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Abstract 

The assembly of some misfolded proteins into aggregates can cause dramatic changes in 

cellular phenotypes.  In prion diseases, these phenotypes are self-perpetuating because 

the highly ordered aggregates are capable of templating the conversion of soluble form of 

the protein into the aggregated form. Interestingly, the aggregated form of the protein can 

exist as a range of unique self-replicating conformations, referred to as prion “strains” or 

“variants,” conferring distinct phenotypic characteristics to their hosts. The presence of 

more than one prion variant has been implicated in the alteration of prion phenotypes, 

interspecies transmission and anti-prion drug-resistance.  When more than one variant 

arises  or  is  introduced  into  the  same  host,  usually  the  faster  replicating  variant 

phenotypically dominates over slower replicating variants; however, this dominance is 

not  absolute.   Studies  in  mammals  suggest  that  these  outcomes  are  determined  by 

competition between variants for the conversion of soluble protein.  However, other steps 

in prion replication have not been thoroughly examined.  In this study we show that prion 

variant  dominance  is  indeed  determined  by  competing  for  the  conversion  of  soluble 

protein,  but  this  advantage  arises  from  other  cell-based  factors  that  influence  prion 

biogenesis, such as fragmentation rates and the number of templates present within the 

cell.
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Chapter 1: Introduction
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Infectious Proteins 

The prion hypothesis was originally posited to explain the molecular basis of a 

family of fatal neurodegenerative diseases referred to as Transmissible 

Spongiform Encephalopathies, or TSEs, which include scrapie in sheep, Bovine 

Spongiform Encephalopathy in cattle, and Kuru and Creutzfeldt-Jakob disease 

(CJD) in humans [1,2]. TSEs are unusual in that they can exist in familial, 

sporadic and infectious forms, whereas no other known diseases can be attributed 

to all three mechanisms.  Furthermore, TSE infectious material cannot be 

inactivated by acid-damaging conditions but are susceptible to protein-denaturing 

conditions [3-6].  This collection of observations led to the proposal of a new 

“protein-only” hypothesis in which proteins act as the pathogen. 

Although scrapie in sheep has been reported for hundreds of years in Europe, it 

was not until the early 1900’s that scientists demonstrated that it was infectious 

among sheep, though there was no sign of its transmission to humans [7,8].  

However, in the mid-1900’s scientists started to draw parallels between scrapie in 

sheep and a rare neurological disorder, Kuru, based on shared similarities in the 

characteristic pathologies of these diseases, including the accumulation of protein 

plaques and a sponge-like appearance of nervous tissue [9,10], raising the 

possibility that Kuru, like scrapie, could be transmitted between humans.  

Epidemiological and anthropological studies of the Kuru epidemic affecting the 
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Fore tribe of Papua New Guinea strongly suggested that Kuru was being 

transmitted among the people through ritualistic endocannibalistic practices.  In 

1967, Alpers and Gibbs verified that Kuru was transmissible by successfully 

passaging the disease from infected human tissue to chimpanzees [5,11].  Kuru 

was later linked to the sporadic form of the disease in humans, Creutzfeldt-Jakob 

disease (CJD) [12,13].  Several studies have since confirmed that TSEs are 

transmissible via several routes of inoculation, including ingestion and via 

accidental human-human transmission of CJD (i.e. iatrogenic, or physician-born 

infection), ranging from contaminated surgical equipment to hormone therapy 

[14-17].   

It was initially thought that the infectious agent underlying TSEs was a slow-

replicating virus.  However, individuals with Kuru did not present with the type of 

inflammatory response that is typically triggered upon viral infections [18,19], 

suggesting that the infectious agent was unconventional.  Other early studies on 

the nature of the infectious molecules underlying TSEs found further 

inconsistencies with viral infection.  For example, electron bombardment studies, 

which correlate the intensity of electron bombardment with the size of a target 

molecule (i.e. the higher the intensity, the smaller the molecule), demonstrated 

that if the infectious molecule did contain a nucleic acid genome, it was 1,000 

times smaller than the smallest-known virus [4,5].  Furthermore, a dose of UV 

irradiation that would typically reduce the infectivity of a virus to less than 1% 
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did not induce any reduction in the infectivity of the scrapie molecule [20].    

These observations lead the mathematician Griffith to propose a mechanism for 

protein replication in the absence of nucleic acid.  In this model, a protein that is 

normally expressed by the host (and therefore would not elicit an immune 

response) can assume an alternative conformation that is associated with the 

disease state (figure 1).  When this alternative conformation is present, it converts 

the normal fold of the protein into the alternate form, thereby replicating the 

alternative conformation by a template-based mechanism.  Furthermore, this 

template model is inclusive both of sporadic onset of the disease (such as with 

CJD) as well acquired forms (Kuru) and does not discredit the central dogma [21].      

Several subsequent lines of evidence supported the proposed protein-only model 

by Griffith.  Namely, the scrapie agent is susceptible to protein-damaging 

treatments, such as chemical modification to amino acids and sensitivity to 

proteinase K digestion, as well as other chemical protein denaturants such as SDS, 

urea and phenol; whereas the scrapie agent is resistant to nucleic acid-damaging 

treatments, such as UV irradiation and nucleases [22-25].  With mounting 

evidence that the infectious particle was protein-based, Prusiner coined the term 

for the transmissible element of TSEs as proteinaceous infectious particles, or 

“prions” [2].    
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A protease-resistant protein fragment found to copurify with prion infectivity 

[26,27] was linked to the mammalian PRNP gene [28-30], which encodes PrP, the 

prion protein.  PrP is expressed in both healthy and diseased tissue; however, PrP 

isolated from healthy tissue is more susceptible to enzymatic degradation than 

disease-associated PrP [31], further supporting Griffith’s hypothesis that the 

infectious nature of prions could be due to a change in conformation of the 

protein.  These two different forms of PrP are referred to as PrPC (cellular PrP) 

and PrPSc (Scrapie PrP).  Subsequent studies revealed that PrPSc appeared to 

accumulate in scrapie-associated fibrils (SAF) or rod-like shaped particles of PrP 

in tissues with infectivity [32,33].  These fibrillar structures of PrP were further 

demonstrated to be amyloid in nature, as they are capable of binding Congo red 

[26], and are -sheet rich in comparison with PrPC, which is primarily -helical [34].  

In addition, the change in the function of the PrPSc protein (i.e. the appearance of 

neurotoxicity) appears to be due to conformational changes, as no covalent 

modifications have been detected in the infectious form by systematic analysis of 

posttranslational modifications [35,36]. 

Numerous studies have highlighted the importance of conversion from PrPC to 

PrPSc in disease progression.  The presence of PrPSc converts PrPC into the prion 

form.  For example, in mammals, pulse-labeled PrP converts from a protease-

sensitive form to a protease-resistant form over a timescale of hours [37,38], and 

in vitro the addition of PrPSc catalyzes the reaction of PrPC to PrPSc [39].  Direct 

proof for the protein-only hypothesis of TSEs was demonstrated in mice, when 
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fibrillar aggregates generated from recombinant PrP, in the absence of any 

mammalian co-factors, could induce the prion phenotype [40-42]; however, this 

study is somewhat controversial since the recipient mice overexpress PrP, which 

is known to promote prion appearance. 

Although there is substantial evidence supporting the prion hypothesis, little is 

known about how the conversion of PrPC to PrPSc leads to neurotoxicity.  This is 

largely due to the fact that the normal role of PrP is not well characterized.  

Although PrP-/- null mice show no overt phenotypic effects [43], studies have 

demonstrated a pleiotropic role for PrP protein, making it difficult to determine 

whether the loss of PrP function plays a role in prion pathogenesis [44].  

Furthermore, although the accumulation of PrP into ordered aggregates appears to 

be central to disease progression, transmission of TSEs can occur in the absence 

of detectable PrPSc [45].  Recent studies suggest that oligomer precursors are 

more toxic than mature amyloid fibers or plaques in a variety of 

neurodegenerative diseases associated with protein misfolding [46].  Although it 

remains unclear how these oligomers could contribute to toxicity, it has been 

widely speculated that the conversion of protein from its native state to misfolded 

oligomers exposes an array of surfaces that would normally be masked.  The 

appearance of these new moieties could promote aberrant interactions with 

proteins in the cell, impairing cellular function and ultimately leading to cell death 

[47].   
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Yeast Prions 

In 1994 Wickner extended the prion hypothesis to yeast for the cytoplasmic 

genetic determinants [URE3] and [PSI+] [48].  In this study, Wickner identified 

key genetic criteria that distinguished [URE3] from other nucleic acid–based 

infectious elements in yeast such as viruses, plasmids, and mitochondria.  First, 

[URE3] exhibits reversible “curability” (i.e. reversion back to [URE3] after loss). 

Second, [URE3] requires the expression of the chromosomal gene URA2 that 

encodes for Ura2 protein, and finally, overexpression of Ura2p increases the 

frequency of the [URE3] state.  Based on these observations, Wickner proposed 

that an alternative conformation of the Ure2 protein leads to a loss-of-function 

phenotype that could be transmitted via a novel mode of inheritance involving the 

self-propagation of that conformation.  Based on these observations, Wickner 

proposed that other cytoplasmic genetic determinants, such as [PSI+], may also be 

in fact a form of yeast prions.   Since the discovery of prions in yeast by Wickner, 

there have been at least nine prions confirmed in yeast and as many as 20 other 

candidates [49].  These prions affect a range of cellular processes, many of which 

are involved in gene regulation at both transcriptional and post-transcriptional 

levels [49]. 

While it remains unclear how conformational conversion of PrP leads to the 

disease phenotype in mammals, there is a clear phenotypic read-out for the 
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conformational conversion of the yeast prion protein, Sup35, from the soluble, 

non-prion form, [psi-] 

into the aggregated prion form, [PSI+].  [PSI+] was first described as an epigenetic 

element that is inherited in a non-Mendelian fashion [50] and later shown to be 

the aggregated form of the protein Sup35, an essential release factor that aids in 

translation termination [51,52].  [PSI+] and [psi-] cells can be phenotypically 

distinguished by their ability to suppress the nonsense allele ade1-14, which 

encodes a UGA mutation in the ADE1 gene [53] (figure 2).   In [psi-] cells, Sup35 

is in the normal, soluble, form, and translation termination occurs at the premature 

stop codon in ade1-14, leading to a truncated Ade1 protein.  These cells cannot 

grow on medium lacking adenine and appear red when grown on rich medium, 

due to the accumulation of a metabolic intermediate in the adenine biosynthetic 

pathway [54].  However, in [PSI+] cells, Sup35 is in the aggregated form and 

cannot function efficiently in translation termination; read-through occurs at the 

premature stop codon in ade1-14, producing full length Ade1 protein.  These cells 

can grow in the absence of adenine and appear white when grown on rich medium 

[55].   

As with mammalian PrP, recombinant Sup35 fibers are sufficient to convert cells 

from [psi-] to [PSI+], supporting the protein-only hypothesis in yeast [56].  The C-

terminal domain of Sup35 (amino acids 255-685) is responsible for its activity in 

translation termination and is essential [57].  The N-terminal domain (amino acids 
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1-254) functions as a prion-forming domain [57], is required for propagation of 

[PSI+] in vivo [53] and is required for converting soluble Sup35 into fibers in vitro 

[58]. 

Unlike the mammalian prion PrP, yeast prions are generally not considered to lead 

to a disease state, but instead seem to provide yeast with a means to adapt rapidly 

to changing environments.  The rate of switching between prion states in yeast 

increases under stress conditions [59].  Several wild yeast harbor prions, and the 

presence of these prions has been shown to be beneficial under selective growth 

conditions [60].  For example, normally Ure2 represses the transcription of genes 

involved in using alternative nitrogen sources when rich nitrogen sources, such as 

ammonia, are available.  However, when Ura2 is converted into its prion form, 

[URE3], cells can use alternative nitrogen sources even in the presence of 

ammonia [48,61].  Another example is [MOT3], the prion form of the protein 

Mot3.  Mot3 is part of a transcriptional repressor complex that suppresses the 

expression of anaerobic genes when cells are in aerobic conditions.  When Mot3 

is in the prion form anaerobic genes can be expressed regardless of growth 

conditions [62,63]. Because Sup35 functions in translation termination, it has 

been hypothesized that the stop codon readthrough could lead to a mechanism for 

acquiring phenotypic diversity epigenetically, as regions downstream of the stop 

codon, which would be accessible in a [PSI+] cell, tend to accumulate genetic 

variation [14].  Such a mechanism for acquiring phenotypic diversity is favorable, 
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since mutations in downstream sequences would not be deleterious under wild-

type, [psi-], conditions.  Indeed, the presence of [PSI+] increases the average read-

through rate from 0.3% to 1% [64], and a change in the [PSI+] state has also been 

shown to alter growth fitness in diverse conditions [65].   

  
Prion replication 

The conversion of prion protein from the soluble form (PrP) to an aggregated 

form (PrPSc) is key to the establishment of the prion phenotypes.  However, in 

addition to conformational changes in the prion protein, there are other cellular 

factors that are required for the prion state to persist in vivo.  Most of what we 

know about prion replication comes from studies on [PSI+] in yeast, where 

propagation of the prion state requires 4 key steps: 1) expression of the prion 

protein 2) conversion of the protein into the prion state 3) fragmentation of prion 

aggregates into smaller templates to create more surfaces for further conversion 

and also to generate templates small enough for 4) transmission into daughter 

cells during cell division (figure 3) [66].   

First, expression of the prion protein is essential for the prion state to persist.  

Studies in both yeast and mammals have demonstrated that expression of the 

prion protein is essential for the propagation of prion phenotypes.  Expression of 

PrP in mice is required for the maintenance of the mouse prion, as PRNP-/- null 

mice are not susceptible to prion infection [67], whereas the induction of murine 

PRNP transgenes restores susceptibility to prion infection [68]. Moreover, 
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repression of PrP synthesis can reverse pathogenesis if done early in disease 

progression [69].  Although Sup35 is essential in yeast, the propagation of [PSI+] 

also depends on the expression of the N-terminus, or prion forming domain, of 

Sup35, as Sup35 N-terminal deletion cures [PSI+], and the [PSI+] state cannot be 

transmitted to cells that do not express it  [57,70,71]. 

Secondly, once the prion protein is expressed, it is converted into the prion form. 

In the presence of PrPSc, PrP is converted from a protease-sensitive to a protease-

resistant form in vitro [39]. Following inoculation of mice with the scrapie agent, 

or recombinant PrPSc fibers, PrP is converted from a protease-sensitive form into a 

protease-resistant form [37,38,72].  As with mammals, the addition of Sup35 

fibers enhances the conversion of soluble Sup35 into the aggregated form in vitro 

[58,73]. Conversion onto existing aggregates has also been demonstrated in yeast 

in vivo.  In [psi-] cells, Sup35-GFP appears diffuse; however, when [PSI+] is 

introduced into the cell by mating, soluble Sup35 is rapidly converted into the 

prion state, indicating that soluble protein is incorporated into existing aggregates 

[74].   

As prion protein is converted into the prion form, those growing aggregates must 

be fragmented in order to create more surfaces for the conversion of soluble 

protein.  In yeast, when fragmentation is inhibited, newly made Sup35 

accumulates in the soluble form, even when aggregates are present, presumably 
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because there are not enough templates to convert the soluble protein [75]. In 

yeast, aggregates are bound to and fragmented by the AAA+ ATPAse, Hsp104 and 

its co-chaperones, Sis1 (Hsp40) and Ssa1 (Hsp70) [75-80]. Hsp104’s normal 

function is to help refold misfolded, aggregated proteins in cells subjected to heat 

stress [81]. However, prion aggregates are inefficiently processed by Hsp104, 

leading to fragmentation of aggregates rather than their resolubilization [82]. The 

inhibition of Hsp104 by guanidine HCl leads to an increase in the size of Sup35 

aggregates, visible by an increase in size of GFP-labeled Sup35 foci [83] and by 

an increase in the size of SDS-resistant aggregates [84], demonstrating its 

essential function in fragmentation of these complexes. Notably, this same 

treatment leads to loss of the prion state [85,86], as does deletion of Hsp104 [77], 

demonstrating that it is essential for prion propagation.  

   

Mathematical modeling suggests that fragmentation is likely required in mammals 

for the establishment of prion phenotypes [87].  Although there is no Hsp104 

homolog in mammals, there is recent evidence for a potential fragmentase in 

mammals, an Hsp70 dissagregase, that can efficiently disassemble amyloids [88].  

Furthermore, in vitro studies have shown that prion fibers that are subjected to 

shearing prior to inoculation lead to shorter incubation times as compared with 

unsheared fibers [89,90].  Enhanced fragmentation would also create smaller 

aggregates, which have been shown to have greater infectivity and converting 

activity [46]. 
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Finally, fragmentation is also important for creating aggregates that are small 

enough to be passed on to daughter cells during cell division.  In yeast, blocking 

fragmentation leads to an increase in aggregate size and a decrease in the 

transmission of prion aggregates from mother cells to daughter cells, [83,84,86].  

Studies on PrP demonstrate that PrPSc must also spread through the nervous 

system for disease progression [91].  The higher infectivity of smaller prion 

aggregates could be due to an increase in transcellular spreading [92]. 

Prion variants  

One of the most interesting complexities of prion biology is that a single prion can 

assume several unique self-templating conformations, referred to as prion 

“strains” or “variants,” giving rise to a wide range of phenotypes.  Prion variants 

were first described when scrapie isolated from sheep was serially passaged in 

goats, giving rise to two distinct classes of clinical symptoms, referred to as 

“drowsy” and “scratching” for their characteristic behavioral phenotypes [93].  To 

rule out the possibility that strain differences were due to genetic variation 

between hosts, transmission studies in isogenic mouse models demonstrated that 

brain homogenate from different scrapie-infected individuals gave rise to unique 

patterns of neurodegeneration and distinct incubation times [94].  Furthermore, 

these phenotypes are stably transmitted when passaged from mouse to mouse 

[94].   

� 	22



In 1994, Bessen and March linked distinct prion variants of transmissible mink 

encephalopathy (TME), drowsy (DY) and hyper (HY), to unique patterns of 

proteolysis, thus demonstrating a molecular basis for strain variation [95].  

Phenotypic differences for prion strains have also been linked to other physical 

properties of PrP.  For example, conformational stability and relative -helical and -

sheet content have since been reported [96,97], further supporting the idea that the 

physical state of prion aggregates dictates differences in strain phenotypes.      

The concept of conformational templating has been further supported by cell-free 

conversion experiments [98], which demonstrate that the addition of aggregates of 

a particular strain can catalyze the conversion of soluble PrP to the same strain.   

Another method, protein misfolding cyclic amplification (PMCA), which mimics 

the PrPSc autocatalytic conversion and fragmentation processes in vitro, also 

demonstrates strain-specific conversion of PrP [89].  Yeast strains can also be 

propagated in vitro using purified proteins and aggregates of distinct strains as 

templates [58,99,100]. 

However, the strain-specific relationship between physical properties of PrP 

variants and the biological features of the resulting disease is not clear.  For 

example, studies on scrapie in mice show that less thermodynamically stable 

variants have shorter incubations times [101,102] whereas studies on TME in 
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hamster models reveal the opposite trend [95,97,103].  This discrepancy suggests 

that conformational stability is not the only factor that determines disease 

outcomes and that other cellular factors that influence prion propagation are likely 

to contribute.   

[PSI+] Variants in Yeast 

[PSI+] variants in yeast provide a clear molecular explanation for how unique 

conformations give rise to distinct phenotypes.  Although [PSI+] displays 

conformational flexibility upon induction, phenotypes are usually stable once they 

are established in the cell [50].   The two best-characterized variants of [PSI+] in 

yeast are “strong” and “weak.”   These variants differ in their stop codon read-

through efficiencies and mitotic stabilities [104].  The differences in stop codon 

read-through between weak and strong strains of [PSI+] can be attributed to the 

amount of soluble Sup35 versus aggregated Sup35 found in the cell and the 

distribution of Sup35 aggregate sizes.  In [PSI+]strong cells, soluble Sup35 is 

efficiently converted into the aggregated form, whereas in [PSI+]weak cells, only a 

fraction of soluble Sup35 is converted into the aggregated form, although this 

latter aggregates are larger [55,105]. The depletion of soluble Sup35 and small 

aggregates, which both retain termination function [106], lead to a white or pink 

colony color phenotype of strong and weak [PSI+] strains, respectively.   
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There are several observations that may contribute to the different amounts of 

soluble Sup35 present in [PSI+]Strong and [PSI+]Weak cells at steady state.  Sup35 

fibers in the [PSI+]Weak form are more kinetically stable than those in the 

[PSI+]Strong form [18].  As a result, fibers in the [PSI+]Weak form are less efficiently 

fragmented by chaperones than those in the [PSI+]Strong form; they also 

accumulate as larger complexes in vivo [18,84].  Even though fibers in the 

[PSI+]Weak form are more efficient in converting soluble protein to the [PSI+] state 

in vitro [18], their reduced fragmentation limits the number of heritable 

aggregates that accumulate in this form in vivo [107], reducing their capacity to 

efficiently convert newly made Sup35 [18].   Taken together, the differences in 

prion aggregate dynamics leads to differences in Sup35 soluble protein levels that 

can function in translation termination.     

Much of what we know about the physical basis of [PSI+] variants comes from 

studies on Sup35 fibers with different conformations formed in vitro.   Sup35 

fibers assembled at 4C (Sc4) are less kinetically stable and have a shorter amyloid 

core by hydrogen/deuterium (H/D) exchange [108], than Sup35 fibers assembled 

at 37C (Sc37), which are more kinetically stable and have a larger amyloid core 

by H/D exchange.  When these different conformations are introduced into the 

cell by transformation, they give rise to distinct stop codon read-through 

phenotypes that phenocopy [PSI+]Strong (Sc4) and [PSI+]Weak (Sc37), 
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demonstrating that unique amyloid conformations are the physical basis of strain 

phenotypes [109,110].     

Further support for conformational differences between [PSI+] prions originates 

from studies on Sup35 mutants.  For example, mutation in the prion domain of 

Sup35 leads to alterations in stop codon read-through efficiency, where 

[PSI+]Strong cells with a G58D mutation restores accurate termination efficiency as 

compared with wild-type [PSI+]Strong cells; however, the G58D mutation enhances 

stop codon read-through efficiency in [PSI+]Weak cells [111].   The G58D mutation 

was subsequently shown to affect the ability aggregates to be processed by the 

chaperone machinery [3].  Using GFP-labeled mutants, King also demonstrated 

that some mutations in Sup35 effect stop codon read-through efficiency by 

affecting the recruitment of Sup35 into aggregates [111].  For example, GFP-

labeled G20D mutant is preferentially recruited to [PSI+]Weak, but not [PSI+]Strong, 

aggregates whereas other GFP-labeled mutants are not recruited to aggregates of 

any kind.  These studies further support the idea that strain variation is caused by 

structurally different aggregates and that the conformation of each strain dictates 

its interaction with Sup35.   

Species barriers and adaptation 

Species barriers are common among TSEs, as prions are rarely transmitted from 

one species to another through natural routes.  However, these barriers are not 
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absolute.  Variation in species-specific primary sequences and the conformation of 

the donor prion structure are the main barriers to interspecies transmission.    

Sequence as a barrier to transmission 

The PrP sequence and its three-dimensional PrPC structure are highly conserved 

among mammals [43,112].  However, transmission of TSEs between species is 

rare.  The importance of sequence on prion transmission is demonstrated by 

variations in PrP sequence, as even minimal changes in amino acid sequence have 

a dramatic effect on transmission efficiency and TSE susceptibility.  For example, 

a particular polymorphism at residue 129 (M or V) in human PrP is a critical 

factor for prion disease susceptibility in humans.  Homozygosity is a predisposing 

factor for both sporadic and acquired forms of CJD, and thus far all clinical cases 

of vCJD are homozygous for methionine at codon 129 [113,114].   

