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ABSTRACT  

Budding yeast has at least dozens of prions, which are mutually dependent on each other for the de novo 

prion formation. In addition to the interactions among prions, transmissions of prions are strictly dependent 

on two chaperone systems: Hsp104 and the Hsp70/Hsp40 (J-protein) system, both of which cooperatively 

remodel the prion aggregates to ensure the multiplication of prion entities. Since it has been postulated that 

prions and the remodeling factors constitute complex networks in cells, a quantitative approach to describe 

the interactions in live cells would be required. Here, we applied the dual-color fluorescence cross-

correlation spectroscopy to investigate the molecular network of interaction in single live cells. The findings 

demonstrate that yeast prions and remodeling factors constitute a network each other through heterogeneous 

protein-protein interactions. 
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INTRODUCTION 

Prions are protein-based infectious factors (1). In the prion, the altered conformation of a protein 

converts the normal structure to the altered form, resulting in the formation of ordered aggregates called 

amyloids (1). Although this prion concept was originally developed for mammalian neurodegenerative 

diseases, such as scrapie, this concept has been applied to non-Mendelian genetic elements in budding yeast 

cells, [PSI+] and [URE3] (2). In [PSI+] and [URE3] cells, amyloid structures of Sup35 and Ure2 are the prion 

determinants and are transmitted to daughter cells through a dynamic remodeling of the amyloid aggregates 

(3-8). Extensive studies using genetically tractable budding yeast as a model system have revealed that more 

than several dozen yeast proteins, including Rnq1, New1 and Swi1, behave as prions (9-14).  

Although amyloids are kinds of homo-oligomers formed via cross-beta interactions, yeast prions are 

related each other in de novo formation and transmission. Regarding de novo formation, it has been 

demonstrated that prions affect the appearance of other prions (10, 15). As a well-known example, the prion 

form of Rnq1 is required for the de novo appearance of [PSI+], and vice versa (10, 15). Therefore, it has 

been suggested that there are interactions among prions either in a direct or indirect manner. In addition to 

the mutual dependence among prions, the transmission of yeast prions is strictly dependent on two 

chaperone systems: Hsp104 and the Hsp70/Hsp40 (J-protein) system. Hsp104, which is a homohexameric 

ATPase involved in the thermotolerance of yeast, is an essential factor to maintain yeast prions (16, 17). 

Unlike Hsp104, which is unique in yeast, the Hsp70/Hsp40 system is diverse (18). An essential J-protein 

Sis1 (Hsp40), cochaperone of Ssa Hsp70, is a critical factor for the transmission of several yeast prions, 

including [PSI+] (19, 20). Hsp104, a molecular disaggregase, remodels the amyloid aggregates to ensure the 

multiplication of prion entities in cooperation with the Hsp70/Hsp40 system (18, 21-23). 

As described above, it seems that prions are in a complex network with the assistance of remodeling 

factors to propagate and transmit in the cells. To better understand the protein network, it would be 

important to quantitatively detect the physical interaction among the prions and/or between prions and the 

remodeling factors. In fact, previous studies have reported physical interactions among prions as well as  

between prions and the remodeling factors in lysates and in cells (24, 25). Affinity purification of Sup35 

aggregates from [PSI+] lysates to identify associated proteins revealed that the Sup35 aggregates contained 

Rnq1, and that the major components of  [PSI+] aggregates were Sup35 and Ssa1/2 (Hsp70) (25, 26). 
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Fluorescence microscopic imaging of GFP- or RFP-tagged prions and remodeling factors was also used for 

detecting colocalzation of the proteins on a large and immobile aggregate formed in live prion cells (27-30). 

However, there is no quantitative analysis of such interactions between mobile proteins in other regions of 

live cells surrounding the immobile aggregate. 

In this study, we applied fluorescence correlation spectroscopy (FCS) and fluorescence cross 

correlation spectroscopy (FCCS) to detect the interaction network of related proteins in single live cells. 

