 
distinctive β-sheet pattern with 4.7 Å ring and 9.4 Å ring. B)  Filaments in buffer solution 
stained with Congo red and C) lyophilized filaments stained with Congo red show 
yellow-green birefringence with polarizing light microscope (20x magnification). D) 
Bright field of sample in (C) stained with Congo red (20x magnification). 
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Figure 10: X-ray diffraction peaks show distance between β-sheets.  The dark 

arrow indicates the peak corresponding to the weaker band of the diffraction at 9.0–9.5 Å 
(distance between β-sheets). The empty arrow indicates that the peak corresponds to the 
darker, more intense band at 4.5–4.7 Å, the distance between β-strands. A) C. albicans 
Ure2p1–90 B) C. glabrata Ure2p1–100 C) C. glabrata full-length Ure2p. 
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NMR spectra chemical shifts indicate β-sheet conformation 
 
Observing the one-dimensional NMR spectra confirmed the sample is 

appropriately labeled, and the isotope was measurable over natural abundance. The 

position of the carbonyl peak was used to calculate the chemical shift to determine if 

there is a change in structure. The chemical shift values for specific amino acids in 

random coil, alpha helix, or β-sheet are well characterized (Wishart et al.,  1995) and 

were used as a reference point. We measured the chemical shift for the Val-1-13C peak to 

be 171.9 ppm (Figure 11), but the expected random coil value is 174.6. Additionally, the 

isoleucine labeled sample was measured to be 170.4, while the known value for random 

coil is at 174.7. These chemical shifts indicate that the structure is β-sheet, not random 

coil. All samples were dry, lyophilized amyloid fibrils.  

Labeling with Ala-3-13C is not as efficient as the Ile-1-13C and Val-1-13C labels. 

We used the NMR spectrum to determine the level of alanine label incorporated into C. 

albicans Ure2p1–90protein. We also submitted the C. albicans Ure2p1–90-His6 protein for 

mass spectrometric analysis and found the labeling efficiency to be approximately 60%. 

This was confirmed by calculations that found the labeling efficiency to be 64% (see 

methods for calculation).  
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Figure 11: Solid-state 1D NMR spectra of C. albicans Ure2p1–90 samples  
Chemical shifts of Ile and Val demonstrate the labeled amino acids are in β-sheet 
conformation. The spectra of unlabeled, Ile-1-13C, Val-1-13C, and Ala-3-13C samples 
were recorded at 9.39T at 20 kHz MAS.



 
 

64

PITHIRDS-CT data indicate 0.5 nm distance between 13C-labeled residues  
 

By using the established procedure and cross-polarization techniques developed 

by R. Tycko (Tycko,  2006), we were able to determine the distances between labeled 

residues in β-sheet structures. Distances between identical 13C-labeled residues in a 

parallel in-register β-sheet can be determined using dipole-dipole interactions. Magic 

angle spinning averages out dipole-dipole couplings to zero, but application of radio 

frequency pulses make the spin angular momentum time dependent (Tycko,  2006).  This 

production of a “non-zero time-averaged dipole-dipole coupling” is termed “dipolar 

recoupling” and re-establishes the dipole-dipole interactions to be measurable while using 

magic angle spinning (Tycko,  2006).  The 13C-13C dipole-dipole interactions cause the 

13C NMR signal to decay at a rate proportional to 1/r3, where r is the distance between 

labeled residues.  The N-terminal region of interest, C. albicans Ure2p1–90, contains many 

asparagine and glutamine residues. Valine, alanine, and isoleucine amino acids were 

chosen for labeling because they were dispersed throughout the sequence, and none were 

directly adjoining. Interaction of directly adjoining labeled residues will cause a rapid 

decay and skew the data by measuring the intramolecular distance instead of measuring 

the desired intermolecular distance.  

 We expect the distance between residues to be about 0.5 nm if the structure is a 

parallel in-register β-sheet (Baxa et al.,  2007; Shewmaker et al.,  2006; Wickner et al.,  

2008b). We applied the PITHIRDS-CT technique, which includes pi-pulses lasting 1/3 of 

the rotation period to produce “dipolar recoupling” (Tycko,  2007),  to the isoleucine-1-

13C and the Alanine-3-13C- labeled samples (Cambridge Isotope Laboratories, Inc.) and 
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found both follow the 0.5 nm expected distance (Figure 12 A and B). The valine-labeled 

sample shows a distance between labeled residues of approximately 0.6 nm (Figure 12A), 

which does not match the expected 0.5nm distance for parallel in-register β-sheet. 

However, this is still far from the 0.94nm distance expected for anti-parallel β-sheet or β-

helix structures. 

To demonstrate the labeled residues were indeed in parallel in-register β-sheet 

conformation, we formed amorphous aggregate of an Ile-1-13C-labeled sample as well as 

a dilution sample. The dilution sample was generated by combining one part Ile-1-13C  

label with four parts unlabeled C. albicans Ure2p1–90 protein, while soluble in 8M urea 

buffer, and then dialyzing to filament formation buffer (50 mM Tris, 150 mM NaCl pH 

8).  Amorphous aggregate formed by precipitating purified soluble protein in 8M urea 

with cold methanol and placing at -20°C overnight. Both samples were observed by 

TEM. The amorphous protein morphology appeared to be globular protein, and the 

dilution sample morphology was fibrilar like the original Ile-1-13C sample (Figure 8).  

The dilution sample shows a reduced decay, which is expected as four of the five residues 

would be unlabeled. This dilution means four of the five residues should be unlabeled, 

which will yield 4/5=0.8, where 0.8 represents the chance of one labeled residue being 

next to an unlabeled residue.  The probability of a labeled residue interacting with an 

unlabeled residue on either side is 0.8*0.8=0.64, where one labeled residue has a 64% 

chance of being near unlabeled and 36% chance to be near a label.  The expected curve 

(Figure 12, white curve) was calculated by taking 36% of the signal of the original Ile-1-

13C curve added to 64% of the signal from the natural abundance signal. 
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Additionally, the dilution sample decay demonstrates that the decay is due to 

intermolecular interactions of nuclei and not intramolecular (residues side-by-side in the 

molecule). If the dipole-dipole coupling was intramolecular, the decay rate would not be 

altered by diluting with unlabeled protein and would be rapid.  Instead, 1/5 of the 

residues are labeled leading to an actual amount of Ile-1-13C label, as (1/5)*2(number 

residues) = 0.4. With this dilution effect, the decay rate is reduced, and the distance 

between residues is observed at approximately 0.7 nm (Figure 12C).  If the decay was 

due to intramolecular interaction, we would not expect decrease in the decay rate.  If the 

sample was dominated by signal from unlabeled protein, the decay would resemble the 

natural abundance, with a negligible decay.  The moderate decay shows there is 

interaction, but fewer labeled nuclei are close enough in the molecule to generate rapid 

decay. However, compared to the expected curve, the dilution has a more rapid decay 

than expected. 

 The amorphous aggregate signal decay corresponded to a distance of 

approximately 0.6 nm, but is not as rapid as the filament sample at 0.5 nm (Figure 12C). 

The decreased rate of signal decay indicates that simple aggregation cannot be 

responsible for the rapid decay of labeled samples. However, the rate of decay was still 

more rapid than expected. The amorphous aggregate sample gave a poor signal, and we 

were only able to accurately measure to 48 ms (the usual interval is 76.8 ms). The 

reduction in the number of measurements could have introduced error in the decay rate. 

Further analysis would be needed to determine the cause of the decay.  
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Figure 12 continued to next page 
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Dipolar recoupling experiments with unlabeled, 

Ile-1-13C, amorphous aggregate, and 1:4 dilution 
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Figure 12: Dipolar recoupling experiments show parallel in-register β-sheet 
conformation for Candida albicans Ure2p1–90. A) Experimental data of Ile-1-13C and 
Val-1-13C C. albicans Ure2p1–90 fibrils B) Ala-3-13C labeled and unlabeled C. albicans 
Ure2p1–90 C) Experimental comparison of dilution sample (1:4 of 13C Ile: unlabeled), 
amorphous aggregate, Ile-1-13C labeled, and natural abundance samples. Each set of 
experimental data is shown with simulated curves for ideal linear chains of expected 
interaction distances of 13C nuclei of 0.4, 0.5, 0.6, and 0.7-nm spacing (as in Shewmaker 
et al.,  2006).  
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 Since the distance between Val-1-13C-labeled residues was not the 0.5nm 

distance expected for parallel in-register β-sheet, we predicted there may be some 

residues that are not in the β-sheet. Using the formula Nt= Nres(Siso-S’)/ (Siso-Sst) (see 

methods), we calculated the number of residues in β-sheet contributing to the signal at a 

specific time point. Three different time points (28.8 ms, 38.4 ms, and 43.2 ms) were 

evaluated (Methods 2.2.4, Table 5).  Rounding to the nearest whole integer, the 

calculations for each time showed three residues were incorporated in the β-sheet 

structure.  All labeled samples were compared to the natural abundance sample 

measurement.  The natural abundance sample shows a slow rate of decay because the 

natural abundance of 13C is only approximately 1.1% of all carbon residues, and the 

chances of the randomly occurring 13C nuclei to be close together is very rare.  

This analysis assumes that the observed decay of the 13C Val-labeled sample is 

due to some residues being in in-register parallel β-sheet and other residues being in other 

structures (i.e., loops or turns) that are at greater distance from other labeled residues.  

We make this assumption because the curve appears to have two components with an 

initial rapid decay and another corresponding to slow decay/ plateau.  If residues were at 

some intermediate distance, we would expect the decay to have a consistent decay 

corresponding to that distance.  
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T S’ (Val-1-13C) Siso Sst N=Nres(Siso-S’)/(Siso-Sst) 

28.8 56.7 100.92 25.34 3.36 

38.4 53.1 93.89 21.85 2.83 

43.2 49.5 93.28 24.23 3.17 

Table 5: Values for determining the number of residues in parallel in register β-sheet for 
the Valine-1-13C labeled Candida albicans Ure2p1–90 sample.  
 
 



 
 

71

 
Two-dimensional NMR spectra of Candida albicans Ure2p1–90 

 By uniformly labeling with 13C and 15N, we found the 2D spectrum of C. albicans 

Ure2p1–90 to have peaks too broad to allow for assigning peaks to specific amino acid 

residues.  We were able to identify some peaks as corresponding to certain amino acids 

(Figure 13).  For those that were readily identifiable, like the Thr Cα-β peak, we estimated 

the chemical shift (Table 6, highlighted). The chemical shifts for the specific amino acids 

correspond to a β-sheet shift when compared to values for random coil (Petkova et al.,  

2005; Wishart et al.,  1995)  (Table 6). The chemical shifts characteristic of β-sheet 

conformation tends to be increased 0.15–0.6ppm from the value for random coil for β-

carbons and decreased for carbonyl and alpha-carbons (Table 6, values in parentheses 

from Wishart et al., 1995). The values we estimated from the 2D NMR data (Figure 13, 

Table 6) are consistent with previous findings and a β-sheet conformation. The large 

broad peak between 50–55 f1ppm and 25–45 f2ppm was difficult to resolve, but general 

regions corresponding to several amino acids were identified (Table 6).  
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Figure 13:  2D NMR of C. albicans Ure2p1–90 shows individual amino acids. The 
broad combined peaks between 52–54 ppm and approximately 25–45 ppm were roughly 
identified with the labeled amino acids. Labels were made by using the values taken from 
Wishart et al. (1995) and adjusted by subtracting 1.7 ppm for the variation of using a 
tetramethylsilane standard. 
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   SHIFTS  

 
# 
residues C=O Cα Cβ Cγ Cδ Cε 

Ala 2 (176.1) 48.5 
(50.8) 

20.5  
(17.4) 

   

Asp 3 (174.6) (52.5) (39.4) (178.3)   

Asn 28 (173.5) (51.4) (37.2) (175.5)   

Glu 2 (174.9) (54.9) (28.2) (33.9) (181.7)  

Gln 16 (174.3) (54) (27.7) (32) (178.8)  

Gly 1 (173.2) (43.4)     

His 8 (172.4) 53.0 
(53.3) 

26.0 
(27.3) 

(129.4) (118.4) (134.5) 

Ile 2 170.4 
(174.7) 

58.1 
(59.4) 

39.7 
(37.1) 

26.1, 
15.5 

(25.5, 
15.7) 

12.0(11.2)  

Lys 1 (174.9) (54.5) (31.4) (23.0) (27.3) (40.2) 

Leu 7 175.9 53.4 39.5 
(40.7) 

26.1 
(25.2) 

23.2, 21.6  

Met 3 (174.6) (53.7) (31.2) (30.3)  (15.2) 

Ser 11 (172.9) 55.0 
(56.6) 

64.0 
(62.1) 

   

Thr 7 (173.0) 60.5 
(60.1) 

69.5 
(68.1) 

20.0 
(19.8) 

  

Val 5 171.9 
(174.6) 

59.5 
(60.5) 

33.5 
(31.2) 

19.7, 
19.5 

(19.4, 
18.6) 

  

 
Table 6:  Shifts from 2D NMR spectra of C. albicans Ure2p1–90 are consistent with β-
sheet. All values represented in parts per million (ppm). Values in bold for carbonyl shifts 
of valine and isoleucine were obtained from the 1D peaks in Figure 10. Highlighted 
values are estimated from the NMR spectrum shown in Figure 13. Values in parentheses 
are known values for random coil adjusted by subtracting 1.7 ppm to compensate for the 
different reference compounds used (tetramethylsilane vs. DSS, 4,4-dimethyl-4-
silapentane-1-sulfonic acid) (Wishart et al. 1995).  
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Candida glabrata Ure2p1–100 forms β-sheet amyloid filaments 

In contrast, C. glabrata Ure2p1–100 filaments formed after two years in KH2PO4 

buffer (pH 8) at 4˚C (Figure 14F), and very small filaments can form with about two 

months incubation in 50 mM Tris, 150 mM NaCl, pH 8 at 4˚C (Figure 14E).  For shorter 

incubation times, C. glabrata Ure2p1–100 forms globular amorphous aggregates, or sheet-

like aggregates (Figure 14 A–D). There was no evidence of the capability to seed 

samples, as seeding did not increase the amount of filament after two months incubation 

in either KH2PO4 buffer or Tris buffer.   