The mechanism for how sequence polymorphisms affect transmission efficiencies 

has been demonstrated for sheep.  For example, sheep breeds with polymorphisms 

at codons 136, 154, and 171 in PrP have different susceptibilities to scrapie 

infection, where sheep homozygous for the VRQ alleles are highly susceptible to 

scrapie infection and sheep that are homozygous for ARR are resistant to classical 

scrapie [115,116] but not atypical scrapie.  Studies in cell culture and cell-free 

lysates show that the polymorphisms that confer resistance also block the ability 

of the scrapie agent to replicate, suggesting that sequence alone is able to account 

for the transmission block [117,118].   

� 	27



Sequence specificity has also been demonstrated in the transmission of several 

TSEs to mice.  Hamster scrapie is not normally transmissible to mice.  However, 

expression of hamster PrP in transgenic mice can overcome this transmission 

barrier [119].  There are now several transgenic mouse models which express 

PrPC of heterologous species in mice that overcome the species barrier [120]. 

Although sequence variation appears to be a major contributing factor to 

transmission barriers, sequence divergence is not sufficient to create a barrier nor 

is it required.  For example transmission of sporadic CJD to mice is inefficient in 

the absence of the expression of human PrP; however, CJD is readily transmitted 

to bank voles, despite the divergence in their PrP sequences [121].  However, 

transmission of vCJD to bank voles is inefficient, even though it can be readily 

transmitted to mice expressing human PrP [122].  These observations suggest that 

the conformation of the infecting strain can also dictate its transmission efficiency 

between species.   

Strain conformation as a barrier to transmission 

As previously mentioned, scrapie, although transmissible between sheep, was 

considered to be non-infectious to humans.  However, an epidemiological cluster 

of human patients presenting with a unique variant of Creutzfeldt-Jakob disease, 

vCJD, arose following a bovine spongiform epidemic (mad cow disease) derived 

from sheep scrapie, suggesting that species barriers are not absolute [123-125].    
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The emergence of new variants upon inter-species transmission has been 

documented since before the prion hypothesis was formulated.  For example, 

when scrapie is passaged from sheep to mice expressing ovine PrP, several 

distinct variants arise [93].  It is unclear if these variants arise de novo or are 

selected for upon transmission.  For instance when scrapie is transmitted from 

mouse to hamsters and then subsequently returned to the original host, it appears 

to have been “mutated” in the process [126,127].  This adaptation process can also 

vary between species.  When mouse-adapted scrapie is passaged from mouse to 

hamster and then re-introduced into mice, the strain appears to have changed in its 

properties; however, when the same strain is passaged through rats and back to 

mice, it appears unchanged [126].  Strains can also arise de novo in transgenic 

mice [102] or in cell-free systems mediated by PMCA [128]. 

In cases where inter-species transmission is possible, the incubation period is 

much longer as compared with intra-species transmission [129-131].  However, 

this incubation period is restored after a few passages within the new host.  One 

explanation for the extended incubation period is the requirement for the 

aggregated form of PrP to adapt to a conformation that is better suited for 

templating in the new host.   For instance, hamster PrP fibers can nucleate mouse 

PrP, but not vice versa.  However, if mouse PrP is first incubated with hamster PrP 

fibers, the resulting mouse PrP fibers can then nucleate hamster PrP [132].  
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Presumably, pre-incubation of mouse PrP with hamster fibers leads to adaptive 

changes in the structure of the PrP fibers that accommodate hamster PrP 

conversion.  Similar examples of strain adaptation have also been reported in the 

transmission of TME from mink to hamsters [133].  Likewise, cervid PrP is more 

infectious in mice after several rounds of PMCA or passages in mice when 

compared to the original inoculum [134]. 

The conformation of the infecting prion strain also appears to be key to its 

transmissibility.  Early studies showed that different isolates of sheep scrapie vary 

in their ability to be transmitted to a new species [135].  The incubation period 

after the transmission of sheep scrapie to mice can be halved if the infecting strain 

of sheep scrapie originates from a BSE-derived variant [130].  This was further 

demonstrated in a mouse model expressing chimeric human-mouse PrP.  The 

susceptibility to infection of these mice varied when inoculated with distinct 

isolates of hamster-derived prion isolates, Ss237 and DY [136].  These studies 

demonstrate that the conformation of the infecting prion strain is an important 

aspect for interspecies transmission.   

Interspecies transmission in yeast 

In yeast, a species barrier also exists.  [PSI+] prions are typically species-specific 

[137-141].  For instance, overexpression of Sup35 in S. cerevisiae induces [PSI+] 

but not when SUP35 gene encodes for the C. albicans prion domain and vice-

versa [137].  Both S. cerevisiae and C. albicans Sup35 prion domains can form 
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fibers in vitro; however, the addition of fibers formed from Sup35 from S. 

cerevisiae only converts Sup35 from S. cerevisiae, but not C. albicans.  Even 

when both S. cerevisiae and C. albicans are both present, they form 

homopolymeric fibers [137].   

A chimeric version of Sup35 prion domain (Ch) consisting of a portion of S. 

cerevisiae Sup35 fused to a portion of C. albicans can bridge the species barrier 

[137,142].  Ch can induce the conversion of Sup35 protein in S. cerevisiae and C. 

albicans both in vivo and in vitro.  However, Ch seeded by S. cerevisiae Sup35p 

fibers efficiently catalyzes conversion of S. cerevisiae Sup35p, but cannot 

catalyze the conversion of C. albicans Sup35 and vice versa [142].  Mutations in 

the sequence of Ch can inhibit the propagation of C. albicans both in vivo and in 

vitro; however, these mutations did not affect the ability of Ch to propagate in S. 

cerevisiae [143].  Likewise, certain mutations in Ch could inhibit propagation of 

S. cerevisiae Sup35, without affecting the propagation of C. albicans Sup35 

[143].  These observations demonstrate how changes in the sequence of a prion 

can affect the specificity of a prion by modulating conformations. 

Other influences on strain adaptation 

In addition to new prion variants arising from passage between species, selective 

conditions can also lead to the emergence of new conformers.  This was first 

exemplified in mice neuroblastoma cells.  In this study, the exposure of prion-
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infected cells to the drug quinicrine lead to the selection of drug-resistant prions 

[144].  Similarly, the addition of the inhibitor swanosine selects for drug-resistant 

or drug-dependent variants, whereas in the absence of the drug this variant is 

outcompeted by a drug-sensitive strain [145,146].  Although it remains unclear 

whether these strains are amplified from an existing subpopulation of variants or 

arise de novo, these studies demonstrate that prions, although devoid of a nucleic 

acid genome, are subject to conformational “mutation” and selective 

amplification.  

The emergence of drug-resistant prions has also been demonstrated in yeast.  

ECGC and DAPH-12 can both exhibit anti-prion affects for the yeast prion 

[PSI+].  However, these drugs exhibit different efficacies against distinct prion 

strains and their interconversion [1].   For example, ECGC can cure [PSI+]Weak, 

but also results in the emergence of [PSI+]Strong.  Furthermore, a combination of 

ECGC and DAPH-12 can cure weak-like fibers, but not strong-like fibers.    This 

study illustrates the efficacy of drug-cocktails in anti-prion therapies, but also 

demonstrates the unique nature of prion conformations.     

Prion strain co-existence and competition 

When more than one strain is introduced into an animal by inoculation, usually 

one phenotype predominates.  This was first demonstrated when two strains of 

scrapie, 22a and 22c, with short or long incubation periods, respectively, were co-
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inoculated into the same host.  Following inoculation with both strains, the host 

presented with a similar incubation period as with mice inoculated with the 22a 

strain alone [147].  The authors suggested that prion variants were competing for 

sites of replication, a phenomenon previously demonstrated in competition 

between viral strains.  

However, dominance between inoculating strains appears to be dependent on 

other cellular factors.  For example, when the long-incubation variant, 22c, is 

inoculated prior to a superinfection with the short-incubation variant 22a, the 22c 

variant is able to delay or even block the establishment of the 22a phenotype 

[147].  Similarly, if strains are inoculated at the same time but 22c is inoculated at 

a higher ratio than 22a, 22c can interfere with or block 22a infection [148] [149].  

Subsequent studies on the process of superinfection suggest that 22a and 22c 

variants compete for a limiting resource, which is thought to be soluble PrP, since 

the presence of one variant appears to block conversion of soluble PrP into the 

competing variant [150].   

Similarly, variant competition studies on PrP in Transmissible Mink 

Encephalopathies (TME) showed that inoculation of the drowsy (DY) variant 

followed by the superinfection of the normally dominant hyper (HY) variant 

delayed and even prevented the onset of HY infection [151].  These studies 

further showed that the delayed onset of HY infection was associated with a 

reduction in HY levels [133,151].   
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However, it is unclear whether the phenotypic read-out of one strain masks the 

presence of another strain.  For example, animals injected with DY and HY TME 

normally exhibit clinical signs and incubation periods identical to HY infection.  

However, when extract is isolated from animals co-infected with both DY TME 

and HY TME strains and this extract is subjected to PMCA, a small amount of 

HY TME was shown to persist [150].  Similarly, when HY and 139H strains of 

TME were co-innoculated, both were detected using a conformational stability 

assay, although the clinical signs and incubation periods were identical to HY 

TME alone [152], suggesting that phenotypic dominance can mask the presence 

of other variants.     

More direct evidence for the co-existence of prion variants has recently been 

demonstrated in patients that present with a particular strain phenotype of CJD 

can harbor more than one strain.  Antibodies specific for particular proteinase K 

cleavage sites in PrP can distinguish between different variants.  When patient 

samples were probed with these antibodies, several showed that both variants 

probed were detected [153].  

The transmission of prions between cells is also a key factor in variant 

competition.  For example, the DY variant of TME causes disease symptoms if it 

injected into the brain or sciatic nerve but not via intraperitoneal injection.  
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However,  intraperitoneal injection of DY prior to the inoculation of HY in the 

sciatic nerve is able to extend the incubation period before the onset of HY 

symptoms, suggesting that DY and HY variants compete at a particular site within 

in the body [150].   One explanation for the ability of HY to outcompete DY is 

that the HY variant spreads inter-cellularly at a faster rate than DY [154].  

However, the rate of formation is faster for HY PrPSc than for DY PrPSc; therefore, 

rates of transmission could be affected by rates of formation.  Yet the rate of 

formation and rate of transmission do not always correlate, as the rate of 

transmission of strain 139H is greater than for DY, even though they have similar 

rates of formation [97].   

In a recent study, the authors determined that competition between superinfecting 

strain DY with HY variants does not disable transport and spread of the 

superinfecting strain [155]. This was confirmed by PMCA detection of HY PrPSc 

in animals where DY TME had completely blocked HY TME from causing 

disease.  These results suggest that prion variants do not compete for “replication 

sites” but rather dominance is established by the competition for a cellular 

resource. 

Variant competition in yeast 

In yeast, [PSI+] has a low frequency of spontaneous loss and induction [156,157], 

but [PSI+] induction is enhanced by the transient overexpression of full-length 
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Sup35 or its N-terminal domain [53,158].  Another yeast prion, [PIN+], is required 

for the de novo appearance of [PSI+] but not for [PSI+] propagation, suggesting 

that the interaction between these two prions is limited to a distinct step in the 

[PSI+] prion cycle [158,159].  Like [PSI+], [PIN+] exhibits conformational 

flexibility, and [PIN+] variants differ in their tendency to induce [PSI+]Strong or 

[PSI+]Weak variants when Sup35 is overexpressed.   For example, one variant, 

“multiple dot” [PIN+] induces stable [PSI+]Weak and stable [PSI+]Strong, while 

“single dot” [PIN+] produces unstable [PSI+]Weak and stable [PSI+]Strong [160]. 

When strong and weak [PSI+] variants are introduced into the same cytoplasm by 

mating, the strong phenotype usually persists when these diploids grow into 

colonies (~20 generations in yeast) [111,161,162].  Once established, prion 

variants generally do not spontaneously interconvert [104,163].  Current 

mathematical models of [PSI+] variant competition propose that variants that 

replicate more quickly, and thus have the least amount of soluble Sup35 protein, 

are dominant [18,162]; however this modeling does not take into account 

additional factors in prion biogenesis such as transmission efficiency during cell 

division and the resulting heterogeneity in propagons, or heritable units, capable 

of propagating [PSI+], in individual cells of the population.   
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Our working hypothesis is that Sup35[PSI+]Weak and Sup35[PSI+]Strong aggregates 

coexist and compete with each other during the conversion and fragmentation 

steps of the prion replication cycle to establish dominance. 
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Figure 1.  Conformational conversion of prion proteins.  Prions can exist in in more than 

one stable conformation, the non-prion soluble form (a) or the misfolded prion form, 

which has a  high propensity for  aggregation (b).   The aggregated form binds to and 

templates the conversion of soluble protein into the prion form (c).
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Figure 2. Sup35 exists in many forms. In [psi-] cells Sup35 (blue and green) is soluble 

and functions in translation termination leading to a red colony color on rich medium. In 

[PSI+]Strong  cells, Sup35 is mostly aggregated, and colonies appear white on rich medium. 

In [PSI+]Weak cells, Sup35 is partially aggregated, and colonies appear pink.
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Figure 3. Prion Propagation in Yeast. There are four key events in prion biogenesis:  1) 

synthesis of Sup35 protein. 2) conversion of the soluble protein into the aggregated form. 

3) fragmentation of aggregates into smaller templates. 4) Transmission of aggregates into 

daughter cells.
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Chapter 2: Competition of [PSI+] prion variants in Saccharomyces cerevisiae

  

I performed all of the experiments in this chapter.
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Abstract  

The assembly of some misfolded proteins into aggregates can cause dramatic 

changes in cellular phenotypes.  In prion diseases, these phenotypes are self-

perpetuating because the highly ordered aggregates are capable of templating the 

conversion of soluble protein into the aggregated form. Interestingly, the 

aggregated form of the protein can exist as a range of unique self-replicating 

conformations, referred to as prion “strains” or “variants,” conferring distinct 

phenotypic characteristics to their hosts. The presence of more than one prion 

variant has been implicated in the alteration of prion phenotypes, interspecies 

transmission and anti-prion drug-resistance.  When more than one variant arises 

or is introduced into the same host, usually the faster replicating variant 

phenotypically dominates over slower replicating variants; however, this 

dominance is not absolute.  Studies in mammals suggest that these outcomes are 

determined by competition between variants for the conversion of soluble protein.  

However, other steps in prion replication have not been thoroughly examined.  In 

this study we show that prion variant dominance is indeed determined by 

competing for the conversion of soluble protein, but this advantage arises from 

other cell-based factors that influence prion biogenesis, such as fragmentation 

rates and the number of templates present within the cell. 
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Introduction 

Prions are protein-based epigenetic elements that adopt alternative conformations, 

which change the function of the protein and thereby cellular phenotypes.  

According to the prion ‘protein-only’ hypothesis, the conformational switch 

between these two physical states endows prion proteins with the ability to self-

replicate and disseminate in the absence of any nucleic acids. In mammalian 

transmissible spongiform encephalopathies, such as scrapie in sheep, bovine 

spongiform encephalopathy (BSE or mad cow disease) and Creutzfeldt-Jakob 

syndrome in humans, pathogenesis arises when the misfolded form of the prion 

protein (PrPSc) binds to the normal folded protein (PrPC) and templates its 

conversion to the misfolded form [2]. These traits become transmissible, either 

through inheritance or infection, when the misfolded conformers assemble into 

amyloid, which templates additional conversion, is fragmented to make new 

templates, and is transmitted. 

Phenotypic variation of the prion state is attributed to the ability of the prion 

protein to assume distinct, self-replicating, conformations referred to  

as prion “strains,” or “variants” [95,110].  Prion variants can arise spontaneously 

or can emerge in response to changing conditions, for example during interspecies 

transmission or in response to exposure to an anti-prion drug [133,144,145].   

On their own, PrP variants in mammals exhibit distinct phenotypes, such as  

incubation times and patterns of neurodegeneration [164-167]. However, when 
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more than one variant is introduced into the same organism, the faster replicating 

conformer usually dominates over other slower replicating ones [150,155].  This 

dominance is dependent on other factors, such as time, route of infection and 

dosage [133,147,148,151,168,169]. For example, early studies on scrapie in mice 

showed that inoculating the long-incubation (slow replicating) scrapie agent, 22C,  

prior to the short-incubation (fast replicating) scrapie agent, 22A, in a process 

called “superinfection,” led to a delay in the onset of the dominant super infecting 

22A strain [147,148]. Similar studies on PrP in Transmissible Mink 

Encephalopathy (TME) showed that inoculation of the drowsy (DY) variant 

followed by superinfection of the normally dominant hyper (HY) variant delayed 

and even prevented the onset of HY infection. These studies further showed that 

the delayed onset of HY infection was associated with a reduction in HY levels 

[133,151].  Thus, prion strain dominance is not governed solely by replication 

rates. 

Here, we use the Sup35/[PSI+] prion protein in S. cerevisiae as a model system to 

study the factors that contribute to variant competition.  The yeast prion [PSI+] is 

the aggregated form of Sup35, the translation termination factor eRF3 [170]. In 

[PSI+] cells, Sup35 protein is found mostly in aggregates [51,52], leading to a 

marked decrease in its function in translation termination. [PSI+] phenotypes can 

be readily distinguished in yeast cells with a nonsense mutation in the ADE1 gene 

(ade1-14), which is essential for adenine biosynthesis. When the Sup35 protein is 

in the [psi-], soluble form, it efficiently recognizes the premature stop codon in the 
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ade1-14 allele, leading to early termination and the accumulation of an adenine 

precursor that gives yeast colonies a red color when grown on complete medium. 

The two best-characterized [PSI+] variants are “strong” and “weak,” which differ 

in their propensity to aggregate and therefore their strength of stop codon read-

through and form colonies that are white or pink, respectively, on rich medium 

[55].  

When  [PSI+]Strong and [PSI+]Weak variants are introduced into the same cytoplasm 

by mating, the [PSI+]Strong phenotype is dominant when these diploids grow into 

colonies [111,161,162].  Yet, as with PrP variants in mammals, it remains unclear 

exactly when or how the [PSI+]Strong phenotype is established over the [PSI+]Weak 

phenotype and whether or not this phenotypic dominance reflects the absence of 

the recessive conformer.  Mathematical models for prion variant competition in 

yeast propose that the faster replicating variant outcompetes slower replicating 

variants [1].  However, this model indicates that replication is the product of both 

the conversion and fragmentation rates.  [PSI+] variants differ in both of these 

parameters, and it is not clear how those differences lead to the observed 

outcomes. For example, [PSI+]Weak has a faster rate of conversion than [PSI+]Strong 

but is outcompeted [3].  

In vivo several factors contribute to prion biogenesis in yeast [7].  Sup35 protein 

synthesized by the cell is bound by prion aggregates, leading to its conversion into 

the prion form [11]. Prion aggregates are partially fragmented by the molecular 
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chaperone, Hsp104 [12], creating a greater number of templates to convert soluble 

protein into the aggregate form. The fragmentation step is also essential for 

creating smaller templates that are efficiently transmitted to daughter cells [14], 

which in turn creates variation in template number.  Deviations in any of these 

steps in prion biogenesis can lead to the loss of the prion state and, therefore, 

likely contribute to competition between variants.  In this study we demonstrate 

that conformational dynamics and cellular modulators both contribute to prion 

variant competition, raising the possibility that dominance rules are not absolute 

but rather a function of cellular protein homeostatic states. 

Results 

The [PSI+]Strong phenotype is established in the zygote when [PSI+]Strong and 

[PSI+]Weak aggregates are mixed during mating. 

When [PSI+]Strong and [PSI+]Weak variants are introduced into the same cytoplasm 

by mating, the [PSI+]Strong phenotype usually dominates when these diploids grow 

into colonies (~20 generations in yeast) [18].  However, it is unclear when or how 

this dominance is established.  To examine prion variant competition in yeast, we 

first set out to determine the temporal appearance of the [PSI+]Strong phenotype 

during competition.   

Taking advantage of the ade1-14 system as a reporter for the [PSI+]Strong 

phenotype, we assessed the ability of zygotes formed by various crosses to grow 
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on medium lacking adenine.  As previously reported, zygotes resulting from a 

[psi-] to [psi-] cross cannot grow in the absence of adenine; however, zygotes 

resulting from a [psi-] to [PSI+]Strong are capable of growing in the absence of 

adenine [18]. This observation suggests that the [PSI+]Strong phenotype is 

established quickly when crossed to [psi-].   

To determine whether the [PSI+]Strong phenotype is established on the same 

timescale upon crossing [PSI+]Strong and [PSI+]Weak haploids, we first created a 

system in which the [PSI+]Strong phenotype would only be detected after mating to 

reduce the possibility that the existing Ade1 protein from the [PSI+]Strong haploid 

was simply carried over during fusion of the cells. To do so, we introduced an 

ADE1 deletion into [psi-] or [PSI+]Strong cells. Each of these zygotes containing the 

ADE1 gene deletion should be able to grow under non-selective conditions, where 

adenine is present in the medium. However, strains disrupted for ADE1 are unable 

to grow in the absence of adenine; therefore, [PSI+]Strong Δade1 cells would only 

gain the ability to grow in the absence of adenine after mating if the ADE1 gene is 

present in the mating partner and if the [PSI+]Strong phenotype dominates in the 

zygote.  

As expected, all four types of zygotes can grow on non-selective complete 

medium with adenine (Figure 1, left column).  However, when a [psi-] ade1 strain 

is crossed to a [psi-] strain, growth in the absence of adenine ceases after a few 

cell divisions (Figure 1 a’, e), reflecting the inability to produce Ade1 protein.  A 
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similar level of growth is also observed in [psi-] ade1 X [PSI+]Weak crosses, 

indicating that the efficiency of stop codon readthrough in the latter strain is 

insufficient to support growth in the absence of adenine in the zygote (Figure 

1b’,e). In contrast, mating a [PSI+]Strong ade1 strain to a [psi-] strain, leads to 

robust growth in the absence of adenine (Figures c’, e) as expected due to the 

phenotypic dominance of [PSI+]Strong over [psi-] in zygotes [74]. Similarly, when a 

[PSI+]Strong strain is mated with a [PSI+]Weak strain, the resulting zygotes also gain 

the ability to grow on medium lacking adenine (Figures 1d’, e), demonstrating 

that the dominance of [PSI+]Strong phenotype is established quickly upon mating.  

The growth efficiency of [PSI+]Strong X [psi-] and [PSI+]Strong X [PSI+]Weak zygotes 

is similar in the absence of adenine (Figure 1 c’, d’, e), indicating that the 

presence of [PSI+]Weak aggregates do not interfere with the establishment of the 

[PSI+]Strong phenotype. 

As an alternative approach to assess the emergence of the [PSI+]Strong phenotype 

on mating, we directly monitored stop codon readthrough efficiency in the zygote 

using a fluorescent reporter [74].  In this assay, [psi-] or [PSI+]Weak cells 

containing the reporter GST(UGA)YFPNLS were mated to wildtype [psi-], 

[PSI+]Weak or [PSI+]Strong strains.  The emergence of the [PSI+]Strong phenotype 

correlates with the production of nuclear fluorescence, which requires stop codon 

readthrough on the reporter transcript. As expected based on their colony 

phenotypes, when [psi-] cells containing the reporter are crossed to [psi-], 

[PSI+]Weak or [PSI+]Strong haploids, the stop codon read-through efficiency 
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increases, respectively, as evidenced by an increase in fluorescence intensity 

(Supplemental Figure 1).  An increase in fluorescence is also observed when a 

[PSI+]Weak  strain expressing the reporter is crossed to [psi-],  [PSI+]Weak or 

[PSI+]Strong strains (Figures 1f, g).  Most notably, when [PSI+]Strong is present, stop 

codon readthrough efficiency exceeds the level seen in the [PSI+]Weak X [psi-] or 

the [PSI+]Weak X [PSI+]Weak crosses (Figures 1f, g).  Thus, [PSI+]Strong establishes 

its phenotypic dominance rapidly upon mixing with the [PSI+]Weak variant.   