FCS is a technique used to determine the diffusional mobility of fluorescence molecules, providing us 

information about the size of the molecules, which is suitable to investigate the prions by discriminating 

prion aggregates from the monomeric state (31-34). Additionally, FCCS is an advanced FCS method that 

uses two different colored proteins to directly detect an interaction between the proteins in addition to the 

acquisition of each of the FCS parameters of the two proteins (35). Since FCS and FCCS are usually 

combined with confocal laser scanning microscopy (CLSM), we can define the detection volume at any 

position of interest inside cells in a noninvasive manner. Interestingly, FCS and FCCS successfully detected 

the physical interaction among prions (Sup35, Ure2, Rnq1, New1) and remodeling factors (Hsp104 and 

Sis1) in the freely mobile and oligomer states, and showed that they specifically interacted with each other 

in yeast cells in the prion state. These results suggest that there is a dynamic and heterogeneous network of 

prions and remodeling factors composed of various physical interactions.  
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RESULTS 
 
FCS analysis of the hydrodynamic properties of yeast prions and the remodeling factors 

Previous studies based on CLSM observation combined with FCS have already demonstrated that 

FCS is a powerful method to discriminate prion oligomers (i.e. small and mobile aggregates) from the 

monomeric form by quantitative analysis of diffusional behavior of the GFP-tagged N and M prion domains 

of Sup35 (Sup35NM-GFP) and the intact Sup35 containing GFP (Sup35NGMC) (31-33). In this study, we 

further characterized diffusional behaviors of the Sup35 variants and other yeast prions such as Rnq1, Ure2 

and New1, and representative remodeling factors, Hsp104 and Sis1 (Table S1). 

The diffusion coefficients (Ds) of each protein in supernatant solution obtained from cell lysates and the 

cytosol of live cells were summarized in Table 1. Monomer GFP (mGFP) in lysis solution prepared from 

non-prion [psi–] and prion [PSI+] cells show a single D value expected from their molecular weights in 

spherical shape, indicating that mGFP molecules diffuse in a monomeric state without aggregates (Fig.1A 

black, Table S1). Only one diffusional component was detected in the lysis solution of the yeast prion 

proteins from non-prion [psi–] ([gpsi–]) cell lysate (Fig.1A blue and red, Table S1), even though the diffusion 

of Sup35NM-GFP (Sup35NGMC) was slower than expected as calculated from its theoretical molecular 

weight. In addition to our previous study (31), this result suggests that monomers diffuse in a nonspherical 

shape.  

In contrast, two diffusional components were detected in the lysis solution of the yeast prion proteins from 

prion cells (Table 1). Fast diffusions of the proteins from yeast prion cells, represented by Dfast, corresponded 

to the diffusions of the proteins in lysis solution from non-prion cells and constituted a small proportion, 

ranging from 9 to 30%.  Slow diffusions of the proteins, represented by Dslow, corresponded with large 

spherical complexes with hydrodynamic sizes ranging from 60 to 500MD and covered a large proportion of 

lysis samples, ranging from 70 to 91%. It is notable that the molecular weight of the large complexes can be 

much smaller than the estimated values if the molecular shape of the complexes is not spherical, but rod-like 

(32).  

For cellular analysis, FCS measurements for yeast prion proteins were carried out on the other positions 

of cells surrounding a dot-like immobile aggregate (fluorescent foci) (31, 33). Fast diffusion occupied a 

large proportion of the cellular diffusion of mGFP in [psi–] cells and  was well characterized by their 
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hydrodynamic size as demonstrated in previous study (Fig. 1B gray) (31). Diffusions of Sup35NM-GFP in 

[psi–] and Sup35NGMC in [gpsi–] cells also consisted of a large proportion of fast diffusion ranging from 85 

to 90%. Although the Dfast values of the two proteins were slightly smaller than those expected from the D 

values in lysis solution and cellular viscosity (Fig.1B black and green, Table 1), it is suggested that the fast 

diffusions present monomeric states of each protein, respectively.  Slow diffusions of mGFP and yeast prion 

proteins equally occupied a small proportion ranging from 10 to 15%, and Dslow values were not different 

from each other. Slow diffusion detected in non-prion cells could have originated from a non-specific 

cellular interaction or from very slow photobleaching of GFP (35). 

The diffusions of Sup35NM-GFP and Sup35NGMC in [PSI+] and [GPSI+] cells were much slower 

than those of the Sup35 molecules in the non-prion cells, indicating that large oligomers were detected and 

the diffusions were mainly represented by a large proportion of the mobile oligomers (Fig. 1B blue and red). 

The diffusion profiles (i.e. FAFs) of Sup35NM-GFP were different from those of Sup35NGMC. Distribution 

of Dfast and Dslow values obtained from [PSI+] cells were not much different from those of [GPSI+] cells (Fig. 