X-ray analysis of C. glabrata Ure2p1–100 filaments formed during two years at 4˚C 

showed a similar diffraction pattern associated with β-sheet.  Using the same application 

of Bragg’s law, we determined the major peak at 19.2˚ corresponded to a distance of 4.6 

nm (Figure 10B, open arrow), and the broader peak at 9.38˚ corresponded to a calculated 

distance of 9.5 nm (Figure 10B, dark arrow). These peaks are derived from the x-ray 

diffraction, which shows the major band is at 4.6 Å and a less intense band at 9.5 Å 

(Figure 15A). These distances are consistent with the distance between polypeptide 

strands in β-sheet and the distance between stacked β-sheets, respectively.  Congo red 

staining confirmed that the fibers were amyloid by the characteristic yellow-green 

birefringence (Figure 15B and C). No NMR experiments were performed with C. 

glabrata Ure2p1–100 filaments at this time because not enough filaments were generated. 
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Figure 14:  C. glabrata Ure2p1–100 can eventually form filaments.    All images of 
CgUre21–100 in the following buffers and time points A) 5 mM KH2PO4, 150 mM NaCl 
initially then dialyzed to 3 M urea,0.1 M Tris, 150 mM NaCl pH 8.3, 22000x (16 Mar 07, 
3- to 4-day incubation, RT)  B) 3 M urea, 0.1 M Tris, 150 mM NaCl, 44000x (12 Oct 07, 
~11 day incubation, RT) C) Ile -1-13C labeled, 3 M urea, 0.1 M Tris, 150 mM NaCl pH 8, 
14000x (9 Feb 08, 10-day incubation at RT) D) 5 mM KH2PO4, 150 mM NaCl pH 8 (13 
April 09, 3- to 4-day incubation, RT) E) 50 mM Tris, 150 mM NaCl pH 8, after ~ 2 
months at 4˚C ( 1 June 09) F)  5 mM KH2PO4 , 150 mM NaCl pH 8.3  (same sample as 
image A, but images taken on 5 March 2009 after ~ 2 yrs at 4˚C), 56000x. 
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A) 

  
B)     C) 

 
 
Figure 15: C. glabrata Ure2p1–100 filaments are amyloid. A) X-ray diffraction shows 
distinctive β-sheet pattern with 4.6 Å ring and 9.5 Å ring B) Polarized light, C. glabrata 
Ure2p1–100 stained with Congo red (20x)  C) Bright field, C. glabrata Ure2p1–100 stained 
with Congo red (20x).  

4.6 Å 

9.5 Å 
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Full-length Candida albicans Ure2 protein can form filaments 

Full-length protein of both C. albicans Ure2 and C. glabrata Ure2 are not suitable 

for NMR analysis due to their large size. Determining basic morphology and physical 

characteristics by TEM, x-ray diffraction, and Congo red staining can help to extrapolate 

what protein structure would be formed in vivo. Full-length Ure2p of C. albicans proved 

more difficult to isolate than the N-terminal protein, because it is mostly contained in 

inclusion bodies, which did not solubilize using native purification methods. Instead, the 

full-length C. albicans Ure2p was isolated using denaturing conditions (lysed with 6 M 

guanidine-HCl buffer, purified with Ni-NTA in 8 M urea buffer) and then re-natured by 

dialyzing against Tris buffer (50 mM Tris, 150 mM NaCl, pH 8). In general, the 

appearance of the C. albicans full-length Ure2p did not resemble filaments, but possibly 

small oligomers (Figure 16B). There were filaments in a single preparation (Figure 16A), 

and the sample was not seeded with C. albicans Ure2p1–90.  Thus, the filaments observed 

were not just seed of C. albicans Ure2p1–90, but were formed from full-length protein 

only. There was not enough filament material for further experiments.  



 
 

78

A) 

 
B) 

 
Figure 16: C. albicans full-length Ure2p can form filaments. Transmission electron 
microscope images, filaments formed in 50 mM Tris, 150 mM NaCl, pH 8 stained with 
1-3% uranyl acetate A) 56000x  B) 44000x.  
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Full-length Candida glabrata Ure2p forms non-amyloid β-sheet aggregates 

The C. glabrata Ure2p was extracted using native conditions and did not show 

any filament formation, even when the sample was re-analyzed after approximately two 

years (Figure 17A and B)  and after using various buffers (see methods). The aggregate 

that formed appeared to be large sheets of protein (Figure 17B).  This aggregate was used 

for x-ray diffraction and Congo red staining.  The x-ray diffraction patterns indicate β-

sheet (Figure 17D) with distance values of 4.5 nm for the prominent peak at 19.5˚ (Figure 

10C, open arrow) and a value of 9.4 nm for the broader peak at 9.4˚ (Figure 10C, filled 

arrow). Interestingly, the Congo red staining shows no yellow-green birefringence, 

suggesting that it is not amyloid.    
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Figure 17: C. glabrata full-length Ure2p does not form fibers.   A–D are of the same 
sample of C. glabrata full-length Ure2p, native purification, 50 mM Tris, 300 mM NaCl, 
pH 8  A) 110000X, (after 5-day incubation, RT)   B) 28000x (after 2 yrs at 4°C)  C) C. 
glabrata full-length Ure2p stained with Congo red and visualized with polarized light 
(20x)  D) X-ray diffraction pattern with 4.6Å ring and 9.4 Å ring. 
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2.2.3 Discussion 

 Based on the sequence homology (Figure 3), we expected that C. glabrata Ure2p 

would be able to form filaments similar to S. cerevisiae Ure2p. Instead, C. albicans Ure2 

formed filaments with greater similarity to S. cerevisiae Ure2p. The NMR data also is 

consistent with the findings of parallel in-register β-sheet previously established for S. 

cerevisiae Ure2p  (Baxa et al.,  2007). 

 The two months to two years C. glabrata Ure2p1–100 required to become filament 

is unlikely to be a biologically relevant time scale. C. glabrata Ure2p does not become a 

prion in vivo, and this data is supported by slow filament formation in vitro. The protein 

forms amyloid filaments after months of incubation. Yeast budding and growth occurs 

over the course of hours to weeks, and filament formation does not occur during that time 

period. Thus, C. glabrata Ure2p filaments would not infect daughter cells to become a 

viable prion. Also, when filaments form in vitro, most of the C. glabrata Ure2p stays 

soluble. For example, in the sample that formed filaments after two years, the supernatant 

contained approximately 4 mg/ml soluble C. glabrata Ure2p1–100. Remaining soluble and 

slow filament formation provides an explanation for C. glabrata Ure2 protein’s inability 

to form a prion and indicates there is a difference in the protein structure and 

conformation compared to C. albicans Ure2p.  

 C. glabrata full-length Ure2 does not form amyloid, unlike S. cerevisiae Ure2p. 

There is some evidence that C. albicans full-length Ure2 can form filaments (Figure 16). 

C. albicans Ure2p amyloid filaments formation may require chaperones, because the 
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filaments do not form as readily in vitro as in vivo. Also, using denaturing conditions to 

purify full-length C. albicans Ure2p may partially degrade or alter the structure from 

native protein and prevent filaments from forming readily.  C. glabrata and C. albicans 

Ure2 N-terminal regions and full-length C. glabrata Ure2p formed β-sheet aggregates, 

and both C. glabrata and C. albicans Ure2 N-terminal regions formed amyloid (Figures 

9, 15, 16, and 17).   This data shows the sequence similarity does allow for some 

secondary structure resemblance.  However, only the C. albicans Ure2p1–90 amyloid was 

abundant enough to perform NMR experiments and further elucidate structure, making it 

difficult to ascertain how far the structure similarity/difference goes.  

 C. albicans Ure2p1–90 forms filaments readily, and even the morphology of 

clumps or “hashbrowns” of protein filaments is similar to S. cerevisiae Ure2 filament 

(Taylor et al.,  1999).  These clumps of S. cerevisiae Ure2 can even be seen in vivo 

(Speransky et al.,  2001). By forming protein filaments in vitro, we established that the 

interaction of the C. albicans Ure2p with itself leads to formation of stable amyloid 

filaments. NMR experiments showed that C. albicans Ure2 forms parallel in-register β-

sheets. This may indicate that parallel in-register β-sheet is a universal structure of prion 

amyloid beyond the prions of S. cerevisiae, Ure2p, Rnq1p, and Sup35p (Baxa et al.,  

2007; Shewmaker et al.,  2006; Wickner et al.,  2008; Wickner et al.,  2008b). One 

exception is the [Het-s] prion, which forms a β-helix structure. [Het-s] is also notably 

different because it is a functional prion (Coustou et al.,  1997; Wasmer et al.,  2008) . To 

verify that the filaments formed in vitro were actually prion material, we infected a prion-

minus strain with the amyloid filaments (Results 2.3). 
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 The signal of the Val-1-13C-labeled sample did not decay as rapidly as those 

labeled with Ile-1-13C or Ala-3-13C, and the distance between valine-labeled residues 

corresponded to 0.6–0.7 nm (Figure 11). The observed distance for the valine-labeled 

sample is similar to leucine-labeled Sup35NM, where some residues are in the β-sheet 

and others are in more mobile regions like loops or turns (Shewmaker et al.,  2006). 

Positioning of the β-sheet and mobile regions may be variable because the extent of N/Q-

richness allows for some shifting and multiple favorable conformations to generate prion 

amyloid. For example, if like residues in parallel in-register β-sheet interact, and there are 

many N/Q residues, then there are possibilities of “slippage” where there are multiple 

arrangements where like residues are paired. This could be similar to gene “slippage” 

when DNA sequence contains polyA or other nucleic acid residue repeats for example in 

sequencing PCR reactions.   

From the 2D NMR spectra, the values for the chemical shifts indicate β-sheet 

structure. The resolution was not precise enough to determine if some residue signals did 

not appear on the spectrum, which would indicate they were mobile residues. The peaks 

were also too broad to observe if there were multiple peaks for one amino acid, which 

could indicate residues in more than one type of structure (i.e., random coil and β-sheet).  

However, the broad peaks indicate a mixture of filament conformations that has been 

indicated for S. cerevisiae Ure2p (Brachmann et al.,  2005; Baxa et al.,  2007).  The 

amorphous aggregate decay was more rapid than we expected (Figure 11C).  One 

explanation of the rapid decay could be that decay can be influenced by the geometry of 

the molecule.  If hydrophobic regions collapse and put the labeled nuclei close together in 
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space, we could see a decay that is similar to the decay from nuclei close to one another 

in a linear fibril.  The signal could not be measured for the full time compared to other 

samples, and also could be influencing the result. Further tests may not eliminate this 

problem, because we were also constrained by the protein itself. There were very few 

amino acids in the sequence that were amenable to labeling experiments due to the high 

N/Q amino acid content. Other regions of the protein may prove better for labeling, but 

our intent was to determine if the region most analogous to the S. cerevisiae Ure2p prion 

domain could form parallel in-register β-sheet.  
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2.2.4 Materials and Methods 

2.2.4.1 Plasmid construction: 

 C. albicans and C. glabrata URE2 expression vectors were all constructed in pET 

vector backbones with either the N-terminal domain (or “PD”) or the full-length proteins 

attached to a C-terminal His-6 tag (Table 6). 

Plasmid  URE2 
Expression 
Construct 

5’ primer 3’ primer 

pAE1 URE2C.g. -H6 
(Full-length) 

HE297  
TAAGGATCCCAAATGGGTG
ACTCACGCAAT 

AE68: 
GTTCTCGAGTTAATGGTGATGGT
GATGATGCTCTCCGCGAAGGGC 

pAE2 URE2C.g.1–100-H6 
(“PD”) 

HE297  
TAAGGATCCCAAATGGGTG
ACTCACGCAAT 

AE88: 
CTTCTCGAGTTAATGGTGATGGT
GATGATGATACTCCATCGGGTTG
AATT 

pAE3 URE2C.a 1–90 - H6 
(“PD”) 

AE100:   
AACTCTAGAAATAATTTTG
TTTAACTTTAAGAAGGAGA
TCTATGATGTCTACTGATC
AAC 

AE101: 
CTTCTCGAGTTAATGGTGATGGT
GATGATGTTGTTGTTGTTGAGTA
GAAGC 

pAE4 URE2C.a - H6 
(Full-length) 

AE100: 
AACTCTAGAAATAATTTTG
TTTAACTTTAAGAAGGAGA
TCTATGATGTCTACTGATC
AAC 

AE102: 
CTTCTCGAGTTAATGGTGATGGT
GATGATGATCTCCACGTAAAGCG
CGTTT 

pAE5 URE2C.a 1–90- H6 
(“PD”) 

NdeAlbURE2  
AAAACATATG ATGTCTACT
GATCAACATAT 

cXhoAlbURE2 
TGGCTCGAGTTTAATGGTGATGA
TGGTGATGTCTTGATTGTTGTTGT
TGAGTAGAAGCTT 

Table 6: C. albicans and C. glabrata URE2 expression plasmids shown with primers 
used for their construction.  All expression plasmids are derivatives of pUB6 [gift from 
Ulrich Baxa; modified pET17-b (Novagen)] except for pAE5, which is derived from 
pET21-b. pAE5 was generated with the help of R. Wickner. Italics indicate the His-6 tag, 
underlined portions are restriction sites.   
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2.2.4.2 Protein purification: 

Each vector was transformed into either BL21 (DE3) RIPL (Stratagene) or 

Rosetta (DE3) (Novagen) with 34 µg/ml chloramphenicol, 50 µg/ml streptomycin, and 

100 µg/ml ampicillin overnight according to respective manufacturer protocols. Cultures 

were inoculated and grown to A600 ~0.6–1.0 and induced with 1mM isopropyl-β-D-

thiogalactosidase (IPTG) for approximately four hours.  N-terminal protein was obtained 

from bacteria lysed under denaturing conditions using guanidine buffer (6 M guanidine-

HCl, 0.1 M Tris, 150 mM NaCl, pH 8.0–8.5) at room temperature for 1–2 hours pipetting 

occasionally to break up the cell pellet. Full-length protein of both C. glabrata and C. 

albicans was obtained by lysing cells under pressure in sodium phosphate buffer (50 mM 

NaHPO4, 300 mM NaCl, pH 8) (Baxa et al.,  2003) or by using Bugbuster reagent 

(Novagen). Cells were lysed in the presence of protease inhibitor (complete EDTA-free, 

Roche). Lysates were cleared of cell debris by ultracentrifugation at 30000 rpm for 30–60 

min (Beckman-Coulter Optima L-90k Ultracentrifuge, Type 45Ti rotor). Cleared lysates 

were incubated with nickle-nitrilotriacetic acid (Ni-NTA) agarose (Qiagen) at room 

temperature with gentle agitation, loaded into a glass column (Biorad), washed with urea 

buffer (8 M urea, 0.1 M Tris, 150 mM NaCl) and eluted with same buffer plus 20 to 200 

mM imidizole. For native purification of protein lysates incubated with Ni-NTA, sodium 

phosphate buffer was used to wash (50 mM NaHPO4, 300 mM NaCl, pH 8), and 

imidizole was added to elute protein from Ni-NTA (50 mM NaHPO4, 300 mM NaCl, pH 

8, with 30-250 mM imidizole).  For most experiments, 4 L of bacteria culture was 

harvested, lysed to produce two aliquots of 25 ml of lysate, which was incubated with 8 
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ml Ni-NTA suspension (4 ml suspension in each tube, and 8 ml suspension packs to 4 ml 

total bed volume).  Washes and elution volumes were about 5–6 times the bed volume 

with about 20–24 ml of each buffer used and fractions collected.  