Taken together, these experiments demonstrate that the [PSI+]Strong phenotype is 

established in the zygote after mating [PSI+]Strong and [PSI+]Weak cells.  By 

defining the temporal appearance of the [PSI+]Strong phenotype, we have also 

identified the timescale for assessing factors that contribute to the establishment 

of this phenotypic dominance during the competition between prion variants in 

single cells.   

[PSI+]Weak aggregates persist but are phenotypically recessive 

While the [PSI+]Strong phenotype emerges within the zygote after mating 

[PSI+]Strong and [PSI+]Weak haploids, the mechanism underlying this dominance is 

unknown. For example, [PSI+]Strong may dominate by eliminating [PSI+]Weak or by 

rendering [PSI+]Weak to a phenotypically recessive state through other changes in 

Sup35 biogenesis.  To directly test whether [PSI+]Weak aggregates persist in 

zygotes after mating [PSI+]Strong and [PSI+]Weak haploids, we performed an in vivo 

assay to assess the presence of heritable aggregates, or propagons, in zygotes [18].  
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In this assay, zygotes are isolated and grown into colonies on rich medium 

containing guanidine hydrochloride (GdnHCl), which reversibly inhibits the 

fragmentase Hsp104 [171]. During this treatment, new propagons are not created, 

and existing propagons are theoretically diluted to one unit/cell at the colony level 

[107].  The number of propagons per zygote can then be determined by dispersing 

the resulting colonies on rich medium lacking GdnHCl, where all cells that have 

inherited a [PSI+]Strong or [PSI+]Weak propagon from the original zygote can 

reamplify that aggregate through conversion, fragmentation and transmission to 

form white or pink colonies, respectively.  Thus, the number of white or pink 

colonies recovered corresponds to the number of [PSI+]Strong or [PSI+]Weak 

propagons in the original zygote, respectively. When a [PSI+]Strong  strain is mated 

to a [psi-] or [PSI+]Strong  strain, only [PSI+]Strong  propagons are recovered from the 

zygote (Figure 2a); however, when [PSI+]Strong and [PSI+]Weak strains are mated, 

both [PSI+]Strong and [PSI+]Weak propagons are recovered from the zygote (Figure 

2a). Thus, [PSI+]Weak propagons, deposited into the zygote by mating, persist, at 

least initially, in the presence of [PSI+]Strong. 

To determine whether Sup35[PSI+]Weak aggregates persist as the [PSI+]Strong X 

[PSI+]Weak zygote proliferates through cell division, we employed a mutant form 

of Sup35 (G20D) [111] that is incapable of adopting the Sup35[PSI+]Strong but not 

the Sup35[PSI+]Weak conformation to mark the latter aggregates (Supplemental 

figures 2a, a’). Specifically, we crossed  [PSI+]Strong cells to [PSI+]Weak cells 

expressing a tetracycline-inducible copy of Sup35 with a G20D mutation fused to 
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GFP. We then induced expression of Sup35(G20D)-GFP in zygotes and allowed 

them to grow into microcolonies. GFP-labeled foci, indicative of Sup35 

aggregates [51], were not observed in microcolonies derived from crosses 

between [psi-] and [psi-] or [PSI+]Strong haploids but were visible in a cross 

between [psi-] and [PSI+]Weak haploids (supplementary figures 2 b-d), 

demonstrating the specificity of the mutant Sup35. When a [PSI+]Strong and 

[PSI+]Weak strain were crossed, GFP-labeled foci were observed at the periphery of 

the microcolony (Figure 2b). The detection of Sup35(G20D)-GFP foci further 

demonstrates that Sup35[PSI+]Weak aggregates are not eliminated during 

competition with [PSI+]Strong and indicates that they persist for several generations 

after mating.   

The presence of Sup35[PSI+]Strong aggregates interferes with the amplification of 

Sup35[PSI+]Weak aggregates, but not vice-versa. 

Given the persistence of Sup35[PSI+]Weak aggregates in the presence of 

Sup35[PSI+]Strong aggregates (Figure 2), prion variant competition likely arises 

through an alteration in the biogenesis of Sup35 in the presence of 

Sup35[PSI+]Strong. It was previously hypothesized that the prion variant with the 

fastest replication rate would dominate under competitive conditions [18].  

Indeed, the replication rate is greater for [PSI+]Strong than for [PSI+]Weak  in 

isolation in haploid cells [18].  However, it remains unclear how the presence of 

one variant might alter the replication rate of another variant.  To gain insight into 
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this process, we assessed propagon numbers in zygotes containing different 

mixtures of prion variants.   

First, we assessed [PSI+]Strong propagons in crosses to [psi-], [PSI+]Weak and 

[PSI+]Strong strains. In [psi-] X [PSI+]Strong crosses, the number of [PSI+]Strong 

propagons was amplified in the zygote to an average level that was 2.5-fold 

higher than that observed in a [PSI+]Strong haploid (Figure 2a). This amplification 

brought the number of propagons to the same level as that observed in a zygote 

derived from a [PSI+]Strong X [PSI+]Strong cross, suggesting the rapid amplification 

of propagons to a diploid level in the zygote derived from the first cross (Figure 

2a). When [PSI+]Strong and [PSI+]Weak haploids were crossed, the [PSI+]Strong 

propagons amplified to a level similar to that observed in the first two crosses 

(Figure 2a), indicating that the presence of a distinct variant did not interfere with 

the replication of [PSI+]Strong.  

Next we assessed [PSI+]Weak propagons in crosses to [psi-], [PSI+]Weak and 

[PSI+]Strong strains.  In [PSI+]Weak X [psi-] crosses, [PSI+]Weak propagons amplified 

2.5-fold relative to the haploid state (Figure 3), and this level was similar to that 

observed in [PSI+]Weak X [PSI+]Weak crosses, again suggesting that propagon 

number reaches a diploid state rapidly. In contrast to our observations of 

[PSI+]Strong propagons (Figure 2a), [PSI+]Weak propagons were not amplified when 

[PSI+]Strong and [PSI+]Weak strains were crossed (Figure 3). Thus, the presence of 

� 	52



[PSI+]Strong interfered with the amplification of [PSI+]Weak propagons in zygotes, 

providing direct evidence of competition at the level of the heritable unit.   

[PSI+]Strong competes with [PSI+]Weak for soluble Sup35.     

Amplification of propagons requires conversion of soluble Sup35 to the prion 

state, and fragmentation and transmission of prion aggregates; thus, competition 

could arise at any or all of these steps of the prion cycle.  Empirical data and 

mathematical models propose that conversion of soluble protein is key to 

determining outcomes in prion variant competition [18,155].  If true, we would 

expect to detect more efficient conversion of soluble Sup35 to the [PSI+]Strong state 

than to the [PSI+]Weak state in cells containing both prions. To test this idea, we 

monitored Sup35-GFP transmissibility by fluorescence loss in photobleaching 

(FLIP), where soluble protein is highly transmissible and aggregate transmission 

is inversely dependent on size [172]. We predicted that changes in the physical 

state of the Sup35-GFP protein, both aggregate and soluble, induced by the 

presence of Sup35 in another state would be detected by this method. 

As a test of this idea, we crossed a Sup35-GFP expressing strain to [psi-], 

[PSI+]Weak, or [PSI+]Strong strains and monitored the transmission of the tagged 

protein to daughter cells by FLIP (Supplementary Figure 3). When Sup35-GFP 

was expressed in a [psi-] strain, its transmissibility was high in zygotes formed by 

mating to another [psi-] strain but became inefficient in zygotes formed by mating 
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to either a [PSI+]Strong or [PSI+]Weak strain (Supplementary Figure 3a), reflecting 

the conversion of the soluble protein to an aggregated state [172].  When Sup35-

GFP was expressed in a [PSI+]Strong strain, its transmissibility was 

indistinguishable by FLIP in the three crosses (Supplementary Figure 3b), 

consistent with their propagon numbers (Figure 3a). Thus, these matings all 

resolved to an identical complement of transmissible Sup35[PSI+]Strong aggregates.  

To determine the fate of Sup35-GFP protein derived from a [PSI+]Weak cell during 

mating, we crossed this strain to either [PSI+]Weak or [PSI+]Strong. Based on the 

amplification of [PSI+]Strong propagons in the latter cross, we would predict that a 

fraction of the Sup35-GFP protein would be incorporated into the [PSI+]Strong 

state. Indeed, the transmissibility of Sup35-GFP, derived from the [PSI+]Weak 

strain, was reduced in the cross to [PSI+]Strong relative to the cross to [PSI+]Weak 

(Figure 4a), consistent with a decrease in soluble Sup35 [172]. 

To directly link this change in FLIP profile to the conversion of soluble Sup35 to 

the [PSI+]Strong state, we repeated this experiment using a [PSI+]Weak strain 

expressing Sup35(G20D)-GFP, which is incapable of joining Sup35[PSI+]Strong 

aggregates (Supplementary Figure 2a, a’) [111].  In this scenario, the reduction in 

transmission detected by FLIP in the [PSI+]Weak Sup35-GFP X [PSI+]Strong cross 

should be eliminated if it is reporting on the conversion of Sup35-GFP to the 

[PSI+]Strong state. As predicted, the transmission profile for [PSI+]Weak crosses 

expressing Sup35(G20D)-GFP to [PSI+]Strong  or [PSI+]Weak were similar (Figure 
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4b).  Thus, the amplification of [PSI+]Strong aggregates is associated with the 

efficient incorporation of soluble Sup35 into Sup35[PSI+]Strong aggregates, even in 

the presence of [PSI+]Weak.   

While our observations provide direct evidence of prion variant competition at the 

level of conversion of soluble Sup35 protein, the mechanism through which this 

competition arises remains unclear. For example, Sup35[PSI+]Strong aggregates more 

efficiently incorporate soluble Sup35 than Sup35[PSI+]Weak aggregates when both 

are present in the same cell (Figures 2a, 4a, b), but the biochemical properties of 

the aggregates themselves cannot explain this outcome, as the former has a lower 

inherent conversion rate than the latter [18]. Thus, additional aspects of the prion 

cycle must impact variant competition. 

The presence of Sup35[PSI+]Strong aggregates does not block fragmentation of 

Sup35[PSI+]Weak aggregates 

Mathematical models of prion propagation indicate that the conversion of soluble 

protein is determined by the inherent rate of conversion by aggregates as well as 

by their number, which is tightly linked to the rate of fragmentation [18].  

Although [PSI+]Weak propagons are present in zygotes formed by crossing a 

[PSI+]Strong to a [PSI+]Weak strain, they are not amplified to the diploid level 

(Figure 3), perhaps suggesting a reduced rate of fragmentation. To assess the 

fragmentation efficiency of Sup35[PSI+]Weak aggregates in the presence or absence 
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of Sup35[PSI+]Strong aggregates, we introduced a copy of Sup35 tagged with GFP 

that is expressed from the PMFA1 promoter.  The PMFA1 promoter is a mating 

type a specific promoter that is repressed upon mating [173]; thus, Sup35-GFP 

synthesis ceases, and the fate of this existing protein can be monitored over time 

[173]. Previously, we demonstrated that [PSI+]Strong cells expressing PMFA1-

Sup35GFP gradually lose their fluorescent foci due to fragmentation by Hsp104 

and the incorporation of unlabeled Sup35.  However, if the fragmentation activity 

of Hsp104 is blocked with GdnHCl, GFP foci remain visible [75]. If Sup35-

GFP[PSI+]Weak aggregates are poorly fragmented in the presence of  Sup35[PSI+]Strong 

aggregates, we would expect the fluorescent foci to persist longer than in the 

absence of the competing prion.  

Upon mating a [PSI+]Weak  strain expressing PMFA1-Sup35GFP to a [psi-], 

[PSI+]Weak, or [PSI+]Strong strain, the resulting zygotes contain several GFP-labeled 

foci (Figure 4c-e), and these complexes persist over several hours if fragmentation 

is inhibited with GdnHCl (Figure 4c’-e’, Table 1).  In the absence of GdnHCl, 

fluorescent foci are no longer visible by 6 hours in the [PSI+]Weak Sup35-GFP X 

[psi-] or [PSI+]Weak Sup35-GFP X [PSI+]Weak  crosses, indicating that 

fragmentation of these aggregates is robust (Figure 4 f’,g’, Table 1). Similarly, in 

the [PSI+]Weak Sup35-GFP X [PSI+]Strong cross, fluorescent foci are lost by 6 hours 

when Hsp104 is active, suggesting the presence of Sup35[PSI+]Strong aggregates 

does not substantially interfere with the fragmentation of  Sup35[PSI+]Weak 
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aggregates (Figure 4h’, Table 1), eliminating this event as a mechanism 

underlying variant competition.  

The amplification of Sup35[PSI+]Strong aggregates is more sensitive to 

fragmentation rates than the amplification of Sup35[PSI+]Weak aggregates 

While the fragmentation of Sup35[PSI+]Weak aggregates is not disadvantaged by the 

presence of Sup35[PSI+]Strong aggregates, fragmentation could still provide an 

advantage to the latter by promoting the observed propagon amplification (Figure 

3). To determine how fragmentation rates affect the amplification of Sup35 

propagons during mating, we assessed their number in the presence or absence of 

GdnHCl treatment. When [PSI+]Strong crosses to [psi-], [PSI+]Weak and [PSI+]Strong 

strains are performed in the presence of GdnHCl, there is a significant drop in the 

number of [PSI+]Strong propagons relative to the untreated crosses, although the 

number of [PSI+]Weak propagons in the [PSI+]Strong X [PSI+]Weak cross does not 

significantly change (Figure 5a).  This differential impact of fragmentation on 

[PSI+]Strong and [PSI+]Weak propagons results in a dramatic change in their ratio 

from 3:1 in the untreated zygote (Figure 2a) to 1:3 in the presence of GdnHCl 

(Figure 5a). Thus, the specific amplification of [PSI+]Strong propagons is uniquely 

dependent on fragmentation activity. 

To gain more insight into this amplification, we monitored the behavior of Sup35-

GFP protein in these crosses using live-cell bleaching techniques. Consistent with 
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a block to fragmentation and an anticipated increase in aggregate size in the 

presence of GdnHCl [84], the mobile fraction of Sup35-GFP originating from a 

[PSI+]Strong strain, as assessed by fluorescence recovery after photobleaching 

(FRAP), decreased relative to the untreated zygotes for all crosses (Figure 5 b, c, 

d, Table 2). While these changes did not impact the transmissibility of the 

aggregates in the [PSI+]Strong X [PSI+]Strong cross as assessed by FLIP (Figure 5e), 

crosses that introduced a soluble pool of Sup35 (i.e. [PSI+]Strong X [psi-] and 

[PSI+]Strong X [PSI+]Weak) slightly decreased transmissibility (Figure 5f, g), 

suggesting that the increase in aggregate size brought about by the fragmentation 

block was compounded by growth through conversion to create aggregates too 

large to be transmitted [172].  Indeed, the high transmissibility of soluble Sup35-

GFP in a [psi-] strain, as assessed by FLIP, is reduced upon crossing to [PSI+]Strong 

even in the presence of GdnHCl (Supplementary Figure 3c), indicating 

conversion of the soluble pool. Together, these observations suggest that the 

amplification of [PSI+]Strong propagons is driven by fragmentation and that this 

event is necessary to create sufficient templates to efficiently convert soluble 

Sup35 to the [PSI+]Strong state. 

The number of propagons influences competition in cells containing both 

[PSI+]Strong and [PSI+]Weak 

Our observations indicate that prion variant competition arises from an increased 

propensity of [PSI+]Strong to convert soluble Sup35 to a like state in a process that 
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is largely controlled by the fragmentation of Sup35[PSI+]Strong aggregates by 

Hsp104. If true, reducing the number of [PSI+]Strong propagons will alter variant 

competition.  

To reduce the amount of [PSI+]Strong propagons in haploid cells, we grew a 

[PSI+]Strong haploid strain in the presence of GdnHCl for 12 hours. This treatment 

leads to a reduction in [PSI+]Strong propagon levels, far below the number of 

[PSI+]Weak propagons in [PSI+]Weak haploids (Figure 2a), without curing 

[PSI+]Strong  (Figure 6a; referred to as titrated [PSI+]Strong).  Consistent with the 

decrease in propagons, the titrated [PSI+]Strong strain had a corresponding increase 

in soluble Sup35, nearly equivalent to the level found in [psi-] haploids 

(Supplementary Figure 4).   

To determine how the total number of [PSI+]Strong propagons affects competition 

upon mating, we crossed the titrated [PSI+]Strong  strain with a [psi-], [PSI+]Strong, or 

[PSI+]Weak strain.  The amplification of [PSI+]Strong propagons observed in 

[PSI+]Strong crosses to either a [psi-] or [PSI+]Strong strain (Figure 2a) was also 

apparent when these strains were crossed to titrated [PSI+]Strong (Figure 6b).  In 

contrast to our observations of the [PSI+]Strong X [PSI+]Weak cross (Figure 2a), there 

was a significant decrease in the amplification of titrated [PSI+]Strong propagons in 

the presence of [PSI+]Weak (Figure 6b). Thus, [PSI+]Weak can interfere with the 

amplification of [PSI+]Strong propagons when the latter are limiting.   

� 	59



Since we linked the amplification of [PSI+]Strong to the incorporation of soluble 

Sup35 (Figure 4 a, b), one explanation for the reduction in the amplification of 

titrated [PSI+]Strong propagons in the presence of [PSI+]Weak is that Sup35[PSI+]Weak 

aggregates are competing for the conversion of soluble Sup35 more efficiently 

than Sup35[PSI+]Strong aggregates.  To test this idea, we performed FLIP in the 

titrated [PSI+]Strong crosses.  When a titrated [PSI+]Strong strain expressing Sup35-

GFP is crossed to a [PSI+]Weak strain, the transmission of Sup35-GFP is reduced 

relative to that observed in a cross to [PSI+]Strong (Figure 6c), consistent with an 

increase in the size of aggregates containing the tagged protein. Because a large 

fraction of Sup35 is soluble in the titrated [PSI+]Strong strain (Supplementary 

Figure 4) and there are two prion variants present, we are unable to determine if 

the soluble protein is converting to the [PSI+]Strong and/or [PSI+]Weak state in this 

analysis. To determine the prion variant adopted by the slowly transmitting 

Sup35-GFP, we used a different mutant: a truncated form of Sup35, 

Sup35(11-61)-GFP, which incorporates into Sup35[PSI+]Strong, but not 

Sup35[PSI+]Weak, aggregates (Supplementary Figures 2b, b’) [111].  In this 

experiment, we expressed Sup35(11-61)-GFP in the titrated [PSI+]Strong strain and 

crossed it to [PSI+]Strong or [PSI+]Weak  strains.  In contrast to our experiments with 

Sup35-GFP, Sup35(11-61)-GFP transmissibility increased in the titrated 

[PSI+]Strong X [PSI+]Weak strain and approached that of observed in the titrated 

[PSI+]Strong X [PSI+]Strong cross (Figure 6d). The reduction in the slowly 
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transmitting species in this mutant cross indicates that the wildtype species 

represented the conversion of soluble Sup35 into the [PSI+]Weak state. Thus, 

Sup35[PSI+]Weak aggregates can compete for the conversion of soluble protein, but 

only when Sup35[PSI+]Strong aggregates are limited. 

To determine if ability of [PSI+]Weak to compete with titrated [PSI+]Strong in the 

zygote resulted in dominance of the former at the colony level, we grew these 

zygotes  and  plated  them  on  medium  allowing  their  phenotypes  to  be 

distinguished. Mature diploids resulting from a [psi-] X [PSI+]Weak cross formed 

pink colonies on rich medium and those from a titrated [PSI+]Strong X [psi-]  or 

[PSI+]Strong  formed  white  colonies  on  rich  medium,  as  expected  (Figure  5e). 

Although [PSI+]Weak incorporated soluble  Sup35 (Figure 5  c,  d)  and interfered 

with the amplification of titrated [PSI+]Strong (Fig. 5b), these gains were obviously 

transient, as mature diploids resulting from this cross formed white colonies on 

rich medium that were indistinguishable from [PSI+]Strong (Figure 5e). Thus, the 

competition  between  [PSI+]Strong  and  [PSI+]Weak  continued  beyond  the  zygote 

stage. 

Discussion 

This study demonstrates that the phenotypic dominance of the [PSI+]Strong prion 

variant over the [PSI+]Weak prion variant is established in zygotes upon mating.  

Furthermore, we have shown that the phenotypic dominance of [PSI+]Strong does 

not abolish the presence of the recessive variant, [PSI+]Weak.  In fact, the recessive 
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variant, persisted for several generations as shown by GFP-labeled Sup35(G20D)

[PSI+]Weak aggregates in cells at the periphery of microcolonies (Figure 2b) and by 

the inheritance of [PSI+]Weak propagons after over 80 generations of growth 

(Figure 3). These data suggest that the [PSI+]Weak variant is capable of replicating 

in the presence of [PSI+]Strong.  Indeed, Sup35[PSI+]Weak aggregates are still 

processed by Hsp104 (Figures 4 c’, h’). Thus, the recessive variant is not simply 

passively inherited in cell populations; rather, [PSI+]Weak and [PSI+]Strong variants 

are continuously competing for propagation when present in the same cell.   

While the [PSI+]Weak variant has been shown to more efficiently convert soluble 

Sup35 to the prion state than [PSI+]Strong in vitro [18], this biochemical distinction 

cannot explain the phenotypic dominance of [PSI+]Strong in vivo. Rather, our data 

support the idea that several factors in prion biogenesis are required to establish 

dominance between variants. Using FLIP, we determined that the conversion of 

soluble Sup35 protein is more efficient onto Sup35[PSI+]Strong aggregates (Figure 

4a, b).  However, the conversion of soluble Sup35 could be redirected to 

Sup35[PSI+]Weak aggregates when Sup35[PSI+]Strong aggregates were limited (Figures 

6c, d), highlighting the key role of propagon number and thereby fragmentation in 

the competition between prion variants. Indeed, fragmentation rates greatly 

affected the ratio of [PSI+]Strong to [PSI+]Weak propagons  (Figure 5a), and 

reversing this ratio by titration of [PSI+]Strong propagons with GdnHCl allows the 

recessive variant [PSI+]Weak to effectively compete for the conversion of soluble 

Sup35 (Figures 6c, d). 
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A recent study in vitro demonstrated that Hsp104 remodels different Sup35 prion 

strains in a way that selectively amplifies prions encoding [PSI+]Strong [174].  In 

this study Hsp104 readily fragments [PSI+]Strong fibers but has a reduced ability to 

fragment [PSI+]Weak fibers.  These observations are consistent with the findings 

from this study that amplification of [PSI+]Strong is more sensitive to fragmentation 

in vivo and that [PSI+]Strong fragmentation is necessary to create sufficient 

templates to efficiently convert soluble Sup35 to the [PSI+]Strong state. 