1C, D). Instead, the distribution of the fractional ratio of Dfast and Dslow was largely different between [PSI+] 

and [GPSI+] cells. The large difference could be explained by the abundance of Sup35 proteins, since 

Sup35NM-GFP was overexpressed whereas Sup35NGMC was endogenously expressed. In practice, it was 

found that the concentration of overexpressed Sup35NM-GFP was 2.4-fold higher than that of endogenous 

Sup35NGMC for non-prion cells (Table S2). Therefore, the number of Sup35NM-GFP aggregates in a cell 

would be relatively higher than that of the Sup35NGMC aggregates. Alternatively, the difference of 

expression could reflect the tendency to form foci: Sup35NMGFP might be more prone to form amyloids 

than Sup35NGMC, resulting in accumulation of Sup35NM-GFP oligomers and formation of foci with the 

fibrillar structure (31-33). The result demonstrates that the hydrodynamic property (i.e. size) of Sup35 

aggregates (the mobile oligomers) in the prion cells are almost the same regardless of the expression level of 

Sup35-GFP. Rnq1 tagged with mGFP (Rnq1-GFP) was also characterized using FCS (Fig. S1, Table 1), and 

the diffusion profile were comparable to those of Sup35NM-GFP or Sup35NGMC (Table 1). Our results 

suggest that the biochemical balance between elongation and fragmentation of amyloids might be common 

among yeast prions. 
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We also expressed Hsp104-mCherry (Hsp104-GFP) or Sis1-mCherry, which are known as prion-

remodeling factors in non-prion cells. FCS analyses showed that around half of Hsp104-GFP and Sis1-

mCherry molecules diffused very slowly, even in non-prion cells (Fig. S2, Table 1). The Dslow values for 

Hsp104-GFP and Sis1-mCherry were 0.34 and 0.6 µm2/s, respectively. The values were 30-fold slower than 

the diffusion coefficient of those proteins in the lysates (Table 1). The slow diffusions of Hsp104 and Sis1 in 

non-prion cells may result from a strong interaction with an immobile cellular compartment, such as the 

cytoskeleton. 

Consequently, FCS analysis demonstrated that a large proportion of mobile and small aggregates or 

oligomers in yeast prion cells exists in the other region of cells surrounding an immobile large aggregate.  

Moreover, the hydrodynamic property of oligomers in live cells can be fully differentiated from monomer 

molecules. 

 

FCCS analysis of the interactions among prions in live cells 

Yeast genetic experiments have suggested that there are interactions among prions as well as between 

prions and remodeling factors such as Hsp104. In fact, fluorescence microscopic studies based on confocal 

imaging using GFP and RFP confirmed colocalizations of prion protein and remodeling factor, such as 

Sup35-Rnq1 or Sup35-Hsp104. It was suggested that transmission or propagation of the prion state is 

accomplished by the dynamic property of prion oligomers, such as diffusion and rapid transmission of small 

oligomers from mother cell to daughter cell (31).  Nevertheless, the interactions were only observed in 

highly bright and very large foci, and the details of the physical interactions between them in living cells are 

still unclear. It is clear that interactions between highly mobile monomeric and oligomeric proteins in live 

cells are hardly traceable by conventional imaging methods such as confocal microscopy. Therefore, we 

applied the CLSM-based FCCS technique to investigate the physical interactions among highly mobile 

prions and remodeling factors.  

Firstly, we examined interactions among prions, using Sup35NGMC with overexpressed RFP (mCherry 

or TagRFP), TagRFP tagged Sup35NM, Ure2N, Rnq1C, and New1N prion domains in [gpsi–] or [GPSI+] 

cells (Fig. 2 and Fig. S3). Fig. 2A and 2B show representative confocal images of cells co-expressing 

TagRFP- and GFP-tagged proteins, time traces of average fluorescence intensities, and corresponding 
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correlation functions. The correlation function, G(τ), contain two auto-correlation functions (blue and red), 

which represent the behaviors of individual proteins, and one cross-correlation function (black), which 

represents the co-diffusion of two fluorescent proteins (i.e. physical interaction, see also Methods section). 

FCCS analysis between Sup35NGMC and TagRFP-tagged Sup35NM in [gpsi–] cells showed only 

background levels of relative cross-correlation amplitude (Fig. 2A). In contrast, a high positive RCA value 

was detected in the analysis of Sup35NGMC and Sup35NM -TagRFP in [GPSI+] cells (Fig. 2B), indicating 

that Sup35 molecules strongly interact with each other and form stable oligomers in the prion cells. In 

addition, cross-correlation signals between Sup35-GFP and other prion proteins tagged with TagRFP in 

[gpsi–] cells showed RCA values similar with background levels, whereas those in [GPSI+] cells showed all 

high RCA values (Fig. S3A ~ D). This result indicates that Sup35 and other prion proteins also strongly 

interact with each other (Fig. 2C).  