 Protein concentrations were roughly determined by 4–12% NuPAGE Bis-Tris gel 

(Invitrogen) stained with Simply Blue Safestain (Coomassie G-250 stain, Invitrogen) and 

by BCA assay (Pierce).   

If necessary, further purification was performed by using a Q-sepharose column 

(HighQ, Bio-Rad).  Fractions containing protein were diluted with zero salt urea buffer (8 

M urea, 50 mM Tris) and loaded onto the Q-column. The column was washed with same 

zero salt urea buffer.  Protein was eluted by creating a gradient of 0–300 mM NaCl, 

optimally 0–200 mM NaCl added to 8 M urea, 50 mM Tris buffer.   The fractions 

containing protein were combined to maximize protein content by using Centriprep 

concentrators (Amicon) and then dialyzed against buffer to promote filament formation. 

The following buffer conditions were tested:  

1) 5 mM H2KPO4, 150 mM NaCl, pH 6.8 

 2) 50 mM Tris, 300 mM NaCl, pH 8 

 3) 3 M urea, 0.1 Tris, 150 mM NaCl, pH 8.3 

 4) 20 mM Tris-HCl, 200 mM KCl, pH 8 

 5)   50 mM Tris,150 mM NaCl, pH 8  

 Buffer 5 was found to be the best for the N-terminal region filament formation and was 

then used in the subsequent experiments for full-length and N-terminal protein.  

Filaments were formed at room temperature with agitation for two-days to one-week 
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incubation. Once filaments formed, as evidenced by a cloudy appearance to the solution, 

the samples were examined by electron microscopy. Aqueous protein samples were then 

stored at 4 °C.  To observe filaments, samples were prepared for electron microscopy by 

putting 10 µL of aqueous protein suspension on a carbon grid for 2–3 minutes, rinsing 

with equal volume of dH2O, and then staining with 10 microliters 1–3% uranyl acetate 

for 2–3 minutes. Grids were blotted and air dried before viewing. To obtain images, a FEI 

Morgagni transmission electron microscope was used at 80kV.  For taking diameter 

measurements, high resolution images from TEM were opened in ImageJ software, 

according to the recommendation of F. Shewmaker.  The “draw line” tool was used to 

measure the length of the scale bar indicating 100 nm from the image generated by the 

NMR software.  The length of the “draw line” tool was then set to the known length of 

100nm, and it was then used to measure the width of fibrils that were clearly single 

filaments.  This was done for C. albicans Ure2p1-90 files: “CaPD 13 Ile 4-4-08_19” at 

110000x magnification and “AEalbicans08_122” (uniform label) at 89000x 

magnification.  The Ile-labeled sample file was measured twice with 12 initial 

measurements and 15 follow-up measurements.  Eleven measurements of the image of 

the uniform labeled sample were also taken.  These measurements (38 total) were then 

averaged together for the final measure of 6.2 nm width of filaments.  

2.2.4.3 Congo red staining and x-ray diffraction: 

To determine if the filaments were amyloid, Congo red stain and x-ray diffraction 

experiments were done. Congo red staining was performed as explained in Taylor et al. 

1999 (Science) and images acquired using a Zeiss Axiophot polarized light microscope 
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equipped with a Photometrics Coolsnap HQ camera with the exception of Figure 9B. In 

Figure 9B of C. albicans Ure2p1–90,
 Congo red-stained filaments were visualized with an 

Olympus BX50 microscope using the polarizing light filter. All images were processed 

through Adobe Photoshop.  For x-ray diffraction, filaments were washed extensively with 

water or cold methanol, and then lyophilized. The dry material was packed into 0.7 mm 

diameter thin-walled (0.01 mm) boro-silicate glass capillary tubes (Hampton Research) at 

860 xg (2000 rpm, Sorvall Legend T) for 10 minutes, and spins were repeated until 

material collected at the bottom of the capillary tube. Further analyses were similar to 

those in Wickner et al.,  2008b.  

2.2.4.4 NMR analysis: 

For labeled protein to be analyzed by NMR, the pAE5 construct containing the 

C.a.Ure2p.
1–90 “PD” was expressed using BL21 (DE3) RIPL E. coli cells (Stratagene).  

Cultures were grown to A600 ~0.6–1.0, spun and re-suspended in Defined Amino Acid 

Medium (DAM) media containing either Ile-1-13C-, Val-1-13C-, or Ala-3-13C-labeled 

amino acids (Baxa et al.,  2007; Shewmaker et al.,  2006).  For uniform labeling, 13C-

glucose and 15NH4Cl were added to DAM media components but without labeled amino 

acids. Unlabeled samples were also made to measure signal corresponding to natural 

abundance 13C from 1D and PITHIRDS-CT spectra. Unlabeled protein was obtained by 

growing E. coli in LB (Luria-Bertani) or LBrich media (see Appendix 1). Labeled protein 

was purified, dialyzed, and checked by EM to verify filament formation as stated above. 

Filaments were washed with distilled H20 and lyophilized.  Between 1–5 mg of 

lyophilized filaments were used to pack rotors for solid-state NMR. 
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 NMR experiments were carried out as described in Shewmaker et al.,  2006 and 

Wickner et al.,  2008b. Briefly, an InfinityPlus spectrometer (Varian, Palo Alto, CA) was 

used with 3.2mm-diameter rotors, and experiments were performed at 9.39T(100.4-MHz-

13C NMR frequency) at room temperature. 1H-13C cross polarization (Pines et al.,  1973) 

and two-pulse phase-modulated 1H decoupling (Bennett et al.,  1995) methods were used 

to record 13C NMR spectra at a magic-angle spinning (MAS) frequency of 20.0 kHz.   

 Raw data from PITHIRDS-CT experiments were corrected for natural abundance; 

1.1% of the 13C NMR signals. The corrected signal was calculated with the following set 

of formulas (a-d):  (a) Sna(t) = 100-0.289t where t is the dipolar dephasing time in 

milliseconds. The C. albicans Ure21–90 protein 13C natural abundance sites were 

calculated by taking (b) Nsites =0.011(Ntotal sites – Nlabeled amino acids). The Nsites of natural 

abundance were calculated from the total 145 carbonyl carbons (for measurements of Ile 

and Val) or 40 methyl carbons (for measurements of the Ala-labeled sample). The 

number of labeled residues was two for Ile, two for Ala, and five for Val. The corrected 

fpRFDR-CT data S(t) were calculated using the raw data, Sraw(t), in the equation (c) 

S(t)=[Sraw(t)-fnaSna(t)]/(1-fna). The fraction of the signal corresponding to natural 

abundance, fna, is calculated by (d) fna = Nna/ (Nna+Nlabel).  The T2, the normal loss of 

synchrony over time, was measured and compared to natural abundance. The T2 

correction was done by dividing the final measurement for dipolar dephasing time (ms) 

of the T2 decay for a given label by the corresponding value for the natural abundance. 

This ratio value was multiplied by the Nsites (formula b) to get the adjusted natural 

abundance signal (Nna). This value is then used for formula (d) to obtain the adjusted 
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fraction of natural abundance signal (fna).   The raw data was graphed (Figure 11) starting 

from Sraw(0) = 100.  Simulations representing the ideal parallel in-register β-sheet are 

from Balbach et al.,  2002.  

2.2.4.5 Alanine label incorporation: 

The level of incorporation of Ala-3-13C was determined by mass spectrometric 

measurement of the peptide SAGLKSVSL generated from Ure2C.a.1–90 + His6 by 

chymotrypsin digestion. The mass spectrometry measurement showed alanine labeling of 

approximately 60% and negligible incorporation into other amino acids (with the help of 

Eric Anderson, NIDDK mass spectrometry core facility). This was further confirmed by 

calculating the label from the integrals from the 1D NMR experiment.  First, we 

measured the integral of the peaks corresponding to the contribution of the methyl carbon 

and the peak from all other aliphatic carbons from the natural abundance sample giving 

the values 106 and 295, respectively. Then we took the corresponding values for the 

methyl and carbonyl 13C peak from the Ala-3-13C labeled sample, 365 and 379, 

respectively.  To calculate the contribution of 13CH3 from the total signal from the Ala-3-

13C labeled C. albicans Ure2p1–90, we extrapolated from the ratio of methyl to total 

aliphatic carbon from the natural abundance values. The formula was as follows: 295x 

=106*379, where x represents the amount of total 13CH3, and the value of x was 136.   

The amount of natural abundance methyl label was subtracted from the integral value for 

total methyl carbon signal to get the contribution of Ala-3-13C; where the formula was 

365–136= 229. The contribution of natural abundance 13C was estimated by taking 1.1% 

of the total aliphatic carbons of the protein (266 aliphatic carbons *0.011=2.9 natural 
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abundance). These 2.9 residues of natural abundance 13C in the Ala-3-13C-labeled sample 

produced 379+136 units of NMR spectrum intensity. Thus, the 229 units in the methyl 

peak (that are due to the Ala-3-13C label) reflect (229/515)2.9=1.29 residues of 13C per 

mole. Since there are two alanine amino acids per mole of C. albicans Ure2p1–90, there 

must be label to the extent of 1.29/2=0.64 or 64%.  This is in agreement with the 

determination by mass spectrometry measurements.  

2.2.4.6 Calculation of residues incorporated in β-Sheet: 

The formula Nt= Nres(Siso–S’)/ (Siso–Sst) was used to determine the number of 

labeled residues in the parallel in-register β-sheet structure. The values are as follows: Nt 

is the number of 13C-labeled sites that are 0.5 nm apart at a given dipolar dephasing time, 

t (we used time points 28.8, 38.4, and 43.2);  Nres is the number of amino acid residues 

for the label being calculated (e.g., valine has five residues in the Ure2C.a1–90 peptide), Siso 

(isolated) is the value of the natural abundance NMR signal for the time point chosen, S’ 

is the value for the labeled amino acid NMR signal for the time point chosen, and Sst is 

the NMR signal value of the standard for 0.5 nm at the time point chosen. All values and 

results are summarized in Table 5.  
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2.3 Candida albicans amyloid filaments formed in vitro are infectious 

2.3.1 Introduction 

 A prion by definition is an “infectious protein” (Prusiner, 1982). The gold 

standard for defining a prion is showing infectivity from the purified protein. For S. 

cerevisiae prion [URE3], careful work established that not only is this amyloid the 

infectious entity, but that the most infectious particles were moderate-sized amyloid 

fibrils 20–200 nm long (Brachmann et al.,  2005).  Their work also shows infecting S. 
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cerevisiae with sonicated S. cerevisiae Ure2p amyloid filaments can generate several 

different prion variants.   

After we determined that C. albicans Ure2p can form a prion (Chapter 2.1) and 

that the structure of in vitro-generated amyloid filaments is parallel in-register β (Chapter 

2.2), we needed to show that these filaments are the infectious entity.  Transforming yeast 

with filaments will link the in vivo prion generation experiments with the in vitro 

structural analysis of the Candida species Ure2 proteins.   

   Early experiments correlated scrapie disease with the presence of a protease-

resistant glycoprotein, preliminarily labeled as PrP, or prion protein (Bolton et al.,  1982; 

Diringer et al.,  1983; Hope et al.,  1986 ; Prusiner,  1991-1992). Terms were later refined 

to distinguish the normal cellular protein PrPC from the scrapie-associated disease form 

PrPSc or PrPres, the proteinase-K resistant protein isoform. However, the methods used 

brain homogenate, which could contribute contaminating material.  Cell-free assays 

(Kocisko et al.,  1994) and rounds of sonication to dilute out the brain material with fresh 

recombinant PrP (Barria et al.,  2009; Castilla et al.,  2006) were important steps to 

reduce contaminating material. There are conflicting results from infection with 

recombinant PrP.  One study shows recombinant mouse PrP (89–230) amyloid was 

infectious, but filaments of PrP(27–30) and PrP(C) were not (Leffers et al.,  2005).  

However, another study showed that recombinant PrP(90–231) aggregate produces 

neurotoxicity but is not infectious ( Post et al.,  2000).  

 In this chapter, we establish that the N-terminal C. albicans Ure2p1–90 filaments 

formed in vitro (see Chapter 2.2) were infectious. Filaments of N-terminal C. glabrata 
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Ure2p1–100 were used to determine if in vitro material was infectious, but we could not 

induce the C. glabrata Ure2p to become a prion.  