Our observations differ from a previous report, which showed that nearly 1/3 of 

daughters have a pink colony color phenotype when [PSI+]Strong and [PSI+]Weak 

cells are crossed [175], suggesting that [PSI+]Weak could phenotypically dominate 

over [PSI+]Strong.  We obtained the yeast strains used in that study, L1758 and 

L2717, from Susan Liebman to determine if differences in genetic background 

and/or prion variant could explain the disparate observations.  However, after 

isolating >200 zygotes, we were unable to reproduce their results, [PSI+]Weak 

phenotypes in daughter cells were very infrequent, similar to those observed in 

this study (Figure 2). One possible explanation is that the variants have “evolved” 

since the original experiments were conducted to forms with expected dominance 

interactions. Thus, the possibility remains that a [PSI+]Weak could dominate a 

[PSI+]Strong variant, and the approaches that we have developed here can be 

employed to understand the molecular basis of that dominance.  
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The ability for more than one variant to co-exist is yeast cells after mating is 

consistent with evidence that variants of PrPSc co-exist in patients that present 

with CJD [153].  Studies on interspecies transmission and anti-prion drug 

selectivity both demonstrate that new variants arise under changing conditions 

[127,133,144,145].  Although it is unclear whether these variants arise due to 

conformational “mutation” or whether they are selected from an existing pool, the 

presence or emergence of recessive variants must involve the co-existence of 

distinct variants and their competition, which presumably primes prions for 

adaptation to changing environments [49].  Our data suggests that recessive 

variants can propagate cryptically in cell populations and compete for cellular 

resources that are necessary for prion replication and that changes in the cellular 

environment, such as variation in fragmentation rate, give recessive variants a 

competitive advantage.  Thus, our studies provide a molecular model for 

transitions in mammalian cells.    

In mammals, slower-replicating variants can prolong or block the dominance of a 

faster-replicating variant [150].  This observation suggests that variants are 

competing for limiting cellular resources.  The prevailing model for prion variant 

competition in mammals suggests that the main determinant of competition is the 

conversion of soluble protein [18,155]. Although the role of fragmentation is not 

well understood in mammalian prion diseases, mathematical models suggest that 

fragmentation is important for the establishment of prion disease phenotypes 

[176].  Indeed, PrP fibers that are subjected to shearing by sonication prior to 
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inoculation exhibit shorter incubation times [89,90].  The spread of PrPSc in 

mammals is also key to the onset of disease phenotypes [91].  Several 

mechanisms for prion transmission have been proposed, including the possibility 

that once prions are released into the extracellular space they diffuse through 

neural tissue [92].  In this scenario, the increased infectivity of smaller PrPSc 

fibers can be explained by their enhanced mobility in nervous tissue.    Consistent 

with this idea, recent evidence suggests that the transmission efficiency of prion 

variants through the nervous system has implications for strain interference, 

where co-inoculating strains are only capable of competing if both strains are 

efficiently transmitted to the same population of cells [97,154].   

The prion cycle is an interconnected series of events that allow efficient 

propagation, and perturbation or differences in efficiency at any step can alter the 

outcome. Such a complex system, existing at the interface of the biochemical 

properties of these proteins and their cellular environment, can only be fully 

understood in the context of live cells, as the inherent properties of the aggregates 

are poor predictors of the outcome of the competition. 

� 	65



Table 1.   Quantification of fluorescent foci in microcolonies grown in the absence or 
presence of fragmentation.

No fragmentation   
(microcolonies with 

>>20 GFP foci)

Fragmentation    
(microcolonies 

with <5 GFP foci)

[PSI+]Weak

x [PSI+]Strong 8/8 16/16

[PSI+]Weak

x [PSI+]Weak 10/10 17/17

[PSI+]Weak

x [psi-] 8/8 16/16

� 	66



Table 2.  Mobile fraction of Sup35GFP in [PSI+]Strong by FRAP.

[PSI+]Strong

x
[psi-]

[PSI+]Strong

x
[psi-]

(+GdnHCl)

[PSI+]Strong

x
[PSI+]Weak

[PSI+]Strong

x
[PSI+]Weak

(+GdnHCl)

[PSI+]Strong

x
[PSI+]Strong

[PSI+]Strong

x
[PSI+]Strong

(+GdnHCl)

Mobile 
Fraction 0.78 0.65 0.79 0.58 0.74 0.66
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Table 3.  Plasmids.

Name Description Reference

SB117 pRS303-PMFA1-Sup35GFP Satpute-Krishnan and Serio 2005

SB910 pRS304-PGPDGST(UGA)YFPNLS Langlois et al. 2016

SB869 pRS303-PMFA1-Sup35(G20D)GFP This study

SB1047 pRS306-PtetO7Sup35(G20D)GFP This study

SB1133 pRS303-PMFA1-Sup35(11-61)GFP This study

SB1120 pRS303-PMFA1-Sup35(11-61)mcherry This study
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Table 4.  Primers.

Name Sequence

ADE13’
KO

5’ 
GAGGAGTTACACTGGCGACTTGTAGTATATGTAAATCACGGCATAG
GCCACTAGTGGATCTG 3’

ADE15’
KO

5’ 
CATTGCTTACAAAGAATACACATACGAAATATTAACGATACAGCTG
AAGCTTCGTACGC 3’

Ade15’C
h

5’ CTTACCAAGCAGAGAATGTT 3’

Ade13’C
h

5’ AATGTGACACCGTCCCTG 3’

G20D 
Sup35 F

5’ CAGCAATACAGCCAGAACGATAACCAACAACAAGGTAAC 3’

G20D 
Sup35 R

5’ GTTACCTTGTTGTTGGTTATCGTTCTGGCTGTATTGCTG 3’

G20D 
check

5’ GCTACGGTTGGCCCATACCTTTAT 3’

F 11-61 
BamHI

5’ AAAGGATCCATGCAAAACTACCAGCAATACAGCC 3’

R 11-61 
XbaHI

5’ AAATCTAGATTGATAGCCACCTTGTTGGTACCC 3’

F GFP 
XbaI

5’ AAATCTAGAATGGCTAGCAAAGGAGAAGAACTCTTCACTGG 3’

R GFP 
SacI

5’ AAAGAGCTCTTATTTGTATAGTTCATCCATGCCATGTGTAATCCC 
3’
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Table 5.  Strains.

Strain Genotype Plasmids 
Integrate
d 

Reference 

74-D694 MATa (or MATα or MATa/α) [PSI+] 
(or [psi-]) ade1-14 his3Δ200 
trp1-289 ura3-52 leu2-3,112 

- Chernoff et al. 1995 

SLL2606 MATa [PSI+] ade1-14 his3Δ200 trp1- 
289 ura3-52 leu2-3, 112 

- Chernoff et al. 1995 

SLL2119 MATa [psi–] [RNQ+] ade1-14 
his3Δ200 trp1-289 ura3-52 leu2-3, 
112 

- Chernoff et al. 1995 

SLL2600 MATa [PSI+]Weak ade1-14 his3Δ200 
trp1-289 ura3-52 leu2-3, 112 

- Derkatch et al. 1996 

SLL3250 MATα [PSI+] ade1-14 his3Δ200 trp1- 
289 ura3-52 leu2-3, 112 

- Satpute-Krishnan and 
Serio 2005

SLL3251 MATα [psi–] [RNQ+] ade1-14 
his3Δ200 trp1-289 ura3-52 leu2-3, 
112 

- Satpute-Krishnan and 
Serio 2005

SY1220 MATα [PSI+]Weak ade1-14 his3Δ200 
trp1-289 ura3-52 leu2-3, 112 

- Derdowski et al. 2010

SY597 MATa [PSI+]Strong ade1–14 trp1–289 
his3Δ200::HIS3::PMFA1SUP35-
GFP ura3–52 leu2–3,112

SB117 Satpute-Krishnan et al. 
2007

SY360 MATa [psi-] ade1–14 trp1–289 
his3Δ200::HIS3::PMFA1SUP35-
GFP ura3–52 leu2–3,112 

SB117 Satpute-Krishnan and 
Serio 2005

SY932 MATa [PSI+]Weak ade1–14 trp1–289 
his3Δ200::HIS3::PMFA1SUP35-
GFP ura3–52 leu2–3,112 

SB117 This study

SY2201 MATa [PSI+]Weak ade1–14 trp1–289 
his3Δ200::HIS3::PMFA1SUP35(G20
D)-GFP ura3–52 leu2–3,112 

SB869 This study
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SY2203 MATa [PSI+]Strong ade1–14 trp1–289 
his3Δ200::HIS3::PMFA1SUP35(G20
D)-GFP ura3–52 leu2–3,112 

SB869 This study

SY3446 MATa [PSI+]Strong ade1–14 trp1–289 
his3Δ200::HIS3::PMFA1SUP35(11-6
1)-GFP ura3–52 leu2–3,112 

SB1133 This study

SY2686 MATα [PSI+]Weak ade1-14 his3Δ200 
t r p 1 - 2 8 9 : : T R P 1 : : 
PGPDGST(UGA)YFPNLS ura3-52 
leu2-3, 112 

SB910 This study

SY2393 MATα [psi–] ade1-14 his3Δ200 trp1- 
2 8 9 : : T R P 1 : : 
PGPDGST(UGA)YFPNLS ura3-52 
leu2-3, 112 

SB910 Langlois et al. 2016

SY1613 MATa [psi-] ade1-14::hygR his3Δ200 
trp1- 289 ura3-52 leu2-3, 112 

- This study

SY2206 MATa [PSI+]Strong ade1-14::hygR 
his3Δ200 trp1- 289 ura3-52 leu2-3, 
112 

- This study

SY3088 MATa [psi-] ade1-14 his3Δ200 
trp1-289::TRP1::PtetO7SUP35(G20
D)GFP leu2-3,112 ura3- 52 

SB1047 This study

SY3193 MATa [PSI+]Weak ade1-14 his3Δ200 
trp1-289::TRP1::PtetO7SUP35(G20
D)GFP leu2-3,112 ura3- 52 

SB1047 This Study

SY3421 MATa [PSI+] ade1–14 trp1–289 
his3Δ200::HIS3::PMFA1SUP35(11-6
1)mcherry ura3–52 leu2–3,112 

 SB1120 This study

SY3423 MATa [PSI+]Weak ade1–14 trp1–289 
his3Δ200::HIS3::PMFA1SUP35(11-6
1)mcherry ura3–52 leu2–3,112 

  SB1120 This study
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Materials and Methods

Plasmid construction

All plasmids used in this study are listed in Table 3. All primer sequences are 

listed in Table 4. 

The pMFA1-Sup35(G20D)GFP plasmid SB869 was constructed by QuikChange 

(Stratagene)  of  SB117  using  primers  G20D  Sup35  F  and  G20D  Sup35  R 

following  the  manufacturer’s  instructions.   The  mutation  was  confirmed  by 

sequencing using primer G20D check.

The  PtetO7Sup35(G20D)GFP plasmid  was  constructed  by  insertion  of  PtetO7 

digested  with  ClaI  and  BamHI  from  SB661  into  ClaI  and  BamHI  digested  

SB869.

The  pMFA1-Sup35(11-61)mcherry  plasmid  SB1120  was  constructed  by 

amplifying  the  DNA sequence  for  methionine  plus  amino  acids  11-61  using 

primers using primers F 11-61 BamHI and R 11-61 Xba1 from plasmid SB117.  

The amplified sequence was BamHI and XbaI digested and integrated into SB101.  

Mcherry sequence was amplified from SB604 using primers XbaI mcherry F and 

SacI  mcherry  R.   The  amplified  sequence  was  XbaI  and  SacI  digested  and 

integrated into SB101.
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The pMFA1-Sup35(11-61)GFP plasmid SB1133 was constructed by amplifying 

GFP with  primers  F  GFP XbaI  and  R  GFP SacI  from  plasmid  sb117.  The 

amplified sequence was XbaI and SacI digested and integrated into SB1120.

Strain construction

All strains used in this study are listed in Table 5 and are derivatives of 74-D694.  

All primers are listed in table 4.

Disruptions of ADE1 in SY1613 and SY2206 were generated by transformation 

of  PCR-generated  cassettes  using  pFA6aKanMX4  [177]  as  a  template  with 

ADE13’KO and ADE15’KO and selection on complete medium supplemented 

with G418.  Strains were screened for ADE1 disruption by PCR using primers 

Ade15’Ch and Ade13’Ch, 2:2 segregation of the appropriate marker, and colony 

color phenotype.

 

The  pMFA1-Sup35-GFP expressing  strains  [PSI+]Strong   and  [psi-]   have  been 

previously  described  [74],  the  [PSI+]Weak  strain  SY932  was  constructed  by 

integrating of  Eco47III-digested SB117 in SY2600 and selection on SD-His, and 

screening for fluorescence by microscopy.  

� 	73



Strains  expressing  pMFA1-Sup35(G20D)-GFP,  SY2201  and  SY2203,  were 

constructed by integrating of  Eco47III-digested SB869 in SY2600 and selection 

on SD-His.  

Tet07Sup35-GFP  expressing  strains,  SY2393  and  SY2686,  were  made  by 

integration of Eco47III-digested SB1047 in 2600 and selection on SD-His, and 

screening for fluorescence by microscopy.  

Fluorescent  read-through  strains,  SY3088  and  SY3079,  were  constructed  by 

integrating  a  PpuMI-digested  SB910  (pRS304-  PGPDGST(UGA)YFPNLS)  in 

SLL3250, selecting on SD-Trp, and screening for fluorescence by microscopy.

Strains  expressing  pMFA1-Sup35(11-61)-GFP,  SY2201  and  SY2203,  and 

mCherry,  SY3421 and SY3423,  were constructed by integration of   Eco47III-

digested SB1133 and SB1120 in SY2600 and selection on SD-His, and screening 

for fluorescence by microscopy.  

Growth conditions

All strains were grown in rich medium supplemented with 3mM adenine (YPAD), 

unless otherwise specified. Unless otherwise indicated, cultures were grown in a 

shaking incubator at 30°C and maintained at an OD600 of less than 0.5 for at least 

10 doublings to ensure exponential growth.

� 	74



Growth conditions for cell crosses

Liquid cultures of MATa and MAT were grown overnight in YPAD so they were 

in  exponential  phase  for  mating  (OD600  0.1  –  0.2).  Cells  were  collected  by 

centrifugation,  washed  once  in  SD+2.5mM  Ade,  and  then  mixed  on  solid 

complete  medium  containing  and  2.5  mM  adenine.  For  the  condition  where 

fragmentation was inhibited from the beginning of the mating reaction, cells were 

mixed on solid complete medium containing 2.5 mM adenine and 3 mM GdnHCl.  

To test  zygote growth in the absence of adenine,  haploid cells  were mated as 

above with the following exceptions: overnight cultures were grown in minimal 

medium containing 15 mg/ml adenine [38]; mating reactions were incubated on 

minimal medium containing 5 mg/ml adenine and 200 mg/ml cytosine [38], and 

isolated zygotes were transferred to minimal medium lacking adenine for 24 h or 

containing 2.5 mM adenine for 6.5 h to score growth. Zygotes were isolated by 

micromanipulation,  and  agar  pads  with  zygotes  were  cut  from  plates  and 

transferred to microscope slides for imaging.

To  test  for  persistence  of  Sup35[PSI+]Weak  aggregates,  Tetracycline-inducible 

Sup35(G20D)GFP zygotes  were  transferred to  minimal  medium with  10μg/ml 

doxycycline for 12 hours.  Zygotes were isolated by micromanipulation, and agar 

pads with zygotes were cut from plates and transferred to microscope slides for 

imaging.
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Propagon Counts

The number of propagons per cell/zygote was determined by an in vivo colony-

based dilution assay, as previously described [107].  

Titration of propagons

Cultures were first grown in YPAD + 3mM GdnHCl for 12 hours. Then, cells 

were pelleted, resuspended in YPAD to an OD600 of 0.1, and grown at 30°C. The 

number of propagons per cell was then determined at the indicated time points 

using the colony-based dilution assay [107].

Conversion Assay

Cultures  were  grown  in  SD  +2.5mM  adenine  overnight,  collected  by 

centrifugation  and  incubated  in  medium  conditioned  by  cells  of  the  opposite 

mating type for one hour. Equal OD600 units of each mating partner were then 

mixed and incubated on solid SD + 2.5mM adenine and allowed to mate for 4 

hours at 30°C (except where indicated, mating took place on solid SD + 2.5mM 

adenine + 3mM GdnHCl). Cells were then resuspended in SD + 2.5mM adenine 

and transferred to microscope slides for imaging.

Protein Analysis

SDS-PAGE and immunoblotting were performed as previously described [178].

Imaging
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Imaging was performed in complete minimal medium supplemented with 2.5mM 

adenine. Static images were obtained on a Zeiss Axio Imager M2 fluorescent light 

microscope with a 100x objective. Fluorescence intensity was analyzed using the 

Zen software package (Zeiss, Germany).

Imaging and Fluorescence Loss In Photobleaching (FLIP) 

Experiments  were  performed  on  a  Zeiss  LSM510  or  Zeiss  880  confocal 

microscope equipped with a  100x objective and an Argon/Helium Neon laser. 

Frames  (2x  zoom,  1  Airy  unit)  were  collected  using  488-nm  excitation  and 

500-560nm  emission  wavelengths  for  GFP-tagged  proteins.  For  FLIP,  laser 

intensity  was  set  to  5% for  image  acquisition  and  100% for  bleaching  for  8 

iterations.  Zygotes  with  mature  buds  were  chosen  for  analysis,  and  average 

fluorescence pixel  intensity  was  monitored in  the  mother  cell,  the  bud,  and a 

nearby  control  cell,  with  bleaching  of  the  entire  bud  following  each  image 

acquisition.  Image  analysis  was  performed  using  Zeiss  LSM  Image  Analysis 

software,  where  specific  values  were  normalized  to  background  levels  of 

fluorescence loss and presented as time post-initial bleach.

Fluorescence Recovery After Photobleaching (FRAP)

Experiments were performed on a Zeiss LSM510 confocal microscope equipped 

with a 100x objective and an Argon/Helium Neon laser. Frames (2x zoom, 1 Airy 

unit)  were  collected  using  488-nm  excitation  and  500-560nm  emission 

wavelengths for GFP-tagged proteins.  For FRAP, laser intensity was set to 5% 
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for  image acquisition  and 100% for  bleaching for  8  iterations.   Zygotes  with 

mature buds were chosen for analysis, and average fluorescence pixel intensity 

was  monitored  in  the  entire  zygote  and  a  nearby  control  cell,  following  the 

bleaching of an area drawn in the cytoplasm to encompass soluble Sup35-GFP or 

foci  and  to  avoid  the  vacuole.   FRAP data  were  independently  corrected  for 

photobleaching (by comparison with a neighboring region in the same cell) and 

normalized against prebleach values as previously described [179]. All data were 

normalized,  both  for  photobleaching  and  for  bleach  depth,  and  fit  using  the 

easyFRAP software package [180]
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Figure  1.   The  [PSI+]Strong   phenotype  is  immediately  established  in  [PSI+]Strong  x           
[PSI+]Weak zygotes. a-d.’ Zygotes resulting from [psi-] Δade1 or [PSI+]Strong Δade1 crosses 
were isolated and grown on synthetic complete medium (+adenine) (a-d) or synthetic 
complete medium lacking adenine (-adenine) (a’-d’). Scale bar=10μm.  e.  Growth on 
synthetic complete medium lacking adenine (-adenine) was quantified by total number of 
buds/zygote.  Horizontal lines on boxes indicate 25th, 50th, and 75th percentiles.  Whiskers 
indicate  10th  and  90th  percentiles.  Data  from  three  independent  experiments,  each 
analyzing  >6  zygotes.   *p=0.01,  **p>0.001,  student’s  t-test.   f.  [PSI+]Weak  strain 
expressing  fluorescent  readthrough  reporter  GST(UGA)YFPNLS was  mated  to  [psi-], 
[PSI+]Weak  and [PSI+]Strong.   Representative images of nuclear fluorescence in crosses. 
Scale bar=2μm. g. Nuclear fluorescence intensity of zygotes was quantified.  Horizontal 
lines on boxes indicate 25th, 50th, and 75th percentiles.  Whiskers indicate 10th and 90th 
percentiles.   Data  from  three  independent  experiments,  each  analyzing  >9  zygotes. 
***p>0.001, student’s t-test.
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Figure 2. [PSI+]Weak is not eliminated in [PSI+]Strong x [PSI+]Weak crosses.  a. [PSI+]Strong 

was mated to [psi-], [PSI+]Weak  and [PSI+]Strong.  The number of strong propagons (white) 
or weak propagons (grey) was determined for [PSI+]Strong haploids, [PSI+]Weak haploids 
and zygotes from indicated crosses. Horizontal lines on boxes indicate 25th, 50th, and 75th 
percentiles.  Whiskers indicate 10th and 90th percentiles.  Data from three independent 
experiments, each analyzing >5 zygotes.  ***p>0.001.  b. [PSI+]Weak strain expressing 
Sup35(G20D)-GFP was  mated  to  [PSI+]Strong  and  imaged.   Scale  bar=10μm.  Arrows 
indicate GFP foci visible at the periphery of microcolonies from [PSI+]Strong x [PSI+]Weak 

cross.
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Figure 3.   [PSI+]Strong  interferes with the replication of [PSI+]Weak,  but not vice-versa.  
[PSI+]Weak  was  mated  to  [psi-],  [PSI+]Weak   and  [PSI+]Strong.   The  number  of  weak 
propagons was determined in crosses as indicated.  Horizontal lines on boxes indicate 
25th, 50th, and 75th percentiles.  Whiskers indicate 10th and 90th percentiles.  Data from 
three independent experiments, each analyzing >5 zygotes.  ***p>0.001, student’s t-test.
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Figure 4.  [PSI+]Strong outcompetes [PSI+]Weak for the conversion of soluble Sup35.  a.  The 
proportion of Sup35 transmitted to daughter cells was determined by fluorescence loss in 
photobleaching (FLIP) in zygotes resulting from crossing [PSI+]Weak expressing Sup35-
GFP to a [psi-] (red boxes), [PSI+]Weak (pink boxes) or [PSI+]Strong (white boxes) strain.  
Error bars represent standard error of the mean from three independent experiments, each 
analyzing 8 zygotes.   b.   The proportion of  Sup35 transmitted to daughter  cells  was 
determined  by  fluorescence  loss  in  photobleaching  (FLIP)  in  zygotes  resulting  from 
crossing [PSI+]Weak expressing Sup35(G20D)GFP to a [psi-] (red boxes), [PSI+]Weak (pink 
boxes) or [PSI+]Strong (white boxes) strain.  Error bars represent standard error of the mean 
from three independent experiments, each analyzing >8 zygotes.  c-e.’ MATa [PSI+]Weak 