2.3.2 Results 

Leu+ Transformants with C. glabrata Ure2p filaments vary phenotypically from 

those with C. albicans Ure2p   

The initial attempts to transform S. cerevisiae containing C. albicans URE2 

(BY302: MATa his3, leu2, trp1, kar1 C.a.URE2 PDAL5:ADE2 PDAL5:CAN1, Table 1) with 

C. albicans Ure2p1–90 amyloid filaments were largely unsuccessful due to very low 

plasmid transformation efficiency. Transformants are first selected for growth on leucine 

dropout media indicating the LEU2 plasmid and amyloid filaments were transferred to 

the strain. The Leu+ transformants are then tested for prion generation.  The low 

transformation efficiency was determined by few colonies growing on leucine dropout 

media.  Increasing the concentration of the LEU2 plasmid in the transformation mix 

increased the number of transformants (Figure 18). Each transformation with strain 

BY302 shows the same transformation efficiency and predominately white colonies 

(Figure 18A–G).  The transformation efficiency of the S. cerevisiae strain containing the 

C. glabrata URE2 (BY304) was the same except for the experiment with soluble C. 

glabrata Ure2p1–100, which had much fewer colonies (Figure 18J).  There were many 

more colonies growing after transformation with C. glabrata Ure2p1–100 filaments 

compared to colonies transformed with C. albicans Ure2p1–90 filaments.  Additionally, 

the color of the transformants in strain BY304 is consistently pink. The transformants 
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were then analyzed for the infectivity of in vitro-produced amyloid filaments by testing 

Ade+ colonies.  

The variation among transformations was greatest in the transformants plated on 

leucine dropout plates with minimal adenine (Figure 18, right). This is expected as the 

minimal adenine should select for potentially prion-positive Ade+ colonies in addition to 

Leu+ colonies. Strain BY302 transformed with soluble C. albicans Ure2p1–90, full-length 

C. albicans Ure2p aggregate, and the S. cerevisiae Ure2p filaments had the fewest Ade+ 

Leu+ transformants on minimal adenine media (Figure 18).   
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BY302 + infection material + vector: 

             L: -leu, 1M sorbitol            R: HC-leu, 1M Sorbitol, 5 mg/L ade 

 
 
Figure 18 continued to next page 
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BY304 + infection material + vector   

          L: -leu, 1M sorbitol               R: HC-leu, 1M sorbitol, 5 mg/L ade 

 
 
Figure 18: Transformation plates. The left plates are transformants grown on leucine 
dropout media with 1 M sorbitol to measure transformation efficiency, and the right 
plates are Hartwell Complete leucine dropout media with 1 M sorbitol and minimal 
adenine (5 mg/L). The vector control is plasmid pRS425 (LEU2, 2µ DNA), and C.a. 
indicates C. albicans, C.g. indicates C. glabrata, and S.c. indicates S. cerevisiae.  
Filament is abbreviated fil. and soluble is sol.  All transformations included the vector 
pRS425. 
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Protein concentration was sufficient for C. albicans Ure2p infection 

The concentration of aqueous protein samples used for the infection experiments 

was analyzed by BCA assay and Bis-Tris NuPAGE gel (Figure 19).  The C. albicans 

Ure21–90 peptide has no cysteine, tryptophan, or tyrosine, which are normally used for 

protein concentration determination due to spectroscopic qualities or interaction with 

dyes. C. glabrata Ure2p1–100 has two tyrosines, but it contains no cysteine or tryptophan 

residues. Therefore, the protein concentration assays were rough estimations of protein 

concentration.  The BCA assay was more accurate than the Coomassie stain used with the 

gel analysis, as the BCA assay reagents also partially interact with the peptide backbone. 

This interaction with the peptide backbone reduced the variability based on the amino 

acid composition.  

Protein concentration of each sample was calculated before filament formation 

and analyzed again after producing the transformation mixture.  The following 

concentrations were from BCA assay analysis of the sonicated hydrated filaments or 

aqueous protein produced in vitro and used in the infection experiments: 2 mg/ml C. 

albicans Ure2p1–90 filaments, approximately 2 mg/ml C. albicans Ure2p1–90 soluble 

protein, approximately 0.5 mg/ml C. albicans full-length Ure2p, approximately 0.3 

mg/ml C. glabrata Ure2p1–100,  0.6 mg/ml soluble C. glabrata Ure2p1–100, 0.3 mg/ml C. 

glabrata Ure2p full-length aggregate, approximately 3 mg/ml S. cerevisiae Ure2p full-

length amyloid filament protein (gift D. Kryndushkin), and 2 mg/ml bovine serum 

albumen (BSA) protein. The protein concentration of total cell lysate from YHE1161 

(prion-positive strain BY302, MATa his3, leu2, trp1, kar1 C.a.URE2 PDAL5:ADE2 
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PDAL5:CAN1 [URE3C.a.]) was approximately 50 mg/ml, which accounts for total protein, 

not just expressed full-length Candida albicans Ure2p.  

For the transformation, 10 µL of the aqueous protein or hydrated sonicated 

filament was added to spheroplasts. This same amount was added to sample buffer and 

analyzed by Bis-Tris NuPAGE gel and the BCA assay (Figure 19).  Gel analysis was 

done, because filaments may not react well with the dyes for protein concentration 

determination, but they may appear as a protein smear or protein retained in the well.  

Very little C. glabrata Ure2p1–100 filaments formed over two years in buffer at 

4°C and less was left after the x-ray analysis and Congo red experiments (Chapter 2.2.2, 

Figure 13 & 14).  However, we attempted the infection experiment predicting that if the 

amyloid filaments were infectious, we could isolate prion-positive colonies even if the 

efficiency and infection rate were lower due to the reduced amount of filament used. We 

were not able to isolate any prion-positive transformants (Table 7).  Full-length C. 

albicans Ure2p also did not form much filament and was not found to be infectious 

(Table 7).     
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Figure 19:  Protein used for infection  
Ten microliters of each protein sample used in the infection transformation was loaded to 
the 4–12% Bis-Tris NuPAGE gel, which is the identical volume used in the infection 
transformation experiments. Approximate protein concentrations for each sample are 
listed in methods and in results text. 
1) See Blue Plus2 Ladder  2) C. albicans Ure2p1–90 filaments  3) soluble C. albicans 
Ure2p1–90 4) full-length C. albicans Ure2p aggregate  6) YHE1161 lysate  8) C. glabrata 
Ure2p1–100 filaments  9) soluble C. glabrata Ure2p1–100 10) full-length C. glabrata Ure2p 
aggregate  11) BSA  12) full-length S. cerevisiae Ure2p filaments . 
* Lanes 5 and 7 were blank. 
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Prion-positive C. albicans Ure2p transformants had a clear phenotype, but C. 

glabrata Ure2p transformants did not 

 The transformants (Figure 18) were further tested to determine if they were 

infected by prions. Individual transformants were picked at random and plated on leucine 

dropout media and grown for 2–3 days at 30°C.  The Leu+ colonies were transferred to 

adenine-dropout and YES media to assay the function of Ure2p using the PDAL5::ADE2 

reporter (see Chapter 2.1.2 and Brachmann et al.,  2006). Using this reporter, colonies 

that grew on adenine-dropout and had a white or light pink phenotype on YES media 

were putative prion-positive. These were further evaluated to confirm that colonies were 

prion-positive by testing for curability with guanidine-HCl. Individual transformants 

infected with C. albicans Ure2p1–90 were clearly white or pink on adenine-dropout and 

YES media (Figure 20A).   The transformants containing C. glabrata Ure2p appeared 

partially white or pink on adenine-dropout, but on YES media the colonies appeared a 

light pink ringed in dark pink/red (Figure 20B).  This conflicting phenotype suggested 

that the colonies were prion-positive on adenine-dropout media (i.e., white colonies 

growing on adenine-dropout), but they were prion negative on YES media (i.e., the 

red/dark pink on YES) (Figure 20B).   These potentially prion-positive colonies were also 

tested by curing by guanidine, but since none were curable by guanidine, they were 

considered false positives and not prion-containing colonies. Also, the appearance of the 

colonies infected with C. glabrata Ure2p was the same as colonies transformed with the 

LEU plasmid alone. However, it is possible that C. glabrata Ure2p is like [MCA], a prion 

in S. cerevisiae that is not curable by guanidine (Nemecek et al.,  2009).  
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A) 

BY302 + C. albicans Ure2p1–90 filaments + pRS425 (empty vector) 

 
 
BY302 + pRS425  

 
 
BY302 + YHE1161 lysate + pRS425 

 
 
 
B) BY304 + C. glabrata Ure2p1–100 filaments + pRS425 
 
  YES      -ade 

 
Figure 20:  Infected strains have adenine-positive phenotype. 
 A) Individual transformants plated on adenine-dropout media.  Pictures are 
representative of all transformants tested (100–300 transformants tested, Table 7) and 
show the Ade+ in yellow circles.  All other experimental and negative controls 
transformed into BY302 (including soluble C. albicans Ure2p1–90, BSA, S. cerevisiae 
Ure2p full-length, and C. albicans Ure2p full-length) resembled the vector control of 302 
+ pRS425  B) Individual transformants with C. glabrata Ure2p1–100 filaments plated on 
YES (left) and adenine-dropout media (right). Transformants occasionally appeared 
positive on adenine-dropout media (yellow circles, right), but were red on YES media 
(orange circles, left). All other experimental and negative controls transformed into 
BY304 (including soluble C. glabrata Ure2p1–100, BSA, S. cerevisiae Ure2p full-length, 
and C. glabrata Ure2p full-length) resembled the transformants of BY304 + C. glabrata 
Ure2p1–100 filaments. 
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Transformants containing C. albicans Ure2p1–90 filaments were curable 

The colonies selected for a prion-positive phenotype on YES and adenine-dropout 

media were cured with 3–5 mM guanidine-HCl on YPAD plates. Each putative prion-

positive colony was streaked to single colonies next to its own cured colony on YES 

media (Figure 21). The prion-positive strain would be white or light pink, but if cured, 

the white or light pink isolates would become red or dark pink like the prion-negative 

parent strain (Figure 20)(assay explained in Chapter 2.1).  
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BY302 + C. albicans Ure2p1–90 filaments        BY302 + YHE1161 [URE3C.a.] lysate 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 21: Colonies infected with [URE3C.a.] are curable. White or pink colonies on 
adenine-dropout media were chosen for curing on 3–5 mM guanidine-HCl, and then 
tested side by side on adenine-dropout and YES media; YES media is shown above. “C” 
indicates cured on 3–5 mM guanidine-HCl plates, “Un” indicates the original Ade+ 
transformant.  

C 

C 

C Un Un 

Un 
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C. albicans Ure2p1–90 filaments formed in vitro were infectious 

Thirteen percent of cells infected with the positive control, YHE1161 lysate, 

became prion-positive (Table 7).  The in vitro-formed C. albicans Ure2p1–90 filaments 

infected nearly 10% of the transformants tested (Table 7). C. glabrata Ure2p1–100 

aggregate, soluble C. glabrata Ure2p1–100, full-length C. glabrata Ure2p, vector alone, 

BSA, and S. cerevisiae Ure2p did not result in any prion-positive colonies (Figure 20, 

Table 7) when transformed into strain BY304 (Table 1). Soluble C. albicans Ure2p1–90, 

the vector control (pRS425), BSA, full-length C. albicans Ure2p aggregate, and S. 

cerevisiae [URE3] transformants in strain BY302 were all negative with the phenotype of 

no growth on adenine-dropout media and red on YES media. A few negative BY302 

transformants had poor growth and appeared white on adenine-dropout media, but the 

colonies were not curable by guanidine (Table 7).    



 
 

107

 
Strain Infection material Number 

tested 
Number 
curable 

Avg. % 
infection 

BY302 pRS425  303 0 0%* 
BY302 C. albicans Ure2p1–90 filaments 295 21 9.4%* 
BY302 C. albicans Ure2p1–90 soluble 144 0 0% 
BY302 BSA 144 0 0% 
BY302 S. cerevisiae [URE3] filaments 144 0 0% 
BY302 C. albicans Ure2p full-length 144 0 0% 
BY302 YHE1161 lysate  310 41 13.3% * 
BY304 pRS425 144 0 0% 
BY304 C. glabrata Ure2p1–100, filament 144 0 0% 
BY304 C. glabrata Ure2p1–100, soluble 144 0 0% 
BY304 BSA 144 0 0% 
BY304 S. cerevisiae [URE3] filaments 144 0 0% 
BY304 C. glabrata Ure2p full-length 144 0 0% 
Table 7: C. albicans Ure2p1–90 filaments are infectious. Asterisk indicates average taken 
from three separate infection experiments.  All infection transformations included vector 
pRS425 (LEU2, 2 µ DNA). 
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Infection with C. albicans Ure2p1–90 filaments generates prion variants  

 In a previous study of S. cerevisiae¸ Brachmann et al. (Brachmann et al.,  2005) 

recognized that transforming with in vitro-generated filaments induced several prion 

variants in yeast.  After determining the infectivity of C. albicans Ure2p1–90 filaments, we 

observed that there was often a greater variation in the colony phenotype of the 

transformants infected with the in vitro filaments compared to those infected with lysate 

(Figure 22).  To compare the colonies with different phenotypes, we streaked individual 

isolates side by side on YES media and saw variations from white to various shades of 

pink (Figure 22). Transformants infected with lysate from YHE1161 were consistently 

light pink like the source strain (Figure 22A). However, cells infected with C. albicans 

Ure2p1–90 filaments ranged from a medium pink to white (Figure 22B).    
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A) 
 

 
B) 

 
Figure 22: In vitro generated C. albicans Ure2p1–90 filaments used in infection can 
generate distinct variants.  
Each individual colony was picked after it was shown to be curable and prion-positive. 
Strains labeled 1161 indicates the original YHE1161 [URE3C.a] strain, 1161 cured 
indicates the strain grown in the presence of 3–5 mM guanidine-HCl, and 302 + vector is 
strain BY302 transformed with pRS425 (LEU2, 2µDNA) (see Table 1 for strain 
genotypes).   A) Individual colonies 1–11 were infected with the YHE1161 lysate. 
B) Individual colonies 1–9 were infected with sonicated C. albicans Ure2p.1–90 protein 
filaments. 
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2.3.3 Discussion 

 Transformation with in vitro-produced protein filaments confirms that the 

prospective prion protein is the infectious material (Barria et al.,  2009; Brachmann et al.,  

2005; Legname et al.,  2004). Infection with PrPC produced in vitro is complicated by 

contamination from using methods that require PrPSc derived from brain material (Barria 

et al.,  2009; Kocisko et al.,  1994). The infection of S. cerevisiae with Ure2p filaments 

was characterized by Brachmann et al. in detail (Brachmann et al.,  2005; Brachmann et 

al.,  2006).  They show the infection efficiency can be dependant on the recipient strain, 

optimized media, and filament size after sonication.  Transformation efficiency of S. 

cerevisiae [URE3] filaments is approximately 1% (Brachmann et al., 2005). By using the 

methods from (Brachmann et al.,  2006), we established that the C. albicans Ure2p1–90 

protein filaments produced in vitro are indeed infectious (Table 7).  

Additionally, the S. cerevisiae Ure2 N-terminus is sufficient for infection and 

generated a range of variants (Brachmann et al.,  2005). The C. albicans Ure2p1–90 

filaments made in vitro, were sufficient to generate prion infection (Table 7). We also 

find there is a spectrum of stable, curable phenotypic variants generated from the 

sonicated C. albicans Ure2p1–90 filaments (Figure 22). We found the C. albicans Ure2p1–

90 amyloid filaments were nearly as infectious as the positive control lysate (Table 5), 

which demonstrates the amyloid formed in vitro is the infectious material. The variants 

arising from infection with C. albicans Ure2p1–90 filaments made in vitro also supports 
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data from 2D NMR results. The broad peaks from the 2D spectra can be due to a 

heterogeneous mixture of protein conformations, and infection with in vitro amyloid 

filaments shows the propagation of these different conformations.  Conversely, infection 

from lysate shows faithful propagation of a single conformation (Figure 22).   

The inability of the soluble C. albicans Ure2p1–90 to induce prion formation is 

similar to S. cerevisiae [URE3], where the amyloid filaments are the infectious agent 

(Brachmann et al.,  2005).  The soluble C. albicans.Ure2p1–90 protein could also be 

degraded more easily and thus less likely to promote infection. There could be a slight 

toxicity to cells using the soluble protein, which contained 8 M urea, but the solution was 

diluted slightly (1:1) in dH2O for transformation. However, this toxicity was negligible 

because the number of transformants was consistent with the number of transformants 

from other protein transformations (Figure 18A–G).  

We expected the full-length C. albicans Ure2p would be infectious because the 

full-length S. cerevisiae Ure2p was infectious (Brachmann et al.,  2005). The failure of 

the full-length C. albicans Ure2p to infect is most likely due to the lack of enough 

filaments (Figure 19). Using 10 µl of a 2 mg/ml protein appears to be the optimal 

concentration for infection shown by the infection with C. albicans Ure2p1–90.   Also, the 

full-length C. albicans Ure2p may not have been thoroughly sonicated to the optimal size 

(20–200nm) for infection, as this was found to be critical for S. cerevisiae Ure2p filament 

infection (Brachmann et al.,  2005).  The fact that full-length C. albicans Ure2p can 

become a prion in vivo may be due to the presence of chaperones, which are not present 
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during in vitro protein aggregation.  The contribution of chaperones will be explored 

more in depth in the next chapter.  

C. glabrata Ure2p1–100 filaments were not infectious (Table 7), and the minimal 

amount of amyloid filament appeared to be insufficient for infection (Figure 19). The 

amount of C. glabrata Ure2p1–100 filament was low because very little of the protein 

aggregates formed filaments. Concentration of the C. glabrata Ure2p1–100 filament 

supernatant showed there was 4.1 mg/ml protein still soluble, even after allowing 

approximately two years for incubation (BCA assay, Pierce). The in vitro-synthesized C. 

glabrata Ure2 protein was not expected to be infectious because it could not induce 

prions when overproduced in vivo (Figure 6, Chapter 2.1).  Additionally, the filament 

formation process is very slow, between two months to two years to get filaments visibly 

confirmed by TEM images (Chapter 2.2).   We speculate that the C. glabrata Ure2p may 

not form filaments in vivo because of the slow kinetics compared to C. albicans Ure2p 

filament formation and potential degradation that could occur in the time frame for 

filament formation. However, to fully evaluate the infectivity of C. glabrata Ure2p 

filaments, more amyloid filament would need to be generated in vitro and tested in vivo.  

2.3.4 Materials and Methods 

 Amyloid filaments generated in vitro (Chapter 2.2) were used to infect a 

Saccharomyces cerevisiae strain containing the Candida albicans URE2, BY302. Strain 

BY302 (see Table 1, 2.1.2) was generated by perfectly replacing the S. cerevisiae URE2 

ORF with the C. albicans URE2. Infection was carried out as described in Brachmann et 
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al. (Brachmann et al.,  2005; Brachmann et al.,  2006). Briefly, BY302 was grown to 

A600=0.5 and spheroplasts made using ST buffer (1M sorbitol, 10 mM Tris-Cl, pH 7.5) 

and 100 U lyticase (Sigma) in 5 ml. A filament solution of re-hydrated lyophilized 

filaments of C. albicans Ure2p1–90 or lysate from YHE1161 [URE3C.a.] strain (C .albicans 

Ure2p prion-positive isolate of BY302) were freshly sonicated three times for 20 sec 

intervals at output level 2–3 with 20–30% duty cycle (Branson Sonifier 250) and put on 

ice for 10–20 seconds between sonication.  Spheroplasts were transformed with 10 µl of 

either sonicated filaments or lysate along with pRS425 LEU2 plasmid (2µDNA), or 

plasmid alone. After incubation, the transformation mixture was added to soft agar and 

plated on leucine dropout media containing 1 M sorbitol and 0.1 mg/L or 5 mg/L adenine 

to detect [URE3C.a.] or leucine dropout media containing 1 M sorbitol to measure 

transformation efficiency (HC-leu media, see Appendix 1). Transformants were grown at 

30°C for 6–7 days. Transformants were then checked on adenine-dropout media, and then 

they were replica plated to YES media to evaluate [URE3C.a.].   C. albicans Ure2p1–90 

filaments were weighed out manually to obtain 2 mg of lyophilized filaments and 1 ml of 

distilled water was added before sonicating.  The transformation was also performed 

using approximately 2 mg/ml C. albicans Ure2p1–90 soluble protein, approximately 0.5 

mg/ml C. albicans full-length Ure2 protein aggregate, 50 mg/ml total protein from 

YHE1161 lysate, approximately 0.3 mg/ml C. glabrata Ure2p1–100 filaments, 0.6 mg/ml 

soluble C. glabrata Ure2p1–100,  0.3 mg/ml C. glabrata Ure2p full-length aggregate, 2 

mg/ml bovine serum albumen (BSA) protein, and  approximately 3 mg/ml S. cerevisiae 

Ure2p full-length amyloid protein filaments (gift D. Kryndushkin).  All filament 
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solutions were freshly sonicated immediately before adding to the transformation 

mixture.  

Soluble C. albicans Ure2p1–90 and C. glabrata.Ure2p1–100 were diluted 1:1 to 

minimize effects of salts and urea on the transformation. The BCA assay was performed 

according to manufacturer’s directions (Pierce).  Ten microliters of each protein sample 

were electrophoresed using a 4–12% Bis-Tris NuPAGE gel (Invitrogen) and stained with 

SimplyBlue SafeStain (Coomassie G-250, Invitrogen) according to manufacturer 

directions. SeeBlue Plus2 protein ladder (Invitrogen) was used as a standard. The 10 µL 

aliquots of aqueous or soluble protein added to the gel were identical to volumes added to 

the individual transformation mixtures. 

 If transformants appeared to be prion-positive (e.g., white color on YES and 

growth, white or pink, on adenine-dropout media), then they were verified by curing on 

3–5 mM Guanidine-HCl YPAD media for 3–5 days and re-streaked to YES and adenine-

dropout media.  
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2.4 Candida albicans Ure2 prion can be cured by chaperones similar to 

Saccharomyces cerevisiae [URE3] 

2.4.1 Introduction 

 Previous sections discussed the contribution of primary sequence, secondary 

structure, and overproduction of protein for promoting prion formation.  The previous 

chapters established that C. albicans Ure2p can form a prion that has a parallel in-register 

β-sheet structure. However, C. glabrata Ure2p does not form a prion, and does not form 

amyloid readily.  Prion generation is affected by chaperones. The difference between the 

Candida species Ure2 proteins’ ability to generate a prion could be related to the 

interaction of the Ure2 proteins with specific chaperones. Proteins and chaperones 

interact in unique ways, and these interactions can be used to characterize new prions.   

The cell environment is an ensemble of many interacting proteins. Chaperones are 

an important class of proteins that alter prion production. Hsp104, Hsp70, and Hsp40 

chaperones, Ssa1p and Ydj1p, and nucleotide exchange factor Sse1p have all been shown 

to interact with S. cerevisiae [URE3].  Hsp104 is necessary for the propagation of both 

[PSI+] and [URE3] but is known to cure [PSI+] and not [URE3] (Chernoff et al.,  1995; 

Moriyama et al.,  2000).  Overproduction of Ydj1p can cure [URE3] (Moriyama et al.,  

2000).  Ssa1p can cure [URE3], but not [PSI+] (Schwimmer and Masison,  2002). Sse1p 

modulates ADP-ATP exchange for Hsp70’s like Ssa1p, and it is necessary for 

propagation of both [URE3] and [PSI+] (Kryndushkin and Wickner,  2007). When 

overproduced, Sse1p cures [URE3] (Kryndushkin and Wickner,  2007). Similarly, we 

wanted to determine if we could cure the C. albicans [URE3C.a.] prion. 
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 Both C. albicans and C. glabrata contain gene homologues of the S. cerevisiae 

Hsp104, Ydj1p, Ssa1p, and Sse1p (BLAST, NCBI). Replacing the S. cerevisiae Hsp104 

with the orthologue from C. albicans complements the function, but the C. albicans 

Hsp104 is not affected by guanidine hydrochloride (Zenthon et al.,  2006).  C. albicans 

Ure2p formed a prion similar to S. cerevisiae Ure2p, but overproduction of C. glabrata 

Ure2p did not induce prion formation.  We wanted to determine if overproducing 

chaperones promoted C. glabrata Ure2p prion formation. The C. glabrata Ure2p formed 

large sheet-like aggregates observed in TEM images (Figure 13A, 15B).  The sheet could 

be too large to break up to seed new prions, and it may inhibit prion formation. If 

overproducing chaperones helps break up large aggregates to encourage seeding, then it 

may be possible for C. glabrata Ure2p prion formation. Understanding the chaperone 

interactions with the Candida species’ Ure2 proteins will provide insight into prion-

forming ability and structure but also will demonstrate conservation of chaperone 

influence on protein aggregates.  

 In this study, we established C. albicans Ure2p as a prion that shows similarity to 

S. cerevisiae [URE3] and can be cured by chaperones. Induction of chaperones with C. 

glabrata Ure2p does not promote a prion formation.  We also discovered chaperone 

Hsp104 overexpression increases [URE3C.a.] prion formation.  The differing actions of the 

chaperones on C. albicans Ure2p and C. glabrata Ure2p are discussed.  

2.4.2 Results 

Effects of chaperone overexpression 
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 One of the distinguishing characteristics of yeast prions is the interaction with 

chaperones. This is also one of the ways to characterize prion variants (Cox et al.,  2007; 

Kryndushkin and Wickner,  2007; Kushnirov et al.,  2000b).  To determine if C. glabrata 

Ure2p could become a prion, we overproduced chaperones Hsp104, Ydj1p, Ssa1p, and 

Sse1p. None of the chaperones appeared to have an effect on prion induction (Table 8).   

C. albicans Ure2p was overexpressed in the presence of overexpressed 

chaperones Hsp104, Ydj1p, Ssa1p, and Sse1p. When C. albicans Ure2p was 

overproduced, we found that the frequency of [URE3C.a.] is 4000-fold greater if Hsp104 

is overproduced compared to vector alone control (Table 8). Chaperones Ydj1p and 

Ssa1p seemed to have no effect on prion induction, but Sse1p increased induction by 

approximately one hundred fold over the control (Table 8).  
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Strain with chaperone Number ade+ per 
million cells 

Number of 
replicates 

BY302+ HSP104+URE2c.a. 109600 5 
BY302+ YDJ1+URE2c.a. 18 5 
BY302+ SSA1+URE2c.a. 11 5 
BY302+ SSE1+URE2c.a. 4300 5 
* BY302+ Vectors only 5 5 
* BY302+ PRS425+URE2c.a. 25 4 
BY304+ HSP104+URE2c.g. 29 6 
BY304+ YDJ1+URE2c.g. 15 6 
BY304+ SSA1+URE2c.g. 37 6 
BY304+ SSE1+URE2c.g. 22 6 
* BY304+ Vectors only 21 5 
* BY304+ PRS425+URE2c.g. 18 4 
Table 8: C. glabrata Ure2p does not become a prion with chaperone induction, and C. 
albicans Ure2p retains prion-forming ability. “Vector only” indicated pRS425 (LEU2, 
CEN, gift D. Kryndushkin) and pH317 (2µ DNA LEU2 PGAL1). Strains BY302 and 
BY304 were previously described in Table 1, briefly the strain BY302 is S. cerevisiae 
with the URE2 ORF replaced with C. albicans URE2. Strain BY304 is S. cerevisiae with 
the URE2 ORF replaced with C. glabrata URE2, both strain genotypes are MATa his3, 
leu2, trp1, kar1 XURE2 PDAL5:ADE2 PDAL5:CAN1 where x indicates either C. albicans or 
C. glabrata. 
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Chaperones cure [URE3C.a.] 

Chaperones were also overexpressed in [URE3C.a.] prion-positive strain YHE1161 

to evaluate curing ability. Of these, Ydj1p was the most efficient, curing 100% of 

colonies isolated (Figure 23, Table 9). Both Ssa1p and Sse1p cured, but less efficiently 

than Ydj1p (Table 9).   Ssa1p and Sse1p destabilized the [URE3C.a.], as shown by the 

presence of sectoring colonies (Figure 23).  Hsp104p had no curing effect and seemed to 

stabilize [URE3C.a.] (Figure 23).  