haploids expressing untagged Sup35 and Sup35-GFP from PMFA1 were mated to MATa 
[psi-], [PSI+]Weak  and [PSI+]Strong haploids constitutively expressing untagged Sup35 in 
the presence of GdnHCl. For each cross, a zygote (left) and a microcolony derived from 
that  zygote  (right)  are  shown (n=15).  Scale  bar=2μm. f-h.’ Shown are  representative 
images (n=8) of indicated crosses in the presence of functional Hsp104.
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Figure 5.  Fragmentation is limiting for [PSI+]Strong amplification.  a.  [PSI+]Strong was 
mated to a [psi-], [PSI+]Weak  or [PSI+]Strong strain in the presence of GdnHCl.  The number 
of  [PSI+]Strong  (white)  or  [PSI+]Weak  (grey)  propagons  was  determined  in  crosses  as 
indicated  and  normalized  to  number  of  propagons  in  untreated  crosses  (figure  2).  
Horizontal lines on boxes indicate 25th, 50th, and 75th percentiles.  Whiskers indicate 10th 
and  90th  percentiles.   Data  from  three  independent  experiments,  each  analyzing  >5 
zygotes.   ***p>0.001,  student’s  t-test.   b-d.  Sup35  mobility  was  determined  by 
fluorescence recovery after photobleaching (FRAP) in zygotes resulting from crossing a 
[PSI+]Strong strain expressing Sup35-GFP to a [psi-], [PSI+]Weak  or [PSI+]Strong strain in the 
absence  (white  boxes)  or  presence  (grey  boxes)  of  GdnHCl.   Error  bars  represent 
standard  error  of  the  mean  from  three  independent  experiments,  each  analyzing  >9 
zygotes.  e-g.  The proportion of Sup35 transmitted to daughter cells was determined by 
fluorescence loss in photobleaching (FLIP) in zygotes resulting from crossing [PSI+]Strong 
expressing Sup35(G20D)GFP to a [psi-], [PSI+]Weak, or [PSI+]Strong strain in the absence 
(white boxes) or presence (grey boxes) of GdnHCl.  Error bars represent standard error of 
the mean from three independent experiments, each analyzing >8 zygotes.  
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Figure 6.  The number of templates is limiting for competition.  a. A [PSI+]Strong strain 
was  grown  in  the  presence  of  GdnHCl  over  12  hours.  The  number  of  [PSI+]Strong 

propagons was determined at indicated time points.  b.  [PSI+]Strong haploids grown in the 
presence of GdnHCl for 12 hours (titrated [PSI+]Strong) was mated to a [psi-], [PSI+]Weak  or 
[PSI+]Strong strain in the presence of GdnHCl.  The number of [PSI+]Strong propagons was 
determined in crosses as indicated and normalized to number of propagons in crosses to 
untitrated [PSI+]Strong (figure 2).  Horizontal lines on boxes indicate 25th, 50th, and 75th 
percentiles.  Whiskers indicate 10th and 90th percentiles.  Data from three independent 
experiments, each analyzing >6 zygotes.  ***p>0.001, student’s t-test.  c.  The proportion 
of  Sup35  transmitted  to  daughter  cells  was  determined  by  fluorescence  loss  in 
photobleaching (FLIP) in zygotes resulting from crossing titrated [PSI+]Strong expressing 
Sup35-GFP to a [psi-] (red boxes), [PSI+]Weak (pink boxes) or [PSI+]Strong (white boxes) 
strain.   Error  bars  represent  standard  error  of  the  mean  from  three  independent 
experiments,  each analyzing >8 zygotes.   d.   The proportion of Sup35 transmitted to 
daughter cells was determined by fluorescence loss in photobleaching (FLIP) in zygotes 
resulting from crossing titrated [PSI+]Strong expressing Sup35(11-61)GFP to a [psi-] (red 
boxes), [PSI+]Weak (pink boxes) or [PSI+]Strong (white boxes) strain.  Error bars represent 
standard  error  of  the  mean  from  three  independent  experiments,  each  analyzing  >8 
zygotes.  e.  Representative images of colony color phenotypes when crossing titrated 
[PSI+]Strong to a [psi-], [PSI+]Weak, or [PSI+]Strong strain and a control [PSI+]Weak cross.
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Supplementary figure 1. Conversion of soluble Sup35.  [psi-] strain expressing fluorescent 
readthrough reporter GST(UGA)YFPNLS was mated to [psi-], [PSI+]Weak  and [PSI+]Strong. 
Nuclear  fluorescence  intensity  of  zygotes  was  quantified.   Horizontal  lines  on  boxes 
indicate 25th, 50th, and 75th percentiles.  Whiskers indicate 10th and 90th percentile.  Data 
from three independent experiments, each analyzing >9 zygotes. ***p>0.001, student’s t-
test.
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Supplementary  figure  2.   Sup35  mutants  differentially  mark  variants.  Fluorescently-
labeled  Sup35 mutants  are  variant  specific.   a,a.’Sup35(G20D)GFP was  expressed in 
[PSI+]Weak  and  [PSI+]Strong  haploids;  arrow  indicates  fluorescent  foci.   b-b.’ 
Sup35(11-61)mCherry  was  expressed  in  [PSI+]Weak  and  [PSI+]Strong  haploids;  arrow 
indicates fluorescent foci. Scale bar=2μm. c-e. [psi-] strain containing Sup35(G20D)-GFP 
was mated to [psi-], [PSI+]Weak  and [PSI+]Strong.  Arrows indicate GFP foci visible at the 
periphery of microcolonies from [psi-]  x [PSI+]Weak cross.  Scale bar=10μm. 
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Supplementary figure 3.  The presence of [PSI+] alters Sup35GFP transmission.  a. The 
proportion of Sup35 transmitted to daughter cells was determined by fluorescence loss in 
photobleaching  (FLIP)  in  zygotes  resulting  from  crossing  a  [psi-]  strain  expressing 
Sup35-GFP to a [psi-] (red boxes), [PSI+]Weak (pink boxes) or [PSI+]Strong (white boxes) 
strain.   Error  bars  represent  standard  error  of  the  mean  from  three  independent 
experiments,  each  analyzing  8  zygotes.   b.  The  proportion  of  Sup35  transmitted  to 
daughter cells was determined by fluorescence loss in photobleaching (FLIP) in zygotes 
resulting from crossing [PSI+]Strong expressing Sup35-GFP to [psi-] (red boxes), [PSI+]Weak 

(pink boxes) and [PSI+]Strong (white boxes).  Error bars represent standard error of the 
mean from three independent experiments, each analyzing >8 zygotes.  c.  The proportion 
of  Sup35  transmitted  to  daughter  cells  was  determined  by  fluorescence  loss  in 
photobleaching  (FLIP)  in  zygotes  resulting  from  crossing  a  [psi-]  strain  expressing 
Sup35-GFP to [psi-] (red boxes) or [PSI+]Strong (white boxes) strains in the presence of 
GdnHCl.   Error  bars  represents  standard  error  of  the  mean  from  three  independent 
experiments, each analyzing >8 zygotes.
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Supplemental Figure 4.  Titrated [PSI+]Strong has similar levels of soluble Sup35 to [psi-].  
Cell lysates from [psi-], [PSI+]Strong and titrated [PSI+]Strong were incubated at 53°C and 
100°C in the presence of SDS before SDS-PAGE and immunoblotting for Sup35.
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Chapter 3: Discussion
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Summary of findings

Summary of findings

Experiments presented in chapter 2 have elucidated the mechanisms underlying 

variant competition in yeast. Using cell fusion associated with mating, we were 

able to introduce the [PSI+]Weak and [PSI+]Strong prion variants into the same cell 

and to vary the inputs into these cell crosses to investigate how different factors in 

prion  biogenesis  contribute  to  variant  competition.  The  data  presented  in  this 

work show that the dominant variant phenotypically masks the presence of the 

recessive variant and that prion variants can co-exist for several generations after 

being introduced into the same cell by mating.  In this study we also demonstrated 

that the competition between prion variants is determined by competition for the 

conversion of soluble protein. This advantage does not arise from the inherent 

conversion  rates  of  amyloid  aggregates  composed  of  protein  in  either 

conformation but rather from other cellular factors that influence prion biogenesis, 

such as fragmentation rates and the number of templates present within the cell.

[PSI+]Strong phenotype is established within the zygote

In this  study we demonstrated that  the [PSI+]Strong  phenotype is  established in 

nascent zygotes after mating [PSI+]Strong and [PSI+]Weak cells.  Using two different 

methods, we assessed the physical state of Sup35 in single cells by monitoring 

loss  of  Sup35  activity  as  stop-codon  read  through  efficiency.   As  previously 

mentioned, the physical state of Sup35 impacts its ability to efficiently terminate 
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translation at stop codons [51,52].  In yeast with the ade1-14 allele, growth on 

medium lacking adenine is dependent on suppression of the premature stop codon 

and the expression of full-length Ade1, which happens only when Sup35 activity 

is reduced by aggregation.  Similarly, we indirectly monitored the physical state 

of Sup35 by stop codon readthrough using a fluorescent reporter. 

The [PSI+]Strong phenotype is dominant to [PSI+]Weak in nascent zygotes as these 

cells  gain  the  ability  to  grow on  medium lacking  adenine,  a  hallmark  of  the 

[PSI+]Strong  state  that  is  consistent  with  the  previously  observed  immediate 

phenotypic dominance of [PSI+]Strong over [psi-] in zygotes [74].  Since growth on 

medium lacking adenine is dependent on the level of soluble Sup35, the ability of 

[PSI+]Strong x [PSI+]Weak zygotes to grow in the absence of adenine suggests that 

the  soluble  Sup35  present  in  the  [PSI+]Weak  cytoplasm  predominantly  joined 

[PSI+]Strong aggregates upon cell fusion.  These results were also confirmed using 

the fluorescence readthrough assay. In crosses where [PSI+]Strong is present, stop 

codon readthrough efficiency exceeds the level seen in the [PSI+]Weak x [psi-] or 

the [PSI+]Weak X [PSI+]Weak crosses.  Thus, [PSI+]Strong establishes its phenotypic 

dominance rapidly upon mixing with the [PSI+]Weak variant.  Taken together, these 

experiments  demonstrate  that  the  [PSI+]Strong  phenotype  is  established  in  the 

zygote after mating [PSI+]Strong and [PSI+]Weak cells.  

The [PSI+]Weak variant persists after the [PSI+]Strong phenotype is established
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To assess  competition  at  the  level  of  heritable  aggregates,  we  used  a  colony 

dilution  assay  to  determine  how  [PSI+]Weak  and  [PSI+]Strong  aggregate  levels 

fluctuate when mixed in a single cell by mating. A cell cross between [PSI+]Weak 

and  [PSI+]Strong  generated  a  significant  number  of  colonies  that  inherited  the 

[PSI+]Weak phenotype.  One possible explanation for why we recovered some cells 

that inherited [PSI+]Weak aggregates is that these [PSI+]Weak colonies arose from a 

spontaneous  change  into  the  [PSI+]Weak  phenotype,  rather  than  from  the 

inheritance of [PSI+]Weak aggregates from the original cell cross with [PSI+]Strong. 

However, control crosses between [PSI+]Weak x [PSI+]Weak or [psi-] and [PSI+]Strong 

x [PSI+]Strong or [psi-] generated nearly 100% [PSI+]Weak or [PSI+]Strong colonies, 

respectively, with very few spontaneous occurrences of conformation switching.  

Typically,  [PSI+]  variants  are  stable  once  established  and  do  not  interconvert 

[104,163].  The  appearance  of  [PSI+]Weak  resulting  from  the  [PSI+]Weak  and 

[PSI+]Strong cross is much greater than previously reported levels of spontaneous 

[PSI+] appearance or loss [157,181], suggesting that progeny with the [PSI+]Weak 

phenotype  resulting  from  the  [PSI+]Weak  and  [PSI+]Strong  cross  are  a  result  of 

[PSI+]Weak aggregates that persist, rather than arise de novo.  

Observations from our propagon assay indicate that [PSI+]Weak can be recovered 

from [PSI+]Strong x [PSI+]Weak crosses; however, it is possible that the interaction 

between prion variants also leads to the generation of novel conformational states.  

A major challenge in addressing this issue experimentally is the sensitivity of the 

available assays.  One effective way to distinguish between [PSI+] variants is by 
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introducing point mutations in the prion-forming domain [111] that are variant 

specific.  Indeed, we demonstrated that Sup35(G20D)GFP, which preferentially 

incorporates  into  Sup35[PSI+]Weak  aggregates,  incorporated  into  aggregates  in 

progeny that arose from mating [PSI+]Strong and [PSI+]Weak cells.  The detection of 

Sup35(G20D)-GFP foci  further  demonstrates  that  [PSI+]Weak  is  not  eliminated 

during competition and persists for several generations after mating.

Factors in prion biogenesis that contribute to [PSI+]Strong dominance

To  determine  how the  presence  of  one  variant  affects  the  replication  rate  of 

another, we again employed the propagon-typing assay.  The data from this study 

show that the presence of [PSI+]Weak did not interfere with the amplification of 

[PSI+]Strong propagons.  However, the presence of [PSI+]Strong interfered with the 

amplification  of  [PSI+]Weak  as  compared  to  replication  rates  of  [PSI+]Weak  in 

[PSI+]Weak X [psi-] or [PSI+]Weak X [PSI+]Weak crosses, providing direct evidence of 

competition at the level of the heritable unit.  

To determine whether the conversion step of prion biogenesis contributes to the 

competition between variants, we monitored the transmission of Sup35GFP by 

FLIP.  The transmission profile of Sup35-GFP, derived from the [PSI+]Weak strain, 

was reduced in the cross to [PSI+]Strong relative to the cross to [PSI+]Weak consistent 

with our prediction that Sup35-GFP protein would be incorporated into the 

[PSI+]Strong state. To directly link this change in FLIP profile to the conversion of 

soluble Sup35, we repeated this experiment using a [PSI+]Weak strain expressing 
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Sup35(G20D)-GFP, which is incapable of joining Sup35[PSI+]Strong aggregates and 

found that the transmission profile of Sup35 did not change, suggesting that the 

change in transmission observed in the original cross was due to the incorporation 

of Sup35 onto [PSI+]Strong aggregates.

We also assessed the role of fragmentation on variant competition.  Our results 

indicate that the presence of a dominant variant does not block fragmentation of 

the recessive variant.  Sup35-GFP foci in [PSI+]Weak x [PSI+]Strong are lost by 6 

hours when Hsp104 is active but are retained when Hsp104 activity is blocked by 

the addition of Hsp104.  While the fragmentation of Sup35[PSI+]Weak aggregates is 

not disadvantaged by the presence of Sup35[PSI+]Strong aggregates, fragmentation 

could still provide an advantage to [PSI+]Strong. In the absence of fragmentation in 

vivo, the less-efficiently fragmented [PSI+]Weak variant gained an advantage over 

the  more  readily-fragmented  [PSI+]Strong,  as  compared  to  when  aggregate 

fragmentation occurs. 

Enhanced fragmentation in [PSI+]Strong leads to a greater number of [PSI+]Strong 

aggregates in haploid cells.  By reducing the amount of [PSI+]Strong propagons in 

haploid cells prior to mating with [PSI+]Weak, we observed a significant decrease 

in  the  amplification  of  [PSI+]Strong  as  compared  with  [PSI+]Strong  X  [PSI+]Weak 

cross. One explanation for the reduction in the amplification of titrated [PSI+]Strong 

propagons  in  the  presence  of  [PSI+]Weak  is  that  Sup35[PSI+]Weak  aggregates  are 

competing  for  the  conversion  of  soluble  Sup35  more  efficiently  than 
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Sup35[PSI+]Strong aggregates.  Consistent with this reasoning, we found that when a 

titrated [PSI+]Strong strain expressing Sup35-GFP is crossed to a [PSI+]Weak strain, 

the transmission of Sup35-GFP is reduced relative to that observed in a cross to 

[PSI+]Strong.  In contrast, Sup35(11-61)-GFP transmission profiles were similar in 

crosses  between  titrated  [PSI+]Strong  and  [PSI+]Strong  or  [PSI+]Weak.   Thus, 

Sup35[PSI+]Weak aggregates can compete for the conversion of soluble protein, but 

only when Sup35[PSI+]Strong aggregates are limited.

Implications for prion biology

Variant co-existence and prion adaptation

This work shows that “recessive” prion variants can propagate cryptically after 

exposure to a  dominant  variant  and that  their  presence can be masked by the 

dominant prion variant phenotype.  The presence of more than one variant has 

recently been confirmed in patients that  present with CJD [153].   Mammalian 

studies on prion competition also demonstrate that recessive variants can persist 

after  a  dominant  phenotype  is  established  [51,52,155].   It  is  unclear  how the 

presence of more than one variant affects disease phenotypes; however, the ability 

of recessive variants to replicate cryptically could have implications for the ability 

of  prions  to  adapt  to  changing  environments.  Studies  in  mammals  show that 

alternative prion conformations can be selected for in response to anti-prion drug 

treatments  [74,144-146].   It  remains  unclear  whether  these  alternate 

conformations arise de novo or are selected for in the presence of the anti-prion 
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drug; however, the presence of pre-existing recessive variants could prime prions 

for rapid adaption to changing environments.    

As previously mentioned, the [PSI+]  prion is  thought to confer adaptability to 

yeast in changing environments by altering expression profiles [65,104,163].  The 

conformational  flexibility  of  the  [PSI+]  state  could  add  another  layer  of 

adaptability  to  enable  survival  [14,157,181].  Indeed,  yeast  prion variants  have 

been  detected  in  wild  yeast  [111,182].   [PSI+]  variants  exhibit  different 

susceptibilities to changing environments, for example [PSI+]Weak cells are more 

susceptible to curing by heat-shock than [PSI+]Strong [153,183].  [PSI+] variants 

also show sensitivities to drug treatments [1].  Genetic variation also influences 

[PSI+] variant stability. [PSI+]Strong is more susceptible to curing by a mutations in 

the Sup35 prion-forming domain, Sup35(G58D), than [PSI+]Weak [3] whereas the 

overexpression of Sup45p, a protein known to complex with Sup35p, increases 

the nonsense suppression in derivatives containing [PSI+]Weak, but not [PSI+]Strong, 

variants [7]. The ability of more than one variant to exist in a single cell would 

allow yeast to adapt more rapidly to changing environments or genetic mutations. 

It  is  likely  that  [PSI+]  states,  although  typically  stable,  actually  represent  a 

dynamic range of conformational variants that arise and compete continuously.  A 

recent study on [PSI+] variants in yeast demonstrated that an apparently purified 

[PSI+] variant could give rise to a full range of conformational variants among 

progeny even under non-selective conditions, suggesting that [PSI+] states do not 
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represent a single fixed conformation but instead are a dynamic array of related, 

interconverting  self-propagating  amyloid  structures  [11].   Additionally,  [PSI+] 

variants  have  been  described  that  are  only  stably  inherited  under  certain 

conditions.   For  example,  there  are  a  range  of  [PSI+]  variants  that  are  not 

compatible  with  wild-type  cells,  termed  “suicidal”  [PSI+],  that  can  stably 

propagate  only  when  the  Sup35  C-terminal  domain  is  overexpressed  [12].  

Finally,  several  studies  demonstrate  that  [PSI+]  strains  change after  induction, 

suggesting  that  the  spectrum  of  conformations  originally  arising  is  resolved, 

presumably  through  competition  to  a  few  phenotypic  variants  that  are  stably 

propagated [14].  Taken together, these data suggest that variant competition is 

likely happening all the time but are likely masked by dominant phenotypes.

Prion replication

A  previous  model  for  [PSI+]  variant  competition  suggests  that  the  faster-

replicating prion variant will outcompete slower-replicating variants [18].  In this 

model, replication rates are dependent on both the conversion of soluble protein 

onto prion templates and the fragmentation rates of those templates.  However, 

[PSI+] variants differ in both rates of conversion and fragmentation, and it is not 

clear how those differences integrate to lead to the observed outcomes.  

In  vitro  [PSI+]Weak-like  fibers  convert  soluble  Sup35  more  efficiently  than 

[PSI+]Strong-like  fibers  but  are  more  resistant  to  fragmentation,  generating  a 

smaller number of prion aggregate templates for the conversion of soluble Sup35 
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[18].  In contrast, [PSI+]Strong-like fibers convert soluble Sup35 less efficiently but 

are  more  readily  fragmented  [18].   This  leads  to  a  greater  number  of  small 

aggregates that can act as templates for the recruitment and conversion of soluble 

Sup35  into  the  [PSI+]Strong  aggregates.   Consistent  with  this  in  vitro  data, 

[PSI+]Weak  has  higher  levels  of  soluble  Sup35  than  [PSI+]Strong  in  vivo  [105], 

presumably  because  it  generates  fewer  aggregates  to  convert  soluble  Sup35.  

However, [PSI+]Strong cells contain more aggregates than [PSI+]Weak and therefore 

can convert more soluble Sup35.  

The Weissman model assumes that the competition between [PSI+] variants does 

not depend upon the concentration of each type of aggregate.  Work from the 

Weissman  lab  has  shown  that  [PSI+]Strong  has  a  greater  average  number  of 

heritable aggregates or propagons than [PSI+]Weak [25]. When the two variants are 

introduced into the same cytoplasm by cell mating, [PSI+]Strong has more surfaces 

than [PSI+]Weak for the conversion of soluble Sup35 into the prion form, which 

favors it over [PSI+]Weak in the competition.  Our studies show that the number of 

templates is an important aspect of prion strain dominance in yeast.

Studies on prion competition in mammals suggest that dominance is determined 

by competition between variants for the conversion of soluble protein [155].  

However other steps in prion replication have not been thoroughly examined as a 

mammalian fragmentase has yet to be discovered [49].  Our work highlights the 

importance of the fragmentation step for the conversion of soluble protein in 
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yeast, and it is possible that fragmentation plays an important role in influencing 

conversion of protein into the prion form in other systems. 

“Prionoid” variants

The  aggregation  of  proteins  is  a  hallmark  of  a  variety  of  neurodegenerative 

diseases  including,  Alzheimer’s,  Huntington’s  and  Parkinson’s  disease  [47].  

Remarkably,  amyloid proteins associated with these diseases exhibit  prion-like 

qualities such as the ability to template the conversion of soluble protein into the 

aggregated  form and propagate  intercellularly  [184].   However,  because  these 

proteins  lack  an  infectious  cycle  like  the  PrP prion,  they  have  been  termed 

“prionoids.” 

There is mounting evidence for the existence of distinct, self-propagating strains 

of protein aggregates associated with Alzheimer's disease, synucleinopathies and 

tauopathies [185-193].  As with variants of PrP, these “prionoid variants” exhibit 

structural  variations  with  distinct  biological  activities  or  phenotypes.   These 

observations suggest that the diverse pathogenicities of these diseases could result 

from  distinct  variants,  or  mixtures  of  variants,  which  give  rise  to  diverse 

phenotypes. 

Future directions

Determine the mechanism of persistence of [PSI+]Weak  aggregates upon mixing 

with [PSI+]Strong aggregates during mating
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In chapter 2, we demonstrated that Sup35[PSI+]Weak aggregates persist for several 

generations. However, the mechanism of their persistence remains unclear.   One 

possibility is that Sup35[PSI+]Weak aggregates are able to propagate independently in 

cells,  despite  the  presence  of  Sup35[PSI+]Strong  (figure  1a).   Alternatively, 

Sup35[PSI+]Weak aggregates could persist as a minor component in complex with 

Sup35[PSI+]Strong aggregates (figure1b).  To test these hypotheses, we plan to assess 

co-localization  of  Sup35[PSI+]Strong  and  Sup35[PSI+]Weak  aggregates  using 

fluorescently  tagged  Sup35  mutants.   As  previously  mentioned  (Chapter  2), 

Sup35(G20D)-GFP  incorporates  into  Sup35[PSI+]Weak  but  not  Sup35[PSI+]Strong 

aggregates.   Conversely,  a  truncated  version  of  Sup35,  amino  acids  11-61, 

incorporates into Sup35[PSI+]Strong but not Sup35[PSI+]Weak aggregates.   Therefore, 

when these mutants are co-expressed in cells containing both Sup35[PSI+]Strong and 

Sup35[PSI+]Weak aggregates, they should co-localize if these aggregates mix, but not 

if they exist as separate entities.  