We wanted to confirm that the overproduced chaperones were curing [URE3C.a.] 

and not simply suppressing the prion phenotype. To confirm this, the cured Ade- colonies 

were grown on rich media (YPAD, see Appendix 1) and then plated on leucine dropout 

media. No growth on leucine dropout media confirmed the loss of the LEU2 plasmid that 

contained the genes for each chaperone.  The strains were then plated on YES and 

adenine-dropout media to verify that the strains remained Ade-.  All of the apparently 

cured strains for each chaperone remained cured after the loss of the chaperone-

containing plasmid (Table 10).  Both red and sectored colonies were considered as cured. 
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YHE1161 + pRS424 (vector alone)      

                            YHE1161 + SSE1   

                            YHE1161 + SSA1   

                            YHE1161 + YDJ1    

                        YHE1161 + HSP104    
 
Figure 23: Curing of C. albicans [URE3C.a.] by chaperones 
Colonies shown were grown on YES media. Red and sectoring colonies indicate curing; 
pink colonies may indicate partial curing.  
 
 
Strain + chaperone white Total tested Total cured 
YHE1161 + pRS425  135 135 0% 
YHE1161 + HSP104  27 28 3% 
YHE1161 + YDJ1  0 76 100% 
YHE1161 + SSA1  5 51 90% 
YHE1161 + SSE1 3 34 91% 

Table 9: Individual transformants tested for curing 
Cured colonies scored were red, sectoring, or dark pink. 
 
 
Strain + chaperone Red on 

YES 
Sector on 
YES 

Total tested Total cured 

YHE1161+ HSP104  1 0 1 1 
YHE1161+ YDJ1  6 0 6 6 
YHE1161+ SSA1  5 1 6 6 
YHE1161+ SSE1 2 2 4 4 

Table 10: Cured colonies remain cured after loss of LEU2 plasmid containing 
chaperones.  
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2.4.3 Discussion 

 Previous experiments established a critical role for chaperones in prion 

generation, propagation, and elimination. Hsp104 is an interesting case, as it is necessary 

for both [URE3] and [PSI+] to propagate, but overproducing cures [PSI+] and [MCA] 

(Chernoff et al.,  1995; Moriyama et al.,  2000; Nemecek et al.,  2009).  In addition, 

overexpression of Ydj1p cures [URE3], but not [PIN+], and only eliminates weak [PSI+] 

(Jones et al.,  2003; Kushnirov et al.,  2000b; Lian et al.,  2007; Moriyama et al.,  2000). 

Ssa1p also cures [URE3], but not [PSI+] (Schwimmer and Masison,  2002).  Sse1p can 

cure [URE3],  but if it is deleted, the propagation of [URE3] is blocked (Kryndushkin and 

Wickner,  2007). 

 This study is the first to show that overexpression of Hsp104 can increase prion 

generation when C. albicans Ure2p is overexpressed. Overproducing Hsp104 and C. 

albicans Ure2p leads to significantly greater generation of C. albicans [URE3C.a.] (Table 

8).  Additionally, Hsp104 did not cure the prion-positive control strain YHE1161, but 

instead excess Hsp104 appeared to stabilize the prion-positive phenotype (Table 9 and 

Figure 23). Hsp104 potentially cured one colony (Table 9), but it is more likely that 

colony was a mutant or spontaneously lost the prion.   Further experiments with S. 

cerevisiae Ure2p could confirm this as a unique phenomenon for Ure2 that is not found 

with Sup35.  

Chaperones interact with each prion differently and can be used to characterize 

prion variants (Cox et al.,  2007). The C. albicans [URE3C.a.] and S. cerevisiae [URE3] 
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are similar in that Hsp104 overproduction does not cure either prion. Ydj1p 

overexpression efficiently cures C. albicans [URE3C.a.], similar to S. cerevisiae [URE3] 

(Figure 23, Table 9).  The effects of overproducing Ssa1p and Sse1p are more difficult to 

evaluate. Both Ssa1p and Sse1p appeared to destabilize the prion, leading to sectoring 

colonies (Figure 23).  Ssa1p inhibited [URE3] propagation slightly compared to control 

BY302+vector+Ure2pC.a. (Table 8). However, Sse1p overproduction increased prion 

production (Table 8), though not as dramatically as Hsp104.   

 The difference between Ssa1p and Sse1p may be the difference between the direct 

binding of Ssa1p and indirect action of Sse1p.  Ssa1 has been shown to bind directly to 

protein hydrophobic regions,  but Sse1p curing is facilitated through association with Ssa 

proteins in S. cerevisiae [URE3] (Kryndushkin and Wickner,  2007; Mayer and Bukau,  

2005; Schwimmer and Masison,  2002).  Sse1 mutants can function independently of 

ATPase activity, and this may indicate that there are other roles or pathways where Sse1p 

functions in curing prions (Kryndushkin and Wickner,  2007). The involvement of Sse1p 

in other pathways could be leading to the different results we see with an increase in 

Ade+ colonies with overexpression of the chaperone and C. albicans Ure2p, but a curing 

effect when overexpressed in a [URE3C.a.] strain. Without further investigation, however, 

we cannot draw any concrete conclusions about the mechanics of curing of [URE3C.a.]. 

We can determine that chaperones do interact with [URE3C.a.], and, while there are 

similarities with the curing of S. cerevisiae [URE3], C. albicans [URE3C.a.] is a unique 

prion.  
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2.4.4 Materials and Methods 

 Strains BY302 and BY304 (MATa his3, leu2, trp1, kar1 XURE2 PDAL5:ADE2 

PDAL5:CAN1), where X represents either C. albicans or C. glabrata (previously described 

in Table 1), were transformed with pH563 and pH659, respectively (described in 2.1.4). 

Strains BY302 and BY304 were also simultaneously transformed with multicopy 

plasmids (LEU2) containing the following chaperones: native-HSP104, ADH1-SSA1, 

native-SSE1, TEF1-YDJ1. The promoter (i.e.,  ADH1) for each chaperone gene is listed 

before chaperone name, and all chaperone expression plasmids were gifts from D. 

Kryndushkin (Kryndushkin and Wickner,  2007). Transformants were induced for 

approximately 2–3 days as in chapter 2.1.4, where GAL1 induction overproduced either 

C. albicans Ure2p or C. glabrata Ure2p, and the chaperones were overproduced from the 

multicopy plasmids. After induction, turbidity measurements (at A600) were taken to 

calculate cell numbers. A suspension of 1x107 cells was serially diluted to 100 cells per 

aliquot. The dilution aliquot containing 100 cells was plated on YPAD, and all others 

were plated on adenine-dropout media.  

 The chaperones Hsp104p, Ssa1p, Sse1p, and Ydj1p were evaluated for their 

ability to cure [URE3C.a.].  The chaperone plasmids (described above) and vector pRS425 

(Table 8) were transformed into strain YHE1161, a C. albicans Ure2 prion-positive strain 

(C. albicans prion-positive BY302 strain; MATa his3, leu2, trp1, kar1 CaURE2 

PDAL5:ADE2 PDAL5:CAN1 [URE3C.a.]). Individual transformants were picked and grown 

on leucine dropout media, then transferred to both YES and adenine-dropout media to 

test for curing. Red colonies were then picked and grown on YPAD media and tested for 
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loss of plasmid. These were then streaked to YES and adenine-dropout media to ensure 

stable curing from chaperone expression. 
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3 DISCUSSION 

3.1 Candida albicans Ure2p forms a prion 

Contrary to our hypothesis, we showed that overproduction of C. albicans Ure2p 

generates a guanidine-curable, cytoducible prion, [URE3C.a.]; however, the Ure2p tested 

from C. glabrata did not form a prion (Chapter 2.1).  In addition, C. albicans Ure2p did 

not propagate S. cerevisiae [URE3] (Edskes and Wickner,  2002), and  S. cerevisiae 

Ure2p filaments do not infect a strain containing C. albicans URE2 (Table 7);  

demonstrating the species barrier between C. albicans Ure2p and S. cerevisiae Ure2p.  To 

our knowledge, the research presented here is the first to demonstrate that full-length 

protein from the human pathogen C. albicans forms a prion.  Both  Sup35p and Ure2p of 

C. albicans can complement S. cerevisiae Sup35p and Ure2p function (Edskes and 

Wickner,  2002; Resende et al.,  2002).  Also, the full-length C. albicans Sup35p does not 

infect S. cerevisiae to produce [PSI+], is not seeded by S. cerevisiae Sup35p aggregates 

in S. cerevisiae,  nor does it generate large aggregates characteristic of the [PSI+] prion 
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when expressed in C. albicans (Resende et al.,  2002). The inability of previous 

experiments to propagate [PSI+] or [URE3] was likely due to the expression of 

heterologous proteins from the chromosomal copy of S. cerevisiae and plasmids bearing 

the respective C. albicans protein. This procedure of homotypic expression may be useful 

to re-evaluate Ure2 proteins from other species that were previously shown not to form 

prions.   

The discovery that C. albicans Ure2p can form a prion also demonstrates that the 

prion-forming ability is not confined to Saccharomyces species.   Previous research 

attempted to show conservation of prion-forming ability of other species’ Ure2 proteins, 

but only succeeded in demonstrating the most closely related Saccharomyces species can 

form prions. For example, Saccharomyces uvarum (also called S. bayanus) Ure2p can 

become a prion (Baudin-Baillieu et al.,  2003), and Saccharomyces paradoxus Ure2p 

forms infectious amyloid (Immel et al.,  2007). Both Saccharomyces bayanus and S. 

paradoxus Ure2 proteins can propagate S. cerevisiae [URE3] in S. cerevisiae (Edskes and 

Wickner,  2002).   Additionally, research on more divergent yeast species’ proteins has 

been inconclusive.  While chimeric Sup35p of S. cerevisiae combined with either C. 

albicans or Pichia methanolica Sup35p can generate different prion variants (Chernoff et 

al.,  2000; Chien and Weissman,  2001; Kushnirov et al.,  2000a), it is unclear if the C. 

albicans or P. methanolica portions of the chimera are actually contributing to the prion 

formation.  By using homotypic full-length Candida Ure2p, we showed that the protein is 

capable of forming a prion without any portion of the S. cerevisiae protein, which 

eliminates the species barrier and confusion from chimeric proteins.   
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 The N/Q-rich motif shared by S. cerevisiae Ure2p and C. albicans Ure2p N-

terminal domains could account for the similarity in prion formation. However, not all 

N/Q-rich domains form prions (Edskes et al.,  2009). Indeed, we showed C. glabrata 

Ure2p does not form a prion, despite having high N/Q content.  Even when DNA 

corresponding to N/Q-rich domains were fused to SUP35, few formed prions (Nemecek 

et al.,  2009). It is more likely that N or Q residues in specific locations in the peptide 

provide structural stability (Zheng et al.,  2006), but the optimal location of N or Q 

residues could vary from peptide to peptide. C. albicans Ure2p prion formation shows 

that other yeast species can generate prions and extends the scope of prion disease.  

Overall, while N/Q-richness does seem to be an important structural component for yeast 

prion generation, it cannot be used to predict definitively if a protein will form a prion.  

With our data, in addition to other work in the literature, we can conclude that amino acid 

content is more important than conserved sequence for prion formation.  

3.2 NMR analysis confirms structural basis to prion generation of C. albicans Ure2p 

Amino acid sequence and composition influences the conformation and structure 

of proteins, which is important for amyloid formation. For instance, the species barrier 

that exists between S. cerevisiae and C. albicans Sup35p depends on the conformational 

variation of the prion amyloid  (Chien and Weissman,  2001; Santoso et al.,  2000). We 

studied the Ure2 proteins of C. albicans and C. glabrata in vitro and in vivo and found 

that the protein structure is critical to prion formation and propagation.  The difference in 

the amino acid composition and sequence makes the formation of amyloid filaments 

stable for C. albicans Ure2p, but not for C. glabrata Ure2p. C. albicans Ure2p1-90 readily 
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forms parallel in-register β-sheet amyloid filaments in vitro and filaments are visible after 

1–2 days of incubation at room temperature (Figure 8 and 12), unlike C. glabrata Ure21-

100, which formed β-sheet amyloid filaments in vitro after two years in buffer at 4°C 

(Figure 14). Even after such an extensive incubation period, most of the protein remained 

soluble (Chapter 2.3, approximately 4 mg/ml in supernatant).  This was unexpected since 

C. glabrata Ure2p is more similar to S. cerevisiae, compared to C. albicans Ure2p.  The 

data showed that the 10–39 domain is not sufficient for amyloid formation and prion 

generation, and that the distribution of the N/Q residues is important.  Both Candida 

species are N/Q-rich, but C. glabrata Ure2p does not have the long stretches.  The 

stretches of N/Q amino acids may allow for better interaction of protein subunits and 

ordered aggregation.  This is further supported by the result that C. glabrata Ure2p can 

eventually form amyloid filaments.  We were able to produce a minimal amount of 

filament after two months in buffer, but not enough to perform experiments beyond TEM 

imaging (Figure 14).  This span of time for filaments to form after two months–two years 

in buffer may allow for interactions to take place.  The amino acid composition and 

variation in arrangement of the N/Q residues also contributes to the conformation of the 

protein, which would influence the ability to recruit protein to growing filament.   The 

same conditions for C. albicans Ure2p filament formation were used for C. glabrata 

Ure2p. At this time, it is not possible to rule out that some variation in buffer, 

temperature, or seeding conditions might increase C. glabrata Ure2p filament formation. 