Determine if  increasing the ratio  of  [PSI+]Weak  to  [PSI+]Strong  aggregates  alter 

phenotypic outcomes

Although we were able to alter the competition between [PSI+]Strong or [PSI+]Weak 

in nascent zygotes by changing the ratio of [PSI+]Weak to [PSI+]Strong aggregates 

introduced  into  a  single  cell,  [PSI+]Strong  was  still  phenotypically  dominant  to 

[PSI+]Weak in progeny resulting from this cross.  One reason for this could be that 
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the ratio of [PSI+]Weak to [PSI+]Strong aggregates was not large enough to overcome 

[PSI+]Strong dominance.  In our study, we titrated [PSI+]Strong to the minimum level 

of  aggregates  possible  before  cells  lost  the  prion  state;  therefore,  in  order  to 

increase  the  ratio  of  [PSI+]Weak  to  [PSI+]Strong  aggregates  we  would  need  to 

increase the input of [PSI+]Weak aggregates.  One way to do this would be to grow 

[PSI+]Weak haploids at 37°C prior to mating.  Growing yeast cells at a slightly 

elevated temperature, 37°C, leads to an increase in the expression of chaperone 

proteins that process [PSI+]  aggregates [183],  which in turn reduces aggregate 

size [183] and thereby presumably increases template number. One caveat to this 

approach is that [PSI+]Weak haploids grown at 37°C will contain elevated levels of 

chaperone proteins that would be introduced into the cell cross, and it is unclear 

how  this  enhanced  rate  of  fragmentation  would  impact  competition  between 

variants.   

  

Summary of thesis work

There are many similarities between prion replication in yeast and mammalian 

systems and the insights  gleaned from these studies  in yeast  may provide the 

framework  for  understanding  the  molecular  mechanisms  of  prion  variant 

interactions and competition in mammalian systems.  The data presented in this 

work  show  that  multiple  prion  variants  can  co-exist  in  one  host  for  many 

generations.  This work also suggests that several steps in prion replication cycle 

contribute to variant dominance and emphasizes the importance of the in vivo 

biogenesis cycle for variant-specific replication.

� 	109



Figure  1.  Models  for  [PSI+]Weak
 
persistence.  When  [PSI+]Strong

 
aggregates  (black)  and       

[PSI+]Weak
 
aggregates (green) are mixed upon mating,  [PSI+]Weak

 
aggregates may persist, 

although the predominate phenotype is [PSI+]Strong, via two alternative methods: 1) [PSI+]Weak
 

aggregates (green) constitute a minority of the total aggregates, or 2) [PSI+]Weak
 
aggregates 

(green) persist as a minor component in complex with [PSI+]Strong
 
aggregates (black).
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Appendix: Invasive adhesion polarizes heart progenitor induction in the basal 
chordate, Ciona intestinalis

This work has been previously published.  
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Abstract

Cell-matrix adhesion strongly influences developmental signaling. Resulting impacts on 

cell  migration and tissue morphogenesis are well  characterized. However,  the in vivo 

impact of adhesion on fate induction remains ambiguous. Here we employ the simple 

chordate Ciona intestinalis to delineate an essential, in vivo role for matrix adhesion in 

heart progenitor induction. In Ciona, invasive protrusions polarize the response of pre-

cardiac cells to a uniform signal.  Through targeted transgenesis,  we show that matrix 

adhesion functions  as  a  necessary and sufficient  extrinsic  cue for  signal  polarization. 

Tandem manipulations indicate that adhesion and invasion regionalize signaling through 

synergistic,  cross-regulatory  interactions.  Thus,  it  appears  that  reciprocal  adhesive/

protrusive  circuitry  associated  with  directed  migration  has  been  co-opted  to  generate 

robust, regional induction. Furthermore, time-lapse imaging indicates that mitosis acts as 

an intrinsic regulator of heart progenitor specification by facilitating localized maturation 

of  adhesive  foci.  These  findings  have  profound  implications  for  vertebrate  heart 

development and stem cell biology.

Introduction

The in vitro characterized network linking matrix adhesion to inductive signaling is likely 

to influence cell fate patterning in vivo (Giancotti and Tarone, 2003; Streuli and Akhtar, 

2009; Rozario and DeSimone, 2010). Receptor Tyrosine Kinase (RTK) ligands such as 

Fibroblast Growth Factors (FGFs) function as pervasive inductive signals (Thisse and 

Thisse, 2005). Integrin-associated adhesion complexes display extensive interactions with 

RTKs, including FGF receptors (FGFRs), as well as downstream transduction pathways, 
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including the MAP Kinase (MAPK) cascade (Tsou and Isik, 2001; Campos et al., 2004; 

Mori et al., 2008). Numerous studies have shown how RTK/integrin interactions shape 

embryonic cell migration and other morphogenetic cell behaviors (Ross, 2004; Ivaska 

and Heino, 2010; Kim, Turnbull, and Guimond, 2011). In contrast, relatively few in vivo 

studies  have elucidated a  direct  role  for  integrins  in  fate  specification (Giancotti  and 

Tarone,  2003;  Streuli,  2009;  Rozario  and  DeSimone,  2010).   The  current  ambiguity 

regarding integrins in cell fate specification is exemplified by studies of vertebrate heart 

development.  Knockdown  or  knockout  of  matrix  adhesion  factors  severely  disrupt 

cardiac morphogenesis but have little or no impact on early heart gene expression (Ross 

and Borg, 2001; Bowers and Baudino, 2010). Although these studies suggest that cell-

matrix  adhesion  is  not  required  for  initial  heart  specification,  further  investigation  is 

warranted. Redundancy may buffer the cell-matrix adhesion complex against the loss of a 

single component. Additionally, low-resolution heart marker gene analysis may not have 

revealed alterations  in  specification.  Indeed,  observed perturbations  in  morphogenesis 

may partially reflect undetected disruption of earlier specification events. Furthermore, 

FGF  signaling  takes  part  in  pre-cardiac  mesoderm  specification  in  vertebrate  and 

Drosophila embryos (Beiman et al., 1996; Davidson et al., 2006; Bryantsev and Cripps, 

2009; Kadam et al., 2009; Klingseisen et al., 2009; Nakajima et al., 2009; McMahon et 

al., 2010). Although there are indications of an interplay between matrix adhesion and 

FGF mediated heart progenitor specification in the Drosophila studies, an explicit link 

has not been established (Beiman et al., 1996; McMahon et al., 2010). FGF signaling is 

also  critical  for  heart  progenitor  specification  in  the  invertebrate  chordate,  Ciona 

intestinalis (Davidson et al., 2006). However, the potential role of cell-matrix adhesion in 
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Ciona  cardiogenesis,  or  any  other  aspect  of  embryonic  development,  have  not  been 

investigated.  The Ciona heart progenitor lineage provides an ideal model for examining 

the  potential  contribution  of  cell-matrix  adhesion  to  cell-fate  specification.  In  Ciona 

embryos, low cell numbers and rapid, stereotyped fate restriction permit high-resolution 

analysis of early specification events. Ciona heart tissue can be traced back to four B7.5 

lineage  founder  cells.   During  neurulation,  the  founder  lineage  cells  divide 

asymmetrically  to  produce  two distinct  lineages  (see  diagrams in  Figure  1A-C).  The 

smaller founder cell daughters (termed trunk ventral cells or TVCs) constitute the heart 

progenitor lineage while the larger daughters constitute the anterior tail muscle lineage 

(ATM). Previous work has shown that differential activation of the FGF/MAPK pathway 

specifies  the  TVCs  (Davidson  et  al.,  2006).  Initially,  founder  cells  are  exposed  to 

ungraded FGF and induction is  uniform (Cooley et  al.,  2011).  Inductive  signaling is 

gradually  restricted  to  the  presumptive  TVCs  as  the  founder  cells  complete  mitosis.  

Dissociation studies indicate that an extrinsic cue from the embryonic microenvironment 

promotes this gradual signal polarization (Cooley et al., 2011). Additionally, it appears 

that  founder  cell  protrusive  activity  is  required  for  inductive  signaling  polarization 

(Cooley et al., 2011).  Just prior to division, founder cells produce localized protrusions 

that invade the adjacent epidermis (see diagram in Figure 1B). These invasive protrusions 

correlate with localized FGFR activation at the founder cell/epidermal boundary. After 

founder cell division, the TVCs inherit the protrusive membrane and associated region of 

active  FGF  receptors  (diagrams  in  Figure  1C,D).   Perturbation  studies  indicate  that 

localized  protrusion  is  both  necessary  and  sufficient  for  polarized  induction.  These 

previous results raise two critical questions: 1. What is the nature of the presumed micro-
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environmental cue? 2. How might invasive protrusions influence founder cell interactions 

with this extrinsic cue? In this study, we show that localized founder cell adhesion to the 

epidermal matrix serves as an extrinsic cue for polarized induction.  Our data also suggest 

that adhesion and protrusion participate in a cross-regulatory module to cooperatively 

promote regional inductive signaling

Results 

Founder  cell-matrix  adhesion  correlates  with  inductive  signaling.  Founder  cells 

divide along a perpendicular axis relative to adjacent epidermis (Figure 1C). As a result, 

TVCs arise  with  greatly  increased  epidermal  contact  in  comparison  with  their  larger 

sisters  (see diagrams in Figure 1).  Inductive FGF signaling appears  to  correlate  with 

regions of founder cell/epidermal contact  (Cooley et  al.,  2011).  During late stages of 

founder cell mitosis, inductive signaling and epidermal contact are gradually restricted to 

the presumptive TVC membrane (Cooley et al., 2011). These observations suggest that 

founder cell adhesion to the epidermis or associated matrix proteins influences induction. 

To  investigate  this  hypothesis,  we  visualized  adhesive  interactions  in  transgenically 

labeled founder cells (Figure 1 and see Figure S1 in the Supplemental Data available with 

this article online).

We  first  visualized  cell-cell  adhesion  using  Ciona  CadherinI-GFP  and  CadherinII-

mCherry fusion constructs driven by the Mesp enhancer (Davidson et al., 2005). In the 

resulting transgenic embryos, Cadherin fusion proteins were enriched along the boundary 

between  founder  cell  pairs  (Figure  S1).  Thus  regional  cell-cell  adhesion  does  not 

correspond to localized signaling along the ventral, epidermal boundary.  
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We  next  visualized  founder  cell-matrix  adhesions  using  GFP-labeled  Ciona  Talin 

fragments driven by the Mesp enhancer (Mesp-GFP-Talin). These Talin fusion proteins 

were previously shown to label focal adhesions in transfected mammalian cells (Singiser 

and McCann, 2006).  In transgenic founder cells, GFP-Talin foci were strongly enriched 

along the ventral founder cell membrane adjacent to underlying epidermis (Figure 1A-D). 

Through  segmentation  analysis,  we  quantified  the  number,  volume  and  intensity  of 

individual GFP-Talin foci. We found that total foci volume was significantly enriched on 

the ventral side (Figure 1E). Ventral enrichment appeared to reflect increased numbers of 

GFP-Talin foci rather than an increase in the size of individual foci (Ind. Vol., Figure 1E). 

Spatial restriction of inductive signaling becomes evident after the initiation of anaphase, 

when p-Tyr staining (reflecting FGF receptor activation) concentrates along the epidermal 

boundary adjacent to the ventral spindle pole (Cooley et al., 2011). By visualizing mitotic 

figures in transgenic GFP-Talin founder cells, we were able to determine whether there is 

a  corresponding,  stage-specific  restriction  in  founder  cell-matrix  adhesion.  During 

anaphase,  we  consistently  observed  highly  localized  enrichment  of  GFP-Talin  in  the 

nascent TVC cortex, closely apposed to the ventral chromatin (Figure 1B, arrow). Thus 

as the founder cells complete mitosis, newly born TVCs inherit a cortex enriched with 

GFP-Talin  (Figure  1C).  To facilitate  a  more direct  spatial  comparison,  we co-stained 

mitotic  Mesp-GFP-Talin  founder  cells  with  a  p-Tyr  antibody.  During  late  stages  of 

founder cell division, we observed a close correspondence between cortical GFP-Talin 

and  membrane  p-Tyr  staining  within  the  presumptive  TVC  (Figure  1D).  Thus,  as 

predicted  by  our  hypothesis,  founder  cell-matrix  adhesion  appears  to  correlate  with 

localized signaling along the ventral, epidermal boundary.   
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Targeted disruption of founder cell adhesion through perturbation of Rap GTPase 

activity.

We next began to test the hypothesized role of cell-matrix adhesion in signal polarization 

through functional perturbations. We reasoned that the observed correspondence between 

cell-matrix adhesion and inductive signaling could be purely correlative. Indeed, p-Tyr 

staining  may  indicate  maturation  of  focal  adhesions  rather  than  activation  of  FGF 

receptors. In this case, loss of cell-matrix adhesion would have no impact on induction. 

Alternatively, cell-matrix adhesion might serve to spatially restrict inductive signaling. In 

this case, disruption of adhesion would expand inductive signaling. We also considered 

the possibility that cell-matrix adhesion facilitates regional activation of a uniform but 

weak  inductive  signal.  In  this  case,  loss  of  cell-matrix  adhesion  would  abrogate 

induction.  

To block founder cell-matrix adhesion, we disrupted Rap GTPase activity. Rap orthologs 

play a central role in Integrin activation (Banno and Ginsberg, 2008; Boettner and Van 

Aelst, 2009; Carmona et al., 2009; McMahon et al., 2010). Rap, like other GTPases, is 

inactivated by selective interactions with GTPase activating proteins (Rap-GAPs). We 

therefore attempted to disrupt Rap activity and downstream cell-matrix adhesion through 

targeted expression of the sole Ciona RapGAP ortholog (Mesp-RapGAP). To assay the 

impact of this manipulation on cell-matrix adhesion we dissociated transgenic GFP-Talin 

founder  cells  and  plated  them on  different  matrix  substrates.   Labeled  founder  cells 

displayed highly selective adhesion to fibronectin (FN) coated cover-slips in comparison 

to collagen, laminin and gelatin (Figure S2A). We therefore employed FN coated cover 
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slips for all subsequent adhesion assays. As shown in Figure 2A, RapGAP abrogated FN 

adhesion  in  transgenic  founder  cells.  To  alleviate  concerns  about  the  specificity  of 

RapGAP,  we  also  attempted  to  disrupt  adhesion  through  targeted  expression  of  a 

dominant negative form of Ciona Rap1 (Mesp-RapS17N). Transgenic RapS17N founder 

cells also displayed complete loss of FN adhesion in our ex vivo assay (Figure 2A).   

We  next  examined  the  impact  of  RapS17N  on  GFP-Talin  localization.  In  double 

transgenic  embryos  (Mesp-GFP-Talin/Mesp-RapS17N)  we  often  observed  a  dramatic 

decrease  in  the  intensity  of  GFP-Talin  foci  (compare  Figure  2B  vs.  C).  Through 

segmentation  analysis,  we  found  that  disruption  of  Rap  activity  led  to  a  significant 

decrease in the average intensity of individual GFP-Talin foci (Figure 2D). These results 

confirm  that  targeted  perturbation  of  Rap  effectively  disrupts  founder  cell-matrix 

adhesion. 

We also attempted to block cell-matrix adhesion more directly using truncated integrin 

and talin constructs. As detailed in Figure S2, orthologous fragments have been shown to 

function as dominant negatives, but in vivo data is limited (Retta et al., 1998; Lee et al., 

2001; 2006; Jannuzi et al., 2002;  Wegener et al., 2007; Anthis et al., 2009; Haling et al., 

2011; Kim, Ye, and Ginsberg, 2011). In contrast with our RapS17N results, the truncated 

integrin and talin constructs had no discernible impact on ex vivo FN adhesion or in vivo 

TVC  induction  (Figure  S2).  We  therefore  focused  our  efforts  on  discerning  how 

manipulations of Rap activity impact heart progenitor induction.

Targeted disruption of Rap activity perturbs TVC induction

To  assay  the  impact  of  targeted  Rap  perturbations  on  founder  cell  induction,  we 
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employed Mesp-GFP/FoxF-RFP double transgenic embryos (Davidson et al., 2006). The 

FoxF-RFP reporter provides a rapid and reliable read out of TVC inductive signaling 

within  Mesp-GFP labeled founder  cells  (Davidson et  al.,  2006).  Co-transfection with 

Mesp-RapS17N or Mesp-RapGAP led to a severe and consistent reduction of FoxF-RFP 

reporter activity in labeled founder cells (Figure 2E-H). In wild-type embryos, Mesp-GFP 

labeled  TVCs  strongly  expressed  FoxF-RFP  and  migrated  into  the  trunk  region 

(arrowheads,  Figure  2F-F’’).  In  contrast,  in  both  Mesp-RapS17N and  Mesp-RapGAP 

embryos FoxF-RFP expression and associated TVC migration were consistently reduced 

(Figure 2G,H). These results suggest that cell-matrix adhesion provides an essential cue 

for polarized induction. 

Targeted potentiation of Rap activity leads to expanded induction

To further examine the role of adhesion in TVC induction, we expressed full length Rap 

(Mesp-Rap) or constitutively active Rap (Mesp driving a GTPase insensitive Rap mutant, 

Mesp-RapG12V) in the founder cell lineage. We also attempted to expand cell-matrix 

adhesion more directly through targeted expression of  a  constitutively active form of 

Talin (Mesp driving the Talin head domain, Mesp-TalinF23, Wegener et al., 2007). We 

first  examined  the  effect  of  increased  Rap  or  Talin  activity  on  founder  cell-matrix 

adhesion using our FN cover-slip assay.  We found that RapG12V led to a noticeable 

increase  in  adhesion  while  TalinF23  had  no  apparent  impact  (Figure  3A).  We  next 

observed  and  quantitated  the  impact  of  RapG12V on  GFP-Talin  foci.  The  observed 

increase in adhesion is paralleled by the appearance of larger and more intense Talin foci 

along the founder cell/epidermis boundary (compare Figure 3B vs. C). Using the FoxF-
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RFP assay, we observed a robust and significant expansion of TVC induction in Mesp-

RapG12V embryos (Figure 3 E-G). Targeted expression of wild type Rap also appeared 

to  generate  expanded  induction  but  this  result  was  not  significant  (Figure  3E). 

Additionally,  co-transfection with Mesp-TalinF23 generated a significant expansion in 

TVC induction (Figure 3E,H). These data indicate that expanded cell-matrix adhesion is 

sufficient to expand induction.  

Selective restoration of adhesion and differential induction 

Rap GTPases do not function solely as modulators of adhesion (Boettner and Van Aelst, 

2009).   Thus,  our  perturbations  of  Rap activity  may have  influenced TVC induction 

independently of their impact on adhesion. To address this concern, we tested whether 

restoration of cell-matrix adhesion in the RapS17N background is sufficient to rescue 

induction.  We  attempted  to  restore  adhesion  through  targeted  expression  of  specific 

integrin  chains.  Ciona  gene  models  predict  11  integrin-α  and  5  integrin-ß  orthologs 

(Ewan et al., 2005). Expression data from sorted founder cells indicate that six α-chains 

(α2, α3, α6, α9, α10 and α11) and only two ß-chains (ß1 and ß2) are robustly expressed 

in founder cells (Christiaen et al., 2008; Woznica et al., 2012). We attempted to restore 

adhesion through targeted expression of  Integrin ß1 (Mesp-Intß1)  Integrin ß2 (Mesp-

Intβ2) or Integrin α11 (Mesp-Intα11) in the RapS17N background. Double transgenic 

embryos were dissociated and the labeled founder cells (Mesp-GFP) were incubated on 

FN coated cover  slips.  Intriguingly,  we found that  targeted expression of  Integrin ß2 

restored adhesion while targeted expression of Integrin ß1 or α11 did not (Figure 4A). We 

next examined whether the selective restoration of adhesion by Mesp-Intβ2 vs. Mesp-
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Intβ1 or Mesp-Intα11 led to a corresponding, selective rescue of induction. We found that 

co-transfection with Mesp-Intß2 generated a dramatic, highly significant restoration of 

polarized  induction  in  Mesp-RapS17N  embryos  (Figure  4C,  F).  In  contrast,  co-

transfection with Mesp-Intβ1 or Mesp-Intα11 failed to rescue induction (Figure 4D-F). 

To further confirm Integrin ß2 specificity in this assay, we co-transfected Mesp-RapS17N 

embryos with Mesp-CadherinI and Mesp-CadherinII constructs. Targeted expression of 

these cell adhesion proteins also failed to rescue induction (data not shown). Selective 

restoration of  both adhesion and induction by Integrin ß2 allayed concerns regarding 

specificity in the Rap perturbation assays.  

In summary, GFP-Talin localization and Rap perturbation assays indicate that localized 

adhesion to the epidermal matrix promotes regional TVC induction. Thus, cell-matrix 

adhesion functions as the extrinsic cue delineated by our previous research.  

Synergistic regulation of inductive signaling by adhesion and protrusion.

We next  began  to  investigate  the  relationship  between  invasive  protrusions  and  cell 

matrix  adhesion  during  TVC  induction.  Our  previous  work  indicated  that  localized 

CDC42  activity  and  associated  invasive  protrusions  polarize  FGFR/MAPK  mediated 

induction along the epidermal boundary (Cooley et al., 2011). In light of our current data, 

we  propose  that  protrusions  polarize  induction  in  concert  with  cell-matrix  adhesion. 

Adhesion and protrusion may regulate inductive signaling through a linear, hierarchical 

pathway.  According  to  this  paradigm,  either  regional  adhesion  directs  protrusion 

mediated  signaling  or  regional  protrusions  direct  adhesion  mediated  signaling. 

Alternatively, dynamic positive feedback between adhesion and protrusion may synergize 
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to promote polarized signaling. Indeed, similar feedback interactions are critical for the 

polarization of migratory cells (Vicente-Manzanares et al., 2009).  

To distinguish between these hypotheses, we examined the impact of Rap activity on 

CDC42 localization and invasive protrusions in Mesp-CDC42-GFP transgenic embryos. 

As observed previously  (Cooley et  al.,  2011),  CDC42-GFP is  highly  enriched in  the 

invasive protrusions of transgenic founder cells (Figure 5A). We found that transfection 

with Mesp-RapS17N led to a significant reduction in the average volume of CDC42-GFP 

enriched invasive protrusions (Figure 5B,D). This result suggests that regional adhesion 

modulates CDC42 localization and invasive protrusion. In contrast, co-transfection with 

Mesp-RapG12V had no discernable impact on protrusion volume or phenotype (Figure 

5C,D).  This result  indicates that  adhesions do not modulate signaling strictly through 

their impact on protrusive activity.

We  next  examined  how  loss  of  adhesion  impacted  TVC  induction  in  a  hyperactive 

CDC42  background  (Mesp-RapS17N/Mesp-Cdc42Q61L).  Targeted  hyperactivation  of 

CDC42  (Mesp  driving  the  GTPase  insensitive  Cdc42Q61L)  delocalizes  protrusive 

activity and generates uniform TVC induction (Figure 5F, Cooley et al., 2011). According 

to hierarchical models, either the hyperactive CDC42 (expanded induction) or RapS17N 

phenotype (reduced induction, Figure 5E) should predominate. In Mesp-RapS17N/Mesp-

Cdc42Q61L double transgenic embryos,  we observed a severe and significant loss of 

TVC induction  (FoxF-RFP,  Figure  5H).   Notably,  the  expanded  induction  phenotype 

typical of Mesp-Cdc42Q61L embryos was completely absent.  These results support a 

linear model in which protrusions primarily impact TVC induction through modulation of 

cell-matrix adhesion. On the other hand, double transgenic embryos display a modest but 
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significant decrease in the frequency of the reduced induction phenotype in comparison 

with single RapS17N transgenic embryos (Figure 5H). Indeed, in a slight majority of 

these double transgenic embryos, TVC induction appeared normal (Figure 5G, H). We 

investigated whether this partial rescue of induction might reflect a partial restoration of 

adhesion by CDC42Q61L. Using our ex vivo adhesion assay, we found that CDC42QL 

did not restore adhesion in the RapS17N background (Figure 5I). Indeed, in transgenic 

CDC42Q61L founder cells FN adhesion was markedly reduced. 