However, after multiple attempts at different conditions and time periods, we conclude C. 

glabrata Ure2p does not favorably form amyloid in vitro or in vivo.    
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The cell environment for the induction experiments (Chapter 2.1) was 

approximately the same for both C. albicans Ure2p and C. glabrata Ure2p, and under 

those conditions C. glabrata Ure2p could not become a prion. Overproduction of C. 

glabrata Ure2p, even in the presence of various chaperones, did not induce prion 

formation (Table 8, Chapter 2.4).  If the in vitro filament formation is indicative of what 

occurs in vivo, then the filament formation process may be too slow to allow filament 

seeds to be transmitted to daughter cells in the biological time frame of yeast growth 

during active budding.  Also, we found C. glabrata Ure2p did not become a prion largely 

because C. glabrata Ure2p stayed soluble in vitro, and previous research demonstrated 

that insoluble amyloid is the infectious agent (Chapter 2.3, (Brachmann et al.,  2005).  S. 

cerevisiae and C. albicans Ure2p amyloid filaments can seed and propagate prions by 

recruiting soluble protein to the growing filament. We attempted to seed soluble C. 

glabrata Ure2p to form filaments in vitro, but only the input material was detected (using 

TEM), and no increase in filament formation was found (Figure 14). This may be the 

basis of future work as an example of β-sheet amyloid that is not infectious; however, a 

more careful study of the seeding process will be necessary 

C. albicans Ure2p amyloid filaments formed in vitro are the infectious material 

(Table 7), consistent with S. cerevisiae Ure2p infectious amyloid (Brachmann et al.,  

2005). This capacity for infectivity also confirmed that the material used for protein 

structural analysis by NMR was indeed the correct material.  The filaments of the C. 

albicans Ure2p N-terminal domain (amino acids 1–90) were sufficient to generate prion 

infection (Chapter 2.3). This is similar to S. cerevisiae Ure2p, whose  N-terminal prion 
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domain is sufficient for infection (Masison et al.,  1997;  Brachmann et al.,  2005). The 

infectious amyloid of both S. cerevisiae and C. albicans Ure2p is a parallel in-register β-

sheet (Chapter 2.2) (Baxa et al.,  2007). The C. albicans Ure2p structure adds to growing 

data showing other yeast prion domains form parallel in-register β-sheets (Baxa et al.,  

2007; Shewmaker et al.,  2006; Wickner et al.,  2008b).   The functional prion [Het-s] 

forms an analogous structure where the β-helix structure (Figure 2) has paired strands in 

parallel alignment (Wasmer et al.,  2008). To date, our results are the first elucidation of a 

protein in a species other than S. cerevisiae forming parallel in-register β-sheet prion.    

3.3 Chaperone interactions dependant on protein structure of Ure2p prions 

Another unique finding was that overexpression of C. albicans Ure2p along with 

overexpression of the chaperone Hsp104 increases [URE3C.a.] prion induction (Table 8).  

Hsp104 is necessary for both S. cerevisiae [PSI+] and [URE3] propagation (Chernoff et 

al.,  1995; Moriyama et al.,  2000), but our result was the first to indicate that Hsp104 

overexpression can increase prion formation (Table 8).  There are very few conditions 

that increase the propagation of a prion. Before our result showing Hsp104 can increase 

appearance of [URE3C.a.], only overexpression of the protein and presence of [PIN+] 

were shown to promote prion formation. Overexpression of Hsp104 in a prion-positive 

strain does not cure [URE3C.a.], and instead colonies have a more stable, white phenotype 

(Figure 23).  The mechanism for Hsp104 increase of [URE3C.a.] is still being 

investigated.  However, the likely mechanism is that Hsp104 is increasing nucleation and 

providing stability of aggregates to form [URE3C.a.] prion more efficiently.  Increasing 

the amount of Hsp104 while simultaneously overexpressing Ure2p could allow for a 
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greater level of interaction, and instead of large aggregates forming quickly, smaller 

aggregates may form and allow for a greater number of seeding reactions. Further 

investigation of this result is explained in Section 3.6.  

 Chaperones interact differently depending on which prion protein is the target, 

and which chaperone is studied. For instance, Hsp104 has completely different effects on 

[PSI+] and [URE3].  Hsp104 can cure [PSI+], but not [URE3S.c.] and is necessary for 

propagation of both prions (Chernoff et al. 1995, Moriyama et al., 2000).  Hsp104 curing 

of [PSI+] has been shown to be through direct interaction of the chaperone with amyloid 

aggregates (Hung and Masison, 2006).  Since [URE3S.c.] and [URE3C. a.] are not cured by 

Hsp104 overexpression, it is very likely that the structural differences between [PSI+] 

and [URE3] allows for different interactions.  Further investigation has shown that 

[URE3S. c.] prion is increased with overproduction of Hsp104 (D. Kryndushkin, 

unpublished).  Hsp104 could be interacting with a different part of the molecule and not 

the amyloid fibers, or the stabilization could be occurring through some unknown co-

factor.  While the mechanism is unclear, we concluded that the action is unique to prions 

of Ure2p and Hsp104 chaperone, because other chaperones tested were very similar to 

results seen for [URE3S.c.] curing.  

  Curing of [URE3C.a.] by Ydj1 and destabilization by Ssa1p and Sse1p 

overexpression is similar to results for S. cerevisiae [URE3] (Kryndushkin and Wickner,  

2007; Moriyama et al.,  2000), but Ydj1 appears to cure [URE3C.a.] more swiftly and 

efficiently than it cures S. cerevisiae [URE3]. Again, the mechanism for this curing is not 

yet known, but we propose that Ydj1p can efficiently bind and dis-aggregate the 
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[URE3C.a.] amyloid.  The differences in the N-terminal region between S. cerevisiae and 

C. albicans Ure2p may allow different regions of the protein to be exposed and interact 

with Ydj1p making curing more efficient for [URE3C.a.].   

 

3.4 Ure2 N-terminus not conserved to be a prion 

 Proponents of the idea that prions have evolved for the benefit of yeast argue that 

prions increase genetic variation to cope with environmental stress (Eaglestone et al.,  

1999; True and Lindquist,  2000; True et al.,  2004; Tyedmers et al.,  2008). Furthermore, 

the presence of prion domains attached to conserved functional domains in various 

species is suggestive evidence that the prion is evolutionarily conserved (Shorter and 

Lindquist,  2005). Conversely, our data showed C. albicans Ure2p forms a prion, while 

C. glabrata Ure2p cannot (Chapters 2.1.2, 2.3.2, 2.4.2). The phylogeny shows C. 

glabrata is more closely related to S. cerevisiae than C. albicans is (Diezmann et al.,  

2004 ; Harrison et al.,  2007). Indeed, the Ure2 proteins from species within the 

Saccharomyces genus do not all form prions (Edskes et al.,  2009).  The Ure2p N-

terminus is the prion domain in S. cerevisiae (Masison and Wickner,  1995) and is 

conserved in various yeast species. Though the N-terminal domain is conserved, the 

primary sequence is highly variable (Edskes and Wickner,  2002; Edskes et al.,  2009). 

One way to explain the variability of the N-terminal domain of Ure2p is the neutralist 

hypothesis or neutral theory.  

 The neutralist hypothesis (Klug and Cummings,  1999) argues that mutations 

leading to amino acid changes are rarely favorable and often have little to no effect on 
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evolutionary selection. Kimura (1979) further explains that polymorphisms that are 

favorable are preserved, whereas detrimental changes are removed. But if the genetic 

changes are not under selection, they will accumulate randomly. An alternative view 

proposes that the variability in the sequence protects against infection from a prion carrier 

(Edskes et al.,  2009).  Indeed, when [URE3] and [PSI+] were sought out in 70 wild 

strains, they were not present. Yet, [PIN+] was found at a rate comparable to other 

opportunistic diseases of yeast like 2µ DNA and some yeast viruses (Nakayashiki et al.,  

2005). Together, this data confirms the N-terminal prion domains are not of evolutionary 

benefit for prion formation, but the prion form of the protein is a disease state that is 

selected against.  

 Similarly, if evolutionary conservation is to be considered, the C. glabrata Ure2 

would be expected to be more likely to form a prion since the homology to S. cerevisiae 

Ure2 is stronger (Figure 3). However, this was not the case. The C. glabrata N-terminus 

had limited ability to form amyloid filaments compared to both S. cerevisiae Ure2 and C. 

albicans Ure2.  This data supports the evidence that prions are not conserved for 

favorable aspects, but are diseases (Nakayashiki et al.,  2005). In fact, it has been 

determined that the N-terminal domains are retained to stabilize the functional C-terminal 

domain (Shewmaker et al.,  2007). The C-terminus of Ure2p alone (if overexpressed) can 

function in nitrogen regulation, and the N-terminal domain is not required. Thus, the N-

terminal domain experiences more rapid mutation due to reduced selection pressure as is 

found for genes necessary for critical functions. Alternatively, the variability in the N-

terminus could generate a species barrier and allow a species to avoid being infected.  
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This is in contrast with a functional amyloid like [Het-s], where the prion plays a role in 

heterokaryon incompatibility. The [Het-s] form is conserved and functions in meiotic 

drive, which maintains the prion in the natural population (Dalstra et al.,  2003).  

 Furthermore, both C. glabrata and C. albicans are known opportunistic human 

pathogens that often become more virulent by becoming resistant to drug treatments.  

Both these species are subjected to similar environmental stress (i.e., , overcoming human 

immune response) and are derived from a common ancestor, so we predict they should 

have similar prion-forming ability if prions are conserved in evolution for a benefit to the 

organism. However, we do not see conservation of [URE3] since C. glabrata Ure2p 

cannot form a prion.  There are a few possibilities for the difference between C. albicans 

and C. glabrata Ure2p. Fungal prions generate phenotypic variation (Cox,  1965;  Cox,  

1971; True and Lindquist,  2000), and virulence of clinical isolates could be altered 

through changing utilization of nitrogen sources. However, since C. glabrata Ure2p does 

not form a prion, it is most likely that variation in the N-terminal regions prevents prion 

infection and allows C. glabrata to become more virulent by not harboring aggregates 

that could impede cellular functions. 

 The weaknesses of our argument that these prions are not evolutionarily 

conserved are mostly related to only having two species in the data set.  It is possible that 

C. glabrata lost prion-forming ability, but it is conserved in other species from a common 

ancestor.  Also, similar yeast species are often subject to similar environmental 

conditions and inhabit similar niches, and if C. glabrata is exposed to different natural 

conditions, then the preservation of prion formation may not have been selected.  
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However, the direct comparison between C. albicans and C. glabrata Ure2p adds to the 

previous evidence supporting the prion disease hypothesis.   

 At this stage of the project, we can speculate about the connection between 

virulence/fitness and Ure2p prion formation, but determination of the direct effects of 

prion generation would require evaluation of the prion in the Candida organisms 

themselves.  The future plans for these experiments and other directions of this project 

are explained in the later sections. 

3.5 Limitations of in vivo assay for C. glabrata Ure2p 

The BY304 strain containing C. glabrata URE2 (Table 1) behaved differently 

from the BY302 strain containing C. albicans URE2, and these differences were observed 

also by H. Edskes (unpublished).  When C. glabrata Ure2p was overexpressed, the strain 

had a high background of Ade+ colonies (Table 2), but none of the colonies were cured 

by guanidine-HCl (Figure 4B). Many of the colonies that initially appeared Ade+ would 

prove to be ade- when streaked to new selection media.  The Ade+ colonies were also 

tested using cytoduction, a method of cytoplasmic mixing (Table 4) (Conde and Fink,  

1976), however, cytoduction was performed with a recipient containing the C. albicans 

URE2.  The Ade+ phenotype, even if it was indicative of a prion, would not be expected 

to cytoduce prion due to the species barrier between C. albicans Ure2p (chromosomal) 

and C. glabrata Ure2p (cytoplasmic). However, other cytoduction and curing 

experiments were performed by H. Edskes and L. McCann (unpublished) and also 

showed the C. glabrata Ure2p could not become a prion.  We found that the C. glabrata 

Ure2p strain (BY304) transformed with C. glabrata Ure2p1-100 filaments had conflicting 
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phenotypes on adenine-dropout media and YES media (Figure 20B). This data, in 

addition to the higher numbers of Ade+ colonies from galactose induction, showed the 

strain reporter system may be “leaky.” We replaced the C. glabrata URE2 with the S. 

cerevisiae URE2, and we were able to generate the [URE3S.c.] prion (Table 2), which was 

curable by guanidine (Figure 4C). There was a very high background of Ade+ colonies, 

but the yeast strain itself was not responsible for the C. glabrata Ure2p not becoming a 

prion.  Thus, the reporter construct may not be as stringently regulated as the strain 

containing C. albicans URE2 (BY302). Additionally, the C. glabrata Ure2-HA was 

induced greater than C. albicans Ure2p indicating sufficient protein was present (Figure 

6). It could be possible the C. glabrata Ure2p formed a prion that was not curable by 

guanidine-HCl and was not cytoducible, yet this will require further investigation to 

elucidate the details. 

 Ure2p functions in nitrogen regulation in S. cerevisiae through negative 

regulation of Gln3p and Gat1p, which are transcription regulators of the allantoate 

permease gene DAL5 (Coffman et al.,  1996; Courchesne and Magasanik,  1988).  Recent 

work shows C. albicans has GLN3 and GAT1.  C. albicans GLN3 and GAT1 function in a 

similar nitrogen metabolism system where GLN3 activates genes for ammonium uptake 

(Dabas and Morschhäuser,  2007; Liao et al.,  2008). The nitrogen regulation system of 

C. glabrata is unknown. Reports are limited to nitrogen response mechanisms linked to 

virulence as a human pathogen (Calcagno et al.,  2003).  C. glabrata Ure2p can replace 

the function of S. cerevisiae Ure2p in a knockout (Edskes and Wickner,  2002), but it is 

unknown how it functions in C. glabrata. If C. glabrata Ure2p is forming a prion, it 
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might not be curable by guanidine. The interactions with other proteins including the 

Gln3/Gat1 complex for nitrogen regulation, as well as chaperones, may be different in C. 

glabrata making the detection of a prion more difficult. Further study is required to 

determine if other genetic factors may be causing the difference between C. albicans and 

C. glabrata Ure2p prion formation.   

3.6 Future directions  

3.6.1 Further prion induction studies 

 This work can be further expanded to elucidate the prion properties of C. albicans 

and perhaps shed light on why C. glabrata does not form a prion. The inductions to 

overexpress C. albicans and C. glabrata Ure2p in S. cerevisiae were performed with only 

the full-length Ure2 protein. One direction would be to overexpress the N-terminal 

constructs used for the in vitro production of filaments to determine if the variation in 

length of the Ure2p would induce a prion. This is currently under investigation by H. 

Edskes.  Preliminary data shows that C. glabrata Ure2p N-terminus does generate a 

prion, but the full-length protein is still unable to form a prion (Edskes, unpublished).  

 Another extension of the project is to determine if the Candida Ure2 proteins can 

become prions in the native organism. Both C. albicans and C. glabrata are used in the 

laboratory, but they are more limited in genetic techniques than S. cerevisiae. For 

instance, C. albicans is a diploid organism with an asexual life cycle, which has led to the 

development of transformation techniques to alleviate problems with genetic analysis 

(Fonzi and Irwin,  1993; Kurtz et al.,  1990).  Mating type loci have been discovered in 
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C. albicans, but the mating process is still poorly understood (Lockhart et al.,  2003). C. 

glabrata in general is studied less, but three mating type-like loci have been found similar 

to those controlling mating type switching and mating in S. cerevisiae (Srikantha et al.,  

2003).  Much less is known about nitrogen regulation in C. glabrata than the other two 

species.   If C. glabrata Ure2p is not functioning in nitrogen regulation, then the analysis 

of Ure2 could be hindered because the assays are based on Ure2p function in nitrogen 

regulation. C. albicans GLN3 and S. cerevisiae GLN3 are very different and show no 

significant similarity in alignment of gene coding sequences, but C. albicans GLN3 and 

GAT1 appear to function in nitrogen regulation similar to GLN3 in S. cerevisiae  (Liao et 

al.,  2008). For both organisms, it is largely unknown how they will perform in the 

standard assays using PDAL5:ADE2 and USA+ reporter systems (Brachmann et al.,  2006) 

and which nitrogen source would be considered optimal in order to verify prion 

production.  An assay system would need to be developed to ensure it indicates prion 

formation for both Candida species.  

3.6.2 Candida glabrata filament and kinetics experiments 

 The discovery that C. glabrata Ure2p1-100 could form filaments after a much 

longer time period than C. albicans Ure2p1-90 was surprising. If enough C. glabrata 

Ure21-100 protein formed filaments, it may be possible to perform NMR analysis. We 

could then determine if the structure of the C. glabrata Ure2p filaments was parallel in-

register β-sheet like C. albicans Ure2p. A difference in structure could be why the C. 

glabrata Ure2p filament did not seed further filament formation and did not form a prion 

in vivo.  The drawback to this set of experiments is the extended time frame to wait for 
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filament formation and the possibility that even after considerable time, the protein may 

remain soluble. This issue could potentially be overcome by including crowding agents 

like dextran (Hatters et al.,  2002). Having NMR structure data of C. glabrata Ure2p 

filaments would be informative to compare the structural information to the C. albicans 

Ure2p filaments.  

 Kinetics of C. glabrata Ure2p filament formation hindered structural and 

infection experiments. More detailed work on the kinetics of C. glabrata Ure2p filament 

formation in vitro and in vivo may determine if the time needed to form filaments is 

beyond the biological time scale for yeast. This could further be explored in yeast 

extracts by observing if amyloid forms in “old” yeast, but does not transmit as prion. 

Yeast expressing C. glabrata Ure2p-GFP with many bud scars can be identified with 

Calcoflour white stain and visualized with immunogold labeling (antibody to GFP) using 

cryo-EM. Also, the aggregates can be visualized directly by looking for GFP aggregates 

in populations of old cells (many bud scars) compared to young cells (few bud scars).  

3.6.3 Chaperone overproduction 

 The result that the C. albicans [URE3C.a.] prion generation is increased with 

overproduction of Hsp104 was unexpected (Table 8). Further experiments could explore 

if the same result can be obtained with S. cerevisiae Ure2p. This is currently being 

followed up by Dmitry Kryndushkin, and preliminary results indicate that overproduction 

of Hsp104 also increases S. cerevisiae [URE3] formation (Kryndushkin unpublished, 

verbal communication). This is an interesting difference between the [PSI+] prion, which 

is cured by overproduction of Hsp104 (Chernoff et al., 1995), and data that previously 
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demonstrated Hsp104 overproduction did not effect [URE3] (Moriyama et al.,  2000).  

The overproduction of both Ure2p and Hsp104 may allow for more seeds to nucleate 

filament formation and generate a larger population of cells infected with [URE3].  

Evaluating the interaction of prion proteins with chaperones could be done by inserting 

various truncations of the C. albicans URE2 in expression plasmids and also 

overexpressing chaperones to determine if the overproduction or curing effects are still 

observed. Another approach could be to truncate the protein with a GFP attached and 

express fluorescently tagged chaperones to visualize the interactions between aggregate 

and chaperones using fluorescent microscopy. If the Ure2p and the chaperone interact 

directly the co-localization of fluorescence would be visible. However, fluorescent tags 

can be large and could potentially interfere with interactions.  Direct interactions between 

the Ure2p protein and chaperones could also be measured by gel shift assay or yeast two-

hybrid analysis.  

3.6.4. Evaluation of amyloid disruptive agents 

 Another important application of using yeast prions as a model for other amyloid 

disease could be to evaluate possible treatments or prophylactics. High throughput assays 

have been developed in yeast to evaluate the treatment potential of drugs against [URE3] 

and [PSI+] and to identify pathways or targets that the anti-prion compounds target (Bach 

et al.,  2003;  Tribouillard et al.,  2006; Tribouillard-Tanvier et al.,  2008).  Other work 

has evaluated chemical libraries for inhibiting murine and sheep scrapie in cell culture 

models (for example Kocisko et al.,  2005).  Testing various compounds in vitro could be 

a valuable assay to demonstrate the direct effect of a drug on disruption of filament 
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formation and could be used as a model for prion disease, as well as amyloid disease like 

Alzheimer’s.  Due to the rapid formation of the C. albicans Ure2p1-90 filaments (1-2 

days), visible as flocculent, white protein filament, it is possible to evaluate filament 

formation via change in the buffer turbidity. Current drugs with different disease 

applications or other chemical libraries could be screened for effects on this aggregation 

process. Compounds that stop the aggregation or prevent infection would be further 

analyzed in a cell assay to determine if there was toxicity, problems with dispersal across 

membranes, or other bioavailability issues. Potential candidates could be screened against 

other prions to check for specificity. The assay could be done in three ways:  

1) To check for prophylaxis, the compound could be administered with soluble 

protein at time zero to see if it prevented filament formation in vitro. 

 2) To check for curability, the compound could be administered to samples where 

filament had already formed to see if they could be disrupted in vitro. 

3) To check for blocking infection, the compound could be transformed along 

with filaments into a prion-negative strain to determine if the infection were limited or 

eliminated. The toxicity of the compound would also be measured. 

3.7 Yeast Ure2 proteins as a model for amyloid disease 

Many studies have attempted to determine the reason why some amyloid can be 

infectious and others are not.  A single protein, like Sup35p or Aβ1-40, can generate a 

heterogeneous population of amyloid structures (DePace and Weissman,  2002 ; Petkova 

et al.,  2005).  Sup35p, PrP, and Aβ1-40 can form different amyloid conformations 

influenced by the conditions in the environment (Moore et al.,  2007 ; Tanaka et al.,  
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2006; Toyama et al.,  2007).  Each protein has an amyloid core, but with varied 

morphology, which is faithfully propagated (Paravastu et al.,  2009; Toyama et al.,  

2007).  Aβ1-40 seeded with preparations of brain material from two different brains yields 

nearly identical amyloid structures, but unseeded Aβ1-40 generates heterogeneous 

structures (Paravastu et al.,  2009). This implies one conformation of Aβ is responsible 

for disease, but the protein is capable of various conformations.  Likewise, in this work, 

we found C. albicans Ure2p can generate prion variants.  Also, both C. albicans Ure2p 

and C. glabrata Ure2p form β-sheet amyloid filaments, but only C. albicans Ure2p can 

become a prion. Amyloid conformation is variable, and the effects of environmental 

conditions on morphology make predicting infectivity of amyloid difficult. Clearly, 

further investigations will be necessary to conclusively identify the basis for amyloid 

infectivity and toxicity.  

 Other studies in the literature have attempted to determine the contribution of key 

domains or amino acid sequence to amyloid formation. Truncating 29 or 49 amino acids 

from the N-terminus of PrP does not abrogate infection (Fischer et al.,  1996), indicating 

that maintaining the N-terminus of PrP is not necessary for infection.  Shuffled sequences 

of Ure2p and Sup35p yeast prions reveal that amino acid content is important for prion 

generation, but that sequence is important for propagation (Ross et al.,  2004). However, 

our data showed N/Q-rich proteins do not always form prions. The relationship between 

the primary sequence, amyloid conformation, and infectivity requires further 

investigation to determine what makes some amyloid infectious.   
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 Our work with C. glabrata Ure2p demonstrated N/Q-richness, a conserved 

domain, and β-sheet amyloid filament formation did not ensure that a prion would form. 

The differences between C. glabrata and C. albicans Ure2p mirror the difference 

between prion disease and amyloid disease because both Ure2 proteins form β-sheet 

amyloid fibrils, but only C. albicans Ure2p is infectious.  The structural properties of 

each protein could be further explored as a model for the difference between prion and 

amyloid disease. For example, C. glabrata Ure2p delayed filament formation could be 

similar in Alzheimer’s disease, where the amyloid kinetics in vivo is too slow to be 

biologically infectious.  PrP conversion and disease development is also slow, and further 

experiments could provide insight for the relationship of amyloid and infectivity.  Yeast 

prions have many similarities to mammalian prions and amyloid disease. Further study of 

C. albicans and C. glabrata Ure2 proteins’ amyloid conformation, amyloid formation 

kinetics, and infectivity could potentially expand our understanding of amyloid diseases 

in general.  
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APPENDIX 1:  

Yeast media: 

Adenine-dropout media (plates) 
 
50ml  20x stock amino acids (see below) 

200ml  
5x yeast nitrogen base (YNB) (33.5 g yeast nitrogen base without 
amino acids with (NH4)SO4 in 1L) 

20g  glucose 
20g  bacto-agar (only for plates) 

 
Add water to 1L. The agar, 750 ml water and glucose were autoclaved together first. The 
amino acids and YNB filter sterilized and added before pouring the plates.   
 
20x stock amino acids 
—All amounts in 1L 
800 mg Adenine ** 
1 g  Arg 
1.6 g  Asp 
400 mg  His 
1 g  Ile 
2 g  Leu* 
1 g  Lys 
400 mg  Met 
1 g  Phe 
2 g  Thr 
1 g  Trp* 
1 g  Tyr 
400 mg  uracil 
2.8 g  Val 

 
** Adenine was excluded for –adenine-dropout media, leu and trp were excluded for 
liquid induction media to select for the LEU2 plasmid containing the Candida URE2 
plasmids, and TRP chaperone plasmids. 
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Curing media—YPAD+ guanidine-hydrochloride (guan-HCl) 
5g Bacto-yeast extract  

10g Peptone 
10g Glucose 
10g Agar 
1.25 ml 2M solution guanidine-hydrochloride (HCl) (top spread to solidified agar 

plates) 
In 500ml 

 
*or used YPAD (KD Medical) and added 100 µl of a 2M guan-HCl solution to a 40ml 
agar plate, yields 5mM Guan-HCl 
 
Galactose induction media: 
20g  galactose 
10g  raffinose 
200 ml  5x YNB 
50 ml  20x amino acids (in this case –leu or –leu and –trp) 
 Water to 1L 

 
Hartwell’s complete media 
—in 1L 
100 ml  10x HC 
100 ml  10xYNB (14.5 g YNB w/o a.a. and (NH4)SO4, 50g (NH4)SO4 
35 ml  uracil solution (1g/L) 
20 ml  adenine solution (1g/L) 
12 ml  lysine solution (10g/L) 
8 ml  tryptophan solution (10g/L) 
2 ml  histidine (10g/L) 

 
*leucine excluded 
 
10xHC  
— in one liter 
0.2g Met 
0.6g Tyr 
0.8g Ile 
0.5g Phe 
1.0g Glu 
2.0g Thr 
1.0g Asp 
1.5g Val 
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4.0g Ser 
0.2g Arg 
 
SD (minimal media) + USA  
 

6.7 g Bacto-yeast nitrogen base (YNB) without amino acids + (NH4)2SO4     
20g Glucose  
20g Bacto-agar 
Distilled water up to 1L 

 
**add 33 µg ureidosuccinate (USA) per ml AFTER autoclaving, pH must be ~7.0 for 
USA to dissolve 
 
 
YPAD media 
10g Bacto yeast-extract 
20g Bacto-peptone 
20g Glucose 
40mg Adenine sulfate 
20g *for agar add bacto agar 

Distilled water to 1L 
 
YES media 
In 1L  
5g 0.5% yeast extract 
30g 3% glucose 
5ml  0.6% solution tryptophan 
20g Agar  
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Bacteria media: 

LB broth 
  5x  1x 
Tryptone 50g/L  10g/L 
Yeast Extract 25g/L  5g/L 
NaCl  50g/L  10g/L 
 
LB rich broth 
Tryptone 12.5 g 
Yeast extract 6.25 g 
NaCl  10g 
Glucose 5g 
1 pellet (approximately 0.1g) NaOH 
1 ml 100x metals (see induction media)  
 
Defined Amino acid Media (DAM) ( adapted from (Blanco et al.,  2001; Shewmaker et 
al.,  2006) 
 
200ml  5x salts (65 g/L KH2PO4, 50g/L K2HPO4, 45 g/L Na2HPO4, 10 g/L NH4Cl) 
10 ml trace elements (per 100ml: 0.6 g FeSO4, 0.6g CaCl2, 0.12 g MnCl2, 0.08g CoCl2, 
0.07g ZnSO4, 0.03 CuCl2, 0.02g H3BO3, 0.025 (NH4)6Mo7O24, 0.5g 
ethylenediaminetetraacetic acid (EDTA)) 
10ml 100x MgSO4 (1M) 
12ml 100x glucose (40%w/v) 
100ml 10x TAU mix (0.3g/L thiamine, 2g/L adenine sulfate, 2g/L uracil, + 8 tablets 
NaOH to solubilize uracil and adjust pH) 
100ml 10xAA mix (1g/L each amino acid except tyrosine and amino acids for labeling, 
in this case no isoleucine or valine) 
0.1% (w/v) tyrosine  
** salts were autoclaved for sterility, all others (except trace elements) were filter 
sterilized 
 
 
 