Overall,  our  data  does  not  support  a  hierarchical  regulatory  relationship  between 

protrusion and adhesion. Instead, these results support a more complex model in which 

reciprocal feedback between adhesion and protrusion promotes cooperative potentiation 

of regional inductive signaling.   

GFP-Talin dynamics visualize the maturation of founder cell adhesions

Reciprocal feedback circuits between protrusion, adhesion and RTK signaling play well-

documented roles in the regional enhancement of signaling and protrusion at the leading 

edge of migrating cells (Hynes, 2002; Berrier and Yamada, 2007; Lock et al., 2008). We 

therefore began to investigate whether characterized mechanisms underlying “migration 

polarity” may have been co-opted by the founder cells to potentiate regional induction. In 

migrating  cells,  the  actin  cytoskeleton  modulates  tension  to  promote  the  growth  and 

maturation  of  cell-matrix  adhesions  (Puklin-Faucher  and  Sheetz,  2009;  Weber  et  al., 

2011).  We  therefore  investigated  whether  the  GFP-Talin  construct  could  be  used  to 

visualize tension directed adhesion maturation.
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We first examined GFP-Talin dynamics in pre-mitotic founder cells. Just prior to division 

and  TVC  induction,  founder  cells  undergo  a  dramatic  anterior  displacement.  Live 

imaging  of  Mesp-GFP transgenic  embryos  indicates  that  this  displacement  involves 

directed  founder  cell  migration  along  the  adjacent  epidermis  (B.D.  unpublished 

observations).  In  a  typical  migrating  cell,  tension  generated  by  contraction  leads  to 

graded enlargement of adhesive foci from the leading to trailing edge (Puklin-Faucher 

and  Sheetz,  2009).  If  GFP-Talin  accurately  visualizes  adhesion  maturation,  we 

anticipated the presence of an anterior/posterior size gradient of GFP-Talin foci along the 

epidermal  boundary.  Pre-mitotic  founder  cells  typically  display  a  protrusive  anterior 

leading edge (Figure 1A, lateral section). In this region, GFP-Talin staining is diffuse 

with  a  scattering  of  smaller  foci.  In  contrast,  posterior  GFP-Talin  foci  appear  larger, 

resembling  the  mature  focal  adhesions  found  at  the  trailing  edge  of  migrating  cells 

(Huttenlocher and Horwitz, 2011). Using segmentation analysis, we detected a significant 

increase in the average intensity and volume of individual GFP-Talin foci in the posterior 

vs. anterior region of labeled pre-mitotic founder cell pairs (Figure S3A). 

We also employed our ex vivo FN adhesion assay to examine GFP-Talin localization in 

dissociated founder cells. Adherent founder cells often display typical migratory behavior 

and we were able to capture this behavior through time-lapse microscopy, focusing on the 

ventral  region  (in  contact  with  the  FN  substrate,  Movie  S1).   In  these  movies,  we 

consistently observed the expected size gradient of GFP-Talin foci from the leading to the 

trailing edge (Movies S1, 2). We also observed dramatic increases in the size of GFP-

Talin foci associated with high levels of tension during trailing edge retraction (Movie 

S2).  
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Taken together, our in vivo data on pre-mitotic founder cells and ex vivo observations of 

migrating founder cells indicate that GFP-Talin dynamics can be used to observe tension 

directed maturation of founder cell adhesions.

Formation of adhesive anchors during founder cell mitosis

Because inductive signaling polarization occurs towards the end of mitosis (Cooley et al., 

2011), we wanted to observe adhesion maturation dynamics in dividing founder cells. In 

dissociated  founder  cells,  mitosis  is  presaged  by  a  dramatic  rounding  up  behavior 

including  the  retraction  of  protrusions  and  a  significant  reduction  in  the  area  of  FN 

adhesion (Movie S3, Figure 6A). Just prior to cytokinesis, new GFP-Talin foci emerge 

along the reduced plane of matrix contact (Figure 6A, bracket). These nascent foci appear 

to stabilize and enlarge during cytokinesis (Movie S3, Figure 6A). These observations 

suggest that tension exerted by dividing founder cells on reduced regions of cell-matrix 

contact  promotes  concentrated  growth/maturation  of  nascent  focal  adhesions.  This 

process may mirror the formation of attachment fibers described in Théry and Bornens, 

2006. We hypothesize that a similar “mitotic anchoring” process concentrates adhesion 

and associated inductive signaling to the presumptive TVC region of dividing founder 

cells in vivo. 

Invasive protrusions appear to direct mitotic anchoring 

Examination of our fixed samples indicated that GFP-Talin foci differentially enlarge/

mature  along  the  invasive  TVC  membrane  during  late  stages  founder  cell  division. 
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However, the potential relationship of GFP-Talin distribution to cytoskeletal dynamics/

tension is difficult to ascertain from fixed samples. We therefore conducted in vivo time-

lapse imaging of transgenic GFP-Talin founder cells to explore the impact of CDC42/

protrusive actin on adhesion dynamics. (Figure 6B and Movies S4,5). During late stages 

of founder cell division, the presumptive TVC membrane bulges ventrally as it invades 

the  underlying epidermis  (as  demarcated by the  red line  in  Figure  6B and described 

previously in Cooley et al., 2011). Along the invasive membrane, GFP-Talin foci undergo 

a striking pattern of remodeling, increasing dramatically in size and intensity as founder 

cells  complete  mitosis  (Figure  6B,  bracket).  Because  maturation  of  these  “mitotic 

anchors” is highly concentrated along the invasive TVC membrane, we define them as 

“invasive anchors.”  

Localized Cdc42 activity is required for proper distribution of cell-matrix adhesion

Based on our ex vivo and in vivo observations, we hypothesized that localized CDC42 

activity and associated invasive protrusions spatially restrict matrix adhesion and thereby 

polarize  inductive  signaling.  This  hypothesis  predicts  that  hyperactive  CDC42  will 

generate a broader distribution of adhesive complexes and expanded induction. We began 

to experimentally test this model by co-transfecting Mesp-GFP-Talin embryos with either 

Mesp-Cdc42  or  Mesp-Cdc42Q61L.  Targeted  expression  of  wild-type  CDC42  (Mesp-

Cdc42)  had  no  discernible  impact  on  GFP-Talin  localization.  In  contrast,  targeted 

expression of hyperactive CDC42 (Mesp-Cdc42Q61L) led to a significant increase in the 

size  and  intensity  of  GFP-Talin  foci  (Figure  6D,E).  In  pre-mitotic  founder  cells, 

segmentation analysis  shows that  GFP-Talin foci  have lost  their  posterior  enrichment 

� 	143



indicating loss of tension directed polarization (Figure S3B). Hyperactive CDC42 also 

appears to disrupt remodeling of GFP-Talin foci during mitosis (Figure 6C,D). In wild-

type  cells,  we  consistently  observed  a  concentration  of  foci  in  the  invasive  TVC 

membrane directly beneath the ventral chromatin (regions near DAPI staining in Figure 

6C, and arrow in Figure 1B). In Mesp-Cdc42Q61L founder cells, enlarged GFP-Talin 

foci are scattered all along the ventral cortex, showing no consistent localization pattern 

(Figure  6D).  The  altered  distribution  of  GFP-Talin  correlates  with  uniform induction 

previously observed in Mesp-Cdc42Q61L transgenic founder lineage cells (Cooley et al., 

2011). This data supports a model in which mitotic invasive anchors polarize inductive 

signaling (Figure 7).  

Discussion

Through high-resolution ex vivo and in vivo analysis we have developed a new “invasive 

anchoring” model for differential induction of the Ciona heart progenitor lineage (Figure 

7).  According to our model, progression through mitosis serves as an intrinsic regulatory 

mechanism for  signal  polarization.  Mitotic  rounding  up  behavior  clears  non-invasive 

adhesions  while  promoting  maturation  of  invasive  anchors  (Figure  7B).  During 

cytokinesis,  increased  tension  on  invasive  anchors  further  potentiates  adhesion, 

cytoskeletal dynamics and inductive signaling in a highly restricted region (Figure 7C). 

Positive  feedback  interactions  further  promote  adhesion  and  protrusion  within  the 

presumptive  TVC  region  (Figure  7D).  As  founder  cells  complete  division,  adhesion 

complexes  and  protrusive  actin  dynamics  synergize  to  direct  differential  inductive 

signaling in the TVCs (Figure 7D,E). 
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The proposed role of cell-matrix adhesion in TVC induction is strongly supported by our 

data. Using GFP-Talin we established a spatial correlation between the gradual restriction 

of matrix adhesion and inductive signaling during founder cell mitosis (Figure 1). We 

next  showed  that  targeted  disruption  of  Rap  GTPase  activity  (Mesp-RapS17N) 

effectively downregulates founder cell-matrix adhesion. Using this assay, we showed that 

Rap activity/cell-matrix adhesion was required for inductive signaling (Figure 2). In the 

converse experiment, we demonstrated that targeted expansion of Rap activity (Mesp-

RapG12V) and founder cell-matrix adhesion was sufficient to expand inductive signaling 

(Figure 3). We next addressed concerns regarding the specificity of our Rap perturbation 

assays through two complementary experiments. First,  we showed that direct targeted 

enhancement of integrin activation (Mesp-TalinF23) was sufficient to expand inductive 

signaling  (Figure  3).  Secondly,  we  were  able  to  rescue  both  adhesion  and  induction 

through  targeted  overexpression  of  a  specific  integrin  ß-chain  (Integrin  β2)  in  the 

RapS17N background (Figure 4).  Strikingly, targeted expression of two other integrin 

chains (Integrin β1 and Integrin α11) failed to rescue adhesion or induction providing a 

highly specific control for the observed Integrin β2 rescue (Figure 4). 

Our data also strongly support a complex, non-hierarchical model for the contributions of 

invasive protrusions and matrix adhesion to inductive FGF/MAPK signaling. Targeted 

perturbations of Rap activity indicate that matrix adhesion is required for the formation of 

CDC42  enriched  invasive  membranes  (Figure  5).  On  the  other  hand,  targeted 

perturbations  of  CDC42  activity  indicate  that  localized  protrusions  are  required  for 

proper  distribution  of  matrix  adhesions  (Figure  6).  Additionally,  disruption  of  Rap 
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activity/matrix adhesion overrides enhanced induction by hyperactive CDC42 (Figure 5). 

Therefore  it  does  not  appear  that  protrusion acts  downstream of  adhesion to  directly 

potentiate induction. Indeed, in a previous study we showed that disruption of protrusive 

actin dynamics leads to enhanced induction (Cooley et al., 2011).  Thus, it appears that 

localized  protrusions  spatially  confine  rather  than  potentiate  inductive  FGF/MAPK 

signaling. However, constitutively active CDC42 does partially restore induction in the 

RapS17N background with no corresponding restoration of matrix adhesion (Figure 5). 

Thus, it does not appear that adhesion acts as the sole proximal stimulant for localized 

inductive  signaling.  We therefore  propose  that  protrusion  and  invasion  function  in  a 

reciprocal feedback circuit to synergistically promote FGF/MAPK signaling.

Presumed dynamic interactions between adhesion and protrusion obscure their precise 

contributions to inductive signaling. To help navigate this complex signaling landscape, 

we turned to current models of cell migration in which defined feedback circuits between 

adhesion,  protrusion and signaling direct  cell  polarization (Huttenlocher and Horwitz, 

2011).  In  migrating  cells,  adhesion  maturation  plays  a  critical  role  in  the  adhesion/

protrusion feedback circuit (Vicente-Manzanares et al., 2009; Scales and Parsons, 2011). 

We  therefore  used  ex  vivo  and  in  vivo  time-lapse  microscopy  to  examine  adhesion 

maturation  in  dividing  founder  cells  (Figures  6  and  S3).  Ex  vivo  studies  of  mitotic 

founder cells indicated that typical rounding up behavior confined matrix adhesion to a 

limited  region  and  that  adhesive  anchors  within  this  region  rapidly  mature  during 

cytokinesis (Figure 6A). Complementary in vivo studies suggest that initial rounding up 

of mitotic founder cells confines matrix adhesion to the invasive membrane and that these 

invasive anchors rapidly mature during cytokinesis  (Figure 6B).  Thus,  it  appears that 
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localized invasive protrusions direct highly polarized adhesion maturation during founder 

cell  mitosis.  In  accordance  with  this  hypothesis,  disruption  of  protrusion  dynamics 

(Mesp-Cdc42Q61L)  appeared  to  depolarize  adhesion  maturation  and thus  expand the 

distribution of mature adhesive foci along the epidermal matrix (Figures 6D, S3).  

A  more  comprehensive  understanding  of  the  role  of  cell-matrix  adhesion  in  TVC 

induction will require a suite of follow up studies. Current research on the biology of 

Ciona cell-matrix adhesion is almost entirely limited to bioinformatic predictions (Ewan 

et al., 2005). Further progress will therefore require extensive characterization of Ciona 

matrix  proteins  along  with  cell-matrix  adhesion  components  through  development  of 

appropriate protein expression constructs and antibodies. Matrix antibodies will allow us 

to  determine  whether  enriched  founder  cell  adhesion  along  the  epidermal  boundary 

reflects  the  presence  of  distinct  epidermal  matrix  proteins  or  increased  stiffness  of  a 

homogenous  matrix  in  proximity  to  the  relatively  rigid  epidermal  lamina.  Expressed 

proteins will be used to determine the matrix binding properties of Ciona integrin dimers 

and  to  conduct  ex  vivo  founder  cell  adhesion  assays  using  Ciona  matrix  substrates. 

Future  studies  will  also  exploit  the  observed  differential  restoration  of  adhesion  and 

induction by Integrin β2 (Figure 4) to help dissect the precise role of this integrin ß-chain 

and one or more associated α-chains in TVC induction. As part of this effort, we plan to 

employ  targeted  mutations  and  Integrin  β2/Integrin  β1  chimeras  to  determine  which 

Integrin  β2  domains  are  essential  for  differential  rescue.  It  is  also  critical  that  we 

characterize the precise aspect of FGF/MAPK signaling underlying differential induction. 

To address this question, we are developing assays to examine the intracellular trafficking 

and activation of FGF receptors and downstream MAPK signaling components within 
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dividing founder cells. 

The self-regulating polarity circuit associated with cell migration may be inherently well 

suited  for  interpretation  of  a  dynamic  signaling  landscape.  Feedback  between 

chemotactic  signaling  components,  matrix  adhesion  complexes  and  cytoskeletal 

modulatory proteins coordinate directed migration in complex environments (Gardel et 

al., 2010). Our findings imply that this regulatory circuit also mediates robust cell fate 

decisions in response to diffuse and dynamic inductive signaling gradients. In effect, the 

“leading edge” machinery typically associated with migration has been segregated by 

asymmetric  division to  produce a  new cell  type.  Additionally,  shared reliance on the 

adhesive/protrusive regulatory circuit  may help coordinate  cell  fate  specification with 

associated shifts in cell and tissue morphology. Matrix adhesion is known to play a key 

role in the regulation of cell shape and tissue architecture (Papusheva and Heisenberg, 

2010;  Rozario  and  DeSimone,  2010).  By  tying  specification  to  the  same 

mechanoregulatory circuits, cell fate patterning can reflect labile shifts in architectural or 

mechanical cues associated with morphogenesis rather than relying solely on the fixed 

signaling landscape associated with the embryonic axes. It will be of great interest to 

examine how the resulting dependence of cell fate on dynamic cytoskeletal/adhesive cues 

may inadvertently potentiate tumorigenesis (Desgrosellier and Cheresh, 2010).

Widespread deployment of a robust adhesive/protrusive regulatory circuit may obscure 

potential  roles  in  cell  fate  patterning.  Due  to  redundant  wiring,  the  impact  of  these 

circuits  on  cell  fate  specification  may  be  inherently  difficult  to  detect  through  gene 

knockout  studies  (Wieschaus,  1995).  Additionally,  perturbations  that  alter  adhesive/

protrusive circuitry may cause severe morphological abnormalities that obscure subtle 
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alterations  in  cell  fate.  These  caveats  are  relevant  to  studies  of  vertebrate  heart 

development. Although knockout of matrix adhesion components can disrupt vertebrate 

cardiac  morphogenesis,  these  perturbations  do  not  appear  to  impact  heart  progenitor 

specification. Our results suggest that refinement of inductive signaling can involve subtle 

and  brief  interactions  with  microenvironmental  cues.  Thus,  high  resolution,  in  vivo 

analysis will be required to dissect potential contributions of the adhesion or invasive 

protrusion in vertebrate heart progenitor specification.  

We are also intrigued by striking parallels between asymmetric division in Ciona founder 

cells and stem cells. Asymmetric stem cell division ensures that full pluripotency is only 

maintained in one daughter cell. In some cases, stem cells display regionalized adhesion 

to matrix proteins produced by an adjacent “niche” (Ellis and Tanentzapf, 2010). As in 

founder cells, regionalized stem cell adhesive interactions can direct asymmetric division 

and  differential  fate  specification  (Yamashita,  2010).  It  is  generally  assumed  that 

adhesion provides a structural cue, directing cell division geometry. However, there are 

indications  that  regional  matrix  adhesion  directly  polarizes  signaling,  as  we  have 

observed  during  Ciona  TVC  induction  (Jones  et  al.,  2006;  Kloepper  et  al.,  2008). 

Additionally, cell division geometry is assumed to play a passive structural role, ensuring 

the  proper  spatial  relation  between  daughter  cells  and  key  inductive  signals.  A 

particularly novel insight provided by our study is the potential regulatory role of mitosis. 

Our results suggest that mitotic fluctuations in cortical cytoskeletal dynamics regulate 

regional adhesion and thereby polarize signaling. We anticipate that further insights into 

the complex regulatory relationships between adhesion, protrusion, mitosis and signaling 

gained by studying TVC induction will have profound implications regarding stem cell 
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biology. 

Materials and Methods

All data shown represent  at  least  three independent trials,  except for  the CDC42GFP 

volume data (Figure 5D) and CDC42Q61L adhesion data (Figure 5I) and in which there 

were two trials.   All  sample sizes are given in association with the relevant methods 

below.

Embryological techniques

Ciona intestinalis were collected from coastal regions of San Diego County, USA (M-

Rep) and maintained in the laboratory at 16–18 ◦ C under constant illumination. Rearing, 

fertilization, dechorionation  and  electroporation  were  carried  out  as  previously 

described  (Corbo  et  al.,  1997;  Davidson  et  al.,  2005),  and  stages  were  determined 

according to (Hotta et al., 2007).

TVC Fate Assay

Because all constructs were targeted to the B7.5 lineage, embryos were only scored if 

overall morphology was normal. Each embryo contains a B7.5 lineage clone on each side 

of the embryo, and transgenic constructs are often incorporated mosaically in only one of 

these bilateral clones.  Each labeled clone was therefor scored separately. Sample sizes 

were as follows:

Figure 2E = >15 clones per trial. The loss of induction phenotype represented in panel 

(H) was nearly uniform in all Rap GAP transgenic embryos, 3 trails, > 100 clones per 
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trial.  

Figure 3E = RapG12V samples were conducted in association with the trials shown in 

Figure 2E, >15 clones per trial.  The TalinF23 data set contained >45 clones per trial.

Figure  4F  =  Intß  rescue  assays  involved  >33  clones  per  trail  while  the  Intα11  trial 

involved >27 clones per trial.  

Figure 5H = >33 clones per trial. 

Figure S2C = >42 clones per trial.

Molecular cloning

Mesp–GFP refers to the use of either GFP or Ensconsin–3×GFP (Roure et al., 2007) as 

markers for the lineage. Markers were used consistently throughout discrete experiments. 

All Mesp-Cadherin fusion constructs were built by Katerina Ragkousi as follows: The 

cadherin gene was amplified from the vector VES91_B10 (clone cien134630) with the 

following primers: 

cadhNotI  5’(AAA  GCGGCCGCAATAATGAGGGGAGTTGGTTCTGCAA)  and 

cadhNheI 3’(AAAGCT AGCATCGCTCTCACCACCTCCGTACATAT). The cadherin II 

gene was amplified from the vector VES104_F13 (Cogenics) with the following primers: 

cadhIINotI  5’  (AAAGCGGCCGC  CAAC  ATGGAGACGATCGCTTTGCT)  and 

cadhIINheI 3’ (AAAGCT AGCCAGCGCTGTTTTTCGACGTCC). The gfp and cherry 

genes  were  amplified  from  vectors  Ttf-GFP-Strabismus  (Ragkousi  et  al.,  2011)  and 

pRN3-Nter-mCherry (Hitoyoshi Yasuo, UPMC-CNRS) respectively with the following 

primers:
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 gfpNheI5’ (AAAGCTAGCATGGTGAGCAAGGGCGAGGA) and 

gfp EcoRI3’ (AAAGAATTCTTACTTGTACAGCTCGTCCATGCCG). 

The amplified gfp, cherry and cadherin coding regions were cloned into NheI-EcoRI and 

Not1-Nhe1 of the Mesp-GFP-Strabismus vector (Ragkousi et al., 2011). 

The TalinA c-terminal fragment in GFP-Talin and 3xYFP-Talin was amplified from the 

Ciona intestinalis Gene Collection Release 1 (Satou et al., 2002) clone id # GC25k21 and 

cloned downstream of the Mesp enhancer using the following primers: 

Talin forward Nhe, 5-aaagctagcgatttttggaagccgcaaaatcaatcgc; 

Talin reverse Blp1, 5-aaagctcagcttaatcggattcagaatcatcc; 

The  Talin  A  fragment  was  then  re-amplified  from  the  above  plasmid  and  cloned 

downstream of Mesp-3xYFP using the following primers: 

Talin forward BamH1 5-aaaggatccfattttggaagccgcaaaatcaatcg; and 

reverse Blp1- 5-aaagctcagcttaatcggattcagaatcatcc  

Mesp-3xYFP was built using a 3xYFP construct generously provided by Hitoyoshi Yasuo 

(UPMC-CNRS) cloned downstream of the Mesp enhancer using the following primers: 

5-aaa gcg gcc gCG CTC AAC TTT GGC AGA TCC ACC ATGGTG and 

5- GTAACCgGATCCGCaGCCGCATTGAAaTCAGATCTC.

The Integrin β2 fragment in Mesp-Integrinβ2, was amplified from the full open reading 

frame unigene collection clone ID# VES70_P04 (Cogenics) and cloned downstream of 

the Mesp enhancer using the following primers: 
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Integrinβ2 forward Not1, 5-aaagcggccgtatggaaagagtaaagttg; 

Mesp-Integrinβ2 reverse Blp, 5-aaagctcagcgtgatgtctacgttccgtgg;  

The  Mesp-Integrinβ2ΔC  truncation  and  Mesp-Integrinβ2-GFP were  made  using  the 

Mesp–Integrinβ2 plasmid described above with the following primer sequences: 

Mesp-IntegrinBβΔC reverse Blp, 5-aaagctcagcggttttgtcccttcgtctacttcg, 

Mesp-Integrinβ-GFP reverse BamH1, 5- aaaggatccggcgttccgtggaaggttgggt.

The Mesp-Integrinβ2ΔN mutant was constructed from two fragments.  

1.  The  predicted  signal  sequence  of  Integrin  B2  (SignalIP,  http://www.cbs.dtu.dk/

services/SignalP/) amplified using the primers: 

Integrinβ2 forward Not1, 5-aaagcggccgtatggaaagagtaaagttg; 

Integrinβ2 reverse BamH1, 5- AAAggatccATCGGTGGTACTTTGTCCTG 

2. The c-terminal transmembrane and intracellular domain of Integrin β2 using primers: 

Integrinβ2 forward BamH1, 5- aaaGGATCCCTGTACCGCTAATA; 

Integrinβ2 reverse Blp, 5-aaagctcagcgtgatgtctacgttccgtgg.  

The Integrin β1 fragment in Mesp-Integrinβ1, was amplified from the full open reading 

frame unigene collection clone ID# VES64_B11(Cogenics) and cloned downstream of 

the Mesp enhancer using the following primers: 

Integrin β1 forward Not1 5- gcggccgcgttattacaagcaattccaatg; 

Integrin β1 reverse EcoR1, 5-aaagaATTcGTACCGTCATCACAGATTTCCAGC

The Mesp- Integrinβ1ΔC truncation was made using the plasmid described above with 
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the  following  primer  sequence:  Integrin  β1ΔC  reverse,  5-

aaagaattcctgctacttagggttttgagattc

The Mesp-Integrinβ1ΔN truncation was made by amplifying the c-terminal intracellular 

portion of Integrinβ1 from the above plasmid and inserting it after the signal sequence of 

the Mesp–Integrinβ2ΔN plasmid described above with the following primer sequences: 

Integrinβ1 forward BamH1, 

5-  aaaGGATCCCGACAAAACTTGTACGACCTATGCCAATCC;  Integrinβ1  reverse 

EcoR1, 5- aaagaATTcGTACCGTCATCACAGATTTCCAGC

The  Integrin  α11  fragment  in  Mesp-Integrinα11,  was  amplified  from  the  full  open 

reading  frame  unigene  collection  clone  ID#  VES95_N23  (Cogenics)  and  cloned 

downstream of the Mesp enhancer using the following primers: 

Integrin α11 forward Not1, 5-aaagcggccgccgtagtaggaatgatttactcc; 

Integrin α11 reverse Blp1, 5-aaagctcagcccatataagcagtgtgacagc.

The Integrinα11-GFP was made using the plasmid described above and the following 

primers: Integrin α11 forward Not1, 5-aaagcggccgccgtagtaggaatgatttactcc; 

Integrin-GFP reverse BamH1, 5-aaaggatccttaagatgttcctctaattcttc

The Rap GTPase Activating Protein (RapGAP) fragment was amplified from the full 

open  reading  frame  unigene  collection  clone  ID#  VES7k09  (Cogenics)  and  cloned 

downstream of the Mesp enhancer using the following primers: 

5-aaagcg gcc gCC ATG AAG GCT CTC CTT CGATTTCCC and 

5-TTTGAAtTCATGACGTCACACC.
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The Rap fragment in Mesp-Rap was amplified from the full open reading frame unigene 

collection  clone  ID#  VES79p15  (Cogenics)  and  cloned  downstream  of  the  Mesp 

enhancer using the following primers: 

aAAGcg gCC GcT GAC AAA GGT CTA GTA ATG AGG G  and 

aaagaattC CGAGCTGGTTAGGGTAAGGTTAC.

The mutations in  Mesp-RapS17N and Mesp-RapG12V were made using site-directed 

mutagenesis  of  the  Mesp–Rap  plasmid  described  above  with  the  following  primer 

sequences: RapS17N forward, 5-gtgtggggaaaaatgcactgacagttcaatttgtccaagg; 

RapS17N reverse, 5-ccttggacaaattgaactgtcagtgcatttttccccacac; 

RapG12V forward, 5-gagggaatacaagcttgttgtgcttggctctgtggg; 

RapG12V  reverse,  5-cccacagagccaagcacaacaagcttgtattccctc.   The  products  were  then 

inserted back into the Mesp vectors and confirmed by sequencing.

The coding sequences used for the Talin F23 and F3 fragments in Mesp-TalinF23, Mesp-

TalinF3L325R and Mesp-TalinF3S365D were amplified from cDNA libraries made from 

total  RNA using Trizol  LS reagent  (Invitrogen #10296-028) using the manufacturer’s 

protocol,  and  cDNA  was  prepared  using  the  M-MLV  reverse-transcriptase  system 

(Invitrogen # 

28025-01).    Fragments  were  inserted  downstream  of  the  Mesp  enhancer  using  the 

following primers: 

TalinF23/F3 reverse Eco, 5- aaagaattcttattttagaataatgtcaatgtatccagc; 

F3 F Not1, 5- aaagcggccgccggggtcacatttttcttagttaagg; 
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F23 F Not1, 5-aaagcggccgccaagtatttttattcagatcaaaacgttg

The Mesp–TalinF3 mutations were made using site-directed mutagenesis of the Mesp–

TalinF3 plasmid described above with the following primer sequences: 

L335R forward, tgaaaggccgaaacaagcgggttccacgtttgatgggagtc; 

L325R reverse, gactcccatcaaacgtggaacccgcttgtttcggcctttca; 

S365D forward, gatgggctgcttcaccaaaagatttcactctggactttgg, 

S365D  reverse,  ccaaagtccagagtgaaatcttttggtgaagcagcccatc.  The  products  were  then 

inserted back into the Mesp vectors and confirmed by sequencing. 

The Paxillin fragment in Paxillin-GFP was amplified from the from the full open reading 

frame unigene collection clone ID# VES57D12 (Cogenics) and cloned downstream of the 

Mesp enhancer using the following primers: 

Paxillin-GFP forward Not1, 

5-Aaa  gcg  gcc  gCCAAAATGGATGACTTAGATGCATTACTGC;  Paxillin  reverse 

EcoR1, 5-aaaGGgaTcCCCAACATTAGGAAGGCCATAAAGC.

Antibody staining

For visualization of transgenically labeled founder cells, embryos were either fixed as 

previously described for in situ hybridizations (Beh et al., 2007) and then stained with 

antibodies  as  described  in  (Cooley  et  al.,  2011),  or  embryos  were  fixed  in  0.4% 

formaldehyde overnight at 4 ◦  C and mounted for direct visualization of fluorescence 

signal as described in (Cooley et al., 2011). For IntegrinB2-GFP, embryos were also fixed 

in  cold  methanol  for  30-45  min,  rinsed  in  phosphate-buffered  Tris  and  stained  with 
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antibodies according. 

Visualization of Focal Adhesions

For  characterization  of  GFP-Talin  localization,  embryos  were  fixed  with  the  in-situ 

fixation protocol  (Beh et  al.,  2007)  during founder  cell  mitosis  (6:45-6:55 HPF)  and 

stained with antibodies against and GFP (see above) along with appropriate secondaries 

(see above) and mounted in Prolong® Gold Antifade Reagent with DAPI (Molecular 

Probes  P-36931)  or  treated  with  Draq5  (diluted  1:5000  in  PBT and  incubated  for  5 

minutes at RT and then rinsed once before mounting, Cell signaling 4084S) to stage cell 

cycle.  Transgenic founder cell  pairs were imaged to create high-resolution confocal z 

stacks (1.0μm section). Three-dimensional projections of stained GFP-Talin founder cell 

pairs were analyzed using the “Surfaces” tool in Imaris. Staining for P-tyr was conducted 

as described in Cooley et al. 2011.

Staining of GFP in the CDC42-GFP assays was performed as described in Cooley et al. 

2011. 

We also attempted to visualize founder cell-matrix adhesion using Integrin- and Paxillin-

GFP fusions.  However,  expression  levels  of  these  fusion  proteins  were  too  low  for 

accurate  visualization (data  not  shown).  Lack of  strong Integrin-GFP expression may 

reflect degradation of unpaired chains (Lowell and Mayadas, 2012). We therefore focused 

our efforts on characterization of GFP-Talin localization.  

Statistical analysis

In all graphs, error bars represent Standard Error Mean (SEM) as calculated using the 
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formula  SEM=STDEV/SQRT(n),  except  in  fate  induction  graphs  where  error  bars 

represent standard deviation as calculated using Microsoft Excel.   Significance for all 

trials was determined using Student’s t-tests (Microsoft Excel). 

Segmentation Analysis

GFP-Talin foci were detected and measured using the “Surfaces” tool set at “automatic 

creation” mode in Imaris® with cropped images that included one founder cell pair.  Prior 

to surface detection, we applied Background Object Subtraction with a Gaussian filter 

(sigma = Object  Diameter  set  at  1um /  2).  Surfaces  were  then filtered  by automatic 

thresholding at the lower limit to exclude low correlation data but with no filtering at the 

upper limit. “Surfaces” automatic thresholding is based on exclusion of intensity pairs 

that exhibit no correlation (Pearson’s correlation below zero). Based on these settings, 

varying area sizes were created by “region growing” from seedpoints defined by contrast 

at presumed borders.  For foci measurements in the Rap transgenics, “Split regions” set at 

diameter of 1um were enabled to separate seed points within close proximity. For foci 

measurements  in  the  Cdc42  background  split  regions  were  not  used.   Accurate 

segmentation  was  confirmed  visually.   Segmentation  protocols  were  conducted  in  a 

consistent manner within each set of experiments to exclude any bias. Sample sizes are as 

follows:

Figure 1E = 45 founder cell pairs per experimental condition, each sample spanned 4 

independent trials.

Figure 2D = >35 founder cell pairs for each experimental condition, each sample spanned 

3 independent trials.
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Figure 3D = >35 founder cell pairs for each experimental condition, each sample spanned 

4 independent trials.

Figure 6E = >20 founder cell pairs for each experimental condition, each sample spanned 

3 independent trials.

Figure S3 = 6 or more founder cell pairs spanning 3 independent trials. 

Protrusion Measurement 

The  volume  of  CDC42-GFP  labeled  invasive  protrusions  were  derived  from  1um 

confocal stacks using ImageJ.  Only strictly ventral views were analyzed.  A consistent 

starting position within the epidermal layer was defined by finding the center of Drac-5 

stained epidermal  nuclei  just  above the  founder  cell  pair  being examined.  The green 

channel (GFP) was then separated and a sub-stack of 7-8 slices was created containing all 

slices ventral of the epidermal nuclei (as defined in the previous step). By consistent use 

of the threshold and magic wand tools, GFP stained regions were accurately outlined in 

each slice. The area of the defined regions from each slice were measured and the added 

together to  roughly approximate GFP signal volume intruding into the epidermis for each 

founder cell pair.  Sample size > 16 founder cell pairs per trial

Live-cell imaging

Transgenic embryos were grown until  5.5 HPF (∼Stage 12) at  18C. Dissociated cells 

were re-suspended in ice-cold 5ug/ml FM4-64 in Ca-free sea-water + 1% BSA (Cooley et 

al., 2011) from a stock solution of 100ug/ml H2O (Invitrogen, T-3166) for 1-2 minutes 

than transferred to a Nunc Lab-Tek Chambered #1.0 Borosilicate cover glass (Sigma, 
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Z734640)  containing 5ug/ml  FM4-64 in  FSW + 1% BSA. Transgenic  embryos  were 

simply transferred to the chambered cover slips at 5.5HPF.  Imaging was carried out with 

a Leica high-resonance scanning SP5 confocal microscope using a ×20 C-Apochromat 

1.2 W objective. Movies were created by compiling sequential z-stacks in either Imaris 

6.4.2 (Bitplane) or ImageJ.

Ex vivo Adhesion assay

Dissociations were carried out as previously described (Cooley et al., 2011), using Mesp-

Ensconsin-3xGFP transgenic embryos, with the following changes.  Out of a 400ul final 

suspension, 50ul was set aside for hemocytometry and 350ul was transferred into a petri 

dish containing the coated cover slip and 3ml of FASW+BSA.  Glass coverslips (Fisher 

22x22mm, #1.5)  were treated with either  gelatin  formaldehyde (Cooley et  al.,  2011), 

Fibronectin  (Sigma  F1141),  Laminin  (Sigma  L2020)  or  collagen  (Sigma  C7661)  as 

follows.  Fibronectin was diluted to 5 ug/ml in 1 x PBS and placed on a coverslip for 45 

minutes at room temperature.  Laminin was diluted to 20 ug/ml and Collagen was diluted 

to 100 ug/ml and both were allowed to incubate for 3 to 4 hours at room temperature.  

Coverslips were then rinsed once in Filtered Artificial Seawater (FASW) and used within 

one  hour.   Store-bought  treated  coverslips  (Fibronectin,  BD  354088;  Laminin,  BD 

354087; Collagen, BD 354089) gave similar results.  Embryos were dissociated at stage 

14 (6:30 HPF at 18°C), transferred to coated coverslips and incubated for 1.5 hours at 

18°C.  Cells were then fixed in 4% formaldehyde overnight at 4°C and mounted in 5ul of 

70% glycerol.  Coverslips were then sealed and samples scored on a compound scope.  

Only isolated adherent transgenically labeled B7.5 cells were used for analysis to avoid 
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the possibility that adhesion was dependent on other cells in a cluster.  The density of 

cells plated for each assay was determined using a hemocytometer.  The raw average 

values  +/-standard  deviation  for  each  of  the  sample  sets  are  as  follows  (adherent 

cells::estimated cell density x 105):  

Figure  2A (lacZ  control=49+/-17::5.15  +/-0.31  vs.  RapS17N=1.0+/-1.7::4.86  +/-2.38, 

lacZ control=130+/-5.1::5.29 +/-0.95 vs. RapGAP=4.3+/-2.5::4.79 +/-2.31).  

Figure  3A  (lacZ  control  =  same  as  Figure  1A  RapS17N  control  vs. 

RapG12V=75+/-33::5.01  +/-1.69,  lacZ  control=163+/-82::1.92  +/-1.33  vs. 

TalinF23=115+/-89::1.94 +/-1.94). 

Figure  4A  (RapS17N  control  =  same  sample  set  as  in  Figure  1A  vs. 

RapS17N+Intß1=0.67+/-1.1::4.89  +/-2.38x105   or  RapS17N+Intß2=7.0+/-3.6::4.47 

+/-2.40x105  ,  RapDN  control=5.3+/-2.5::1.30  +/-1.01x105  vs. 

RapS17N+IntA11=5.3+/-6.7::1.13 +/-0.76x105). 

Figure  5I:  (lacZ  control=221+/-73::3.63  +/-0.23x105   vs.  CDC42Q61L=73+/-9.4::2.87 

+/-2.72x105,   RapS17N  control=5.3+/-0.85::4.34  +/-2.98x105  vs. 

RapS17N+CDC42Q61L=6.1+/-0.91::4.38 +/-2.58x105).

Figure  S2:  (lacZ  control=92+/-26::1.11  +/-0.40x105  vs.  Intß1∆C=65+/-48::1.35 

+/-1.60x105 or Intß2∆C=60+/-23::1.25 +/-1.45x105,  lacZ control = same as Figure 3A 

TalinF23 control vs. TalinL325R=84+/-87::1.45 +/-1.83x105).

In all  samples,  cell  counts  were normalized by the density of  cells  plated relative to 

controls and then a ratio was calculated comparing average adhesion in each sample to 

average adhesion in controls.  Thus final values accounted for differences in both cell 
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density and levels of control adhesion. 
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Figure  1.   Founder  cell  adhesion  spatially  correlates  with  Induction.  (A-D) 
Representative  micrographs  and  accompanying  diagrams  of  staged  Mesp-GFP-Talin 
founder cells, stained as indicated. In the first row, a horizontal section indicates labeled 
founder cell  position in the embryo. Subsequent rows show sections (as indicated) of 
these cells. Lateral sections are taken from the more medial (top) cell of each founder cell 
pair. (E) Segmentation analysis comparing GFP-Talin foci between the Ventral (V) and 
Dorsal (D) sides of transgenic founder cells.  In this and all similar graphs, averages are 
shown for total foci “Number” “Volume” and “Intensity” in the region of interest along 
with averages for individual focal volume “Ind. Vol.” and intensity, “Ind. Int.” The * = p 
value of 0.013. Error bars show ± SEM in this and all subsequent graphs. Dataset sample 
size for  this  and all  subsequent graphs are provided in the relevant  Methods section.  
Scale bars in um as indicated for each column. Embryos are oriented anterior to the left in 
this and all subsequent figures unless otherwise indicated. 
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Figure  2.   Matrix  adhesion  is  required  for  TVC  induction.  (A)  Adhesion  of 
dissociated transgenic founder cells to FN. Adhesion ratio is derived from a comparison 
to average # of adhesive cells in the controls (see methods). *= p-value of  0.008 for 
LacZ  vs.  RapS17N and  9.93e-5  for  LacZ  vs.  RapGAP.  (B,C)  Ventral  projections  of 
representative GFP-Talin founder cell pairs co-transfected and stained as indicated. (D) 
Segmentation  analysis,  *  =  p  value  of  0.001  and  0.005.  (E-H)  Graph  (E)  and 
representative  micrographs  (F-H)  showing  TVC  induction  (FoxF-RFP)  in  transgenic 
embryos  as  indicated.  (E)  *  =  p-value  of  0.001.  Rap  GAP data  was  not  quantitated 
because the phenotype was invariable. 
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Figure 3.  Enhanced Rap or Talin activation promotes adhesion and induction.
(A) Adhesion ratio as described in Figure 2. (B,C) Ventral projections of representative 
Talin-GFP founder cell pairs stained and co-transfected as indicated. (D) Segmentation 
analysis  as  described  in  Figure  2,  *  =  p-value  of  4.16e-6.  (E–H)  Graph  (E)  and 
representative  micrographs  (F-H)  showing  TVC  induction  (FoxF-RFP)  in  transgenic 
embryos as indicated, * = p-values of 0.008 and 0.009. 
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Figure 4.  Selective rescue of adhesion and induction by Integrin-B2 over-expression 
in RapS17N embryos.  (A) Adhesion ratio as described in Figure 2, *= p-values of 0.018 
for  Intβ2  co-transfection,  0.607  for  Intβ1  co-transfection,  0.575  for  Intα11  co-
transfection.  (B-F)  Representative  micrographs  (B-E)  and  graph  (F)  showing  TVC 
induction (FoxF-RFP) in transgenic embryos as indicated. (F) * = p-value of 1.63e-4 for 
% wild-type induction in RapS17N alone vs. RapS17N + Intβ2 while the % wildtype 
induction in  RapS17N alone vs.  RapS17N + Intβ1 or  + Intα11 were  not  significant, 
p=0.246 and 0.239 respectively.
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Figure 5.   Protrusion and adhesion cooperatively promote TVC induction.  (A-C)  
Representative micrographs displaying CDC42-GFP enriched founder cell  membranes 
(GFP in white or green) invading the underlying epidermis, co-transfected and stained as 
indicated, drac-5 stained chromatic in blue. (D) Graph displaying relative volumes of 
invasive membranes for each transgenic phenotype in relation to the control (Mesp-lacZ), 
* = p-value of 0.025. (E-H) Representative micrographs (E-G) and graph (H) showing 
TVC induction (FoxF-RFP) in embryos co-transfected as indicated, * = p-values of 0.017 
and 0.011. (I) Adhesion ratio as described in Figure 2. 
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Figure 6.   Adhesive anchoring during founder cell mitosis.  (A,B) Still shots from 
Movies  S3  or  S5  respectively  highlighting  maturation  of  adhesive  foci  (YFP-Talin, 
Green) in dissociated founder cells (A) or in vivo (B) shortly before cytokinesis. Ventral 
(A)  or  lateral  (B)  confocal  sections  are  shown.  Bracket  indicates  region  of  adhesion 
maturation.  Below  each  frame,  time  is  shown  relative  to  cytokinesis  (Cyto).  In  (A) 
membranes are stained with FM-464 (red). Scale for (B) is provided in Movie S5. Note 
that YFP-Talin also accumulates in large foci along the cytokinetic ring above the plane 
of  matrix  contact,  as  indicated  by  arrows  in  (A and  B).  This  may reflect  a  role  for 
adhesion complexes in cytokinesis as discussed in (Pellinen et al., 2008). (C, D) Ventral 
confocal projections of transgenic GFP-Talin founder cell pairs co-transfected and stained 
as indicated. (E) Segmentation analysis of GFP-Talin foci in transgenic founder cells as 
indicated. * = significant changes between LacZ and Cdc42Q61L focal measurements, 
from left to right respective p-values are 1.25e-5, 5.873-6, 0.04, 2.04e-4, 0.013. 
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Figure  7:  Invasive  anchoring  model  for polarized  TVC induction.   (A-E)  Panels 
include both diagrams and descriptions of the model. Matrix adhesion, protrusive actin 
and  inductive  signaling  are  color  coded  green,  blue  and  red  respectively.  (D)  This 
diagram illustrates  reciprocal  regulation  between  adhesion  and  protrusion  along  with 
hypothesized  cooperative  promotion  of  spatially  restricted  inductive  signaling.  The 
possibility  that  inductive  signaling  provides  another  layer  of  positive  feedback  is 
indicated by red dashed arrows. (E) dpERK = nuclear di-phosphorylated Extracellular-
signal-Regulated-Kinase indicative of MapK pathway activation. 
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Figure S1.  Cadherin localization does not correlate with inductive signaling.  (A) 
Ventral  projection of representative CadherinII:3xMCherry (white)  expressing founder 
cells.  Lines indicate approximate localization of lateral slice.  (B,C) Single horizontal 
and lateral confocal sections, arrows indicate enrichment of cadherin fusion protein at the 
junction between paired founder cells.  Scale bar = 5um.  Note lack of cadherin foci along 
the  ventral  (bottom) surface  in  the  lateral  section (C)  in  comparison with  GFP-Talin 
localization (Figure 1). CadherinI:GFP showed a similar pattern of localization.
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Figure  S2.  Truncated  integrin  and  talin  constructs  fail  to  impact  founder  cell 
adhesion  or  TVC  induction.  Integrin  constructs  included  c-terminal  and  n-terminal 
fragments of both Integrinß1 and Integrinß2 driven by the Mesp enhancer. Orthologous 
integrin  fragments  have  previously  been  shown  to  function  in  a  dominant  negative 
fashion (Lee et al., 2001; 2006).  However, in some studies a dominant negative effect 
has  not  been observed (Retta  et  al.,  1998;  Jannuzi  et  al.,  2002).  The talin  truncation 
constructs were orthologous to F3 head domain mutants (TalinL325R and TalinS365D) 
shown  previously  to  block  in-vitro  integrin  activity  and  cell-matrix  adhesion  in  a 
dominant negative fashion (Wegener et al., 2007; Anthis et al., 2009). However, evidence 
for the dominant negative function of these talin constructs remains limited to assays in 
cultured cell lines and platelets (Wegener et al., 2007; Haling et al., 2011; Kim, Ye, and 
Ginsberg,  2011).  (A)  Adhesion  of  dissociated  transgenic  founder  cells  to  various 
substrates as indicated. (B) Talin and integrin truncation constructs show no impact on 
the adhesion of dissociated transgenic founder cells to FN.  Note that ex-vivo adhesion 
studies were not conducted for the ΔN Integrinß1/ß2 constructs.  (C,D) Graph (C) and 
representative  micrographs  (D)  showing  TVC  induction  (FoxF-RFP)  in  transgenic 
embryos as indicated.  Note that these truncation constructs clearly had no impact on 
induction.  The embryos shown in (D) are representative of a uniform lack of impact on 
TVC  induction  phenotypes  also  seen  during  two  trials  (>100  samples/trial)  for  ΔN 
Integrinß1/ß2 and ΔC Integrinß1/ß2 constructs (data not shown). Scale bar = 20um. 
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Figure  S3.  CDC42QL disrupts  tension-driven  maturation  of  focal  adhesions  in 
founder cells. (A) Segmentation analysis comparing GFP-Talin foci between posterior 
and anterior sides of pre-mitotic transgenic founder cells.  The * = p values of 0.021, 
0.0074, 0.0063, and 0.00070 in the order represented on the graph. (B) Segmentation 
analysis comparing pre-mitotic A/P ratios in Mesp-lacZ controls vs. Mesp-Cdc42Q61L 
transgenic embryos. The * = p values of 0.042, 0.046, 0.002, and 0.003 in the order 
represented on the graph. 
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