 

FCCS analysis of the interactions between prions and remodeling factors in live cells 

Secondly, the interactions of Sup35 with two remodeling factors, Hsp104 and Sis1, were examined (Fig. 

3). FCCS analysis revealed a strong interaction between Sup35NM-GFP and Sis1-mCherry as well as 

Hsp104-mCherry in prion cells (black curves in Fig. 3A, B). In [psi–] ([gpsi–]) non-prion cells, much small 

values of mean RCA were observed (Fig. 3C, D and Fig. S3E, F). Moreover, FCCS showed a strong 

interaction between Rnq1-GFP and Sis1-mCherry in [RNQ+] cells, while no significant RCA value was 

detected in [rnq–] cells (Fig. 3C). This result demonstrates that the interaction of Sup35 with remodeling 

factors depends on the prion state in cells. Histograms of RCA in Sis1-Sup35 or Sis1-Rnq1 analyses showed 

that the overall RCA values in Sis1-Rnq1 were higher than those in Sis1-Sup35 (Fig. S4), even though the 

mean values of RCA were similar to each other.  This suggests that the remodeling factor, Sis1, binds to 

Rnq1 in a more stable manner than Sup35. FCCS also revealed a significant interaction between Sup35 and 

Hsp104 (Fig. 3D). The mean values of RCA for the interaction between Sis1 and Sup35 (or Rnq1) were 

larger than those between Hsp104 and Sup35 (or Rnq1) (Fig. 3C, 3D). This finding is consistent with 

previous studies, in which Sis1 are preferentially bound to Sup35 or Rnq1 aggregates (20, 25). Since 

GdnHCl is known to cure [PSI+] due to the perturbation of Hsp104 as shown by FCS analyses of single cells 

(33), we measured FCCS for the interaction between Sup35-Hsp104 in GdnHCl-treated [GPSI+] cells. 
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Strikingly, the mean values of RCA were gradually reduced with incubation time after GdnHCl treatment 

(Fig. 3D) and the fractional ratio of Dslow was also reduced from 53% into 15% after 48 hr. The result 

indicates that the reduction of RCA values is correlated with the decrement of fractional ratio of Dslow 

component (33). The result supports that GdnHCl treatment could inactivate Hsp104 through inhibition of 

the interaction between Hsp104 and Sup35 oligomers, eventually leading to the curing of [PSI+] (22, 33).  

 

DISCUSSION 

Previous genetic experiments showed that there are interactions between prions (10). However, study 

based on genetics could not directly answer whether those interactions are due to the physical prion-prion 

interactions or an indirect consequence via trans-acting factors like remodeling factors. Although 

colocalization analysis of fluorescent foci of prion proteins in cells has already suggested a direct association 

of a prion with other types of prion (27, 28), such confocal imaging-based analysis cannot examine highly 

mobile and small prion oligomers. It is emphasized that FCCS analysis clearly demonstrated that strong 

physical interactions among prions existed in cells under the condition where those prions were freely 

diffuse as oligomers in the cytoplasm.  

We note that prion-prion interactions were only detected in prion cells, but not in non-prion cells. 

The result demonstrates that prion interactions are dependent on the amyloid states, and then suggests that 

prion-induced de novo formation of other prion is due to a cross-seeding mechanism (8), by which pre-

existing amyloids were used as seeds of other prion proteins. Moreover, comparison of the RCA values in 

the FCCS analysis showed that Sis1-prion interactions are stronger than Hsp104-prion interactions. This 

result is consistent with previous biochemical observation that the major components of cellular Sup35 

aggregates were Sup35 and Sis1 (25). Consequently, our study demonstrats that the formation of the 

heterocomplex of prion oligomers may be a common event in prion cells, even though only a part of the 

known prion proteins was examined in this study.  
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MATERIALS AND METHODS 

Detailed information is provided in the Supplementary Material.  
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FIGURE LEGENDS  
 

Figure 1. Unique and similar diffusional properties of prion oligomers in live cells. (A) Representative 

normalized fluorescence auto-correlation functions (FAFs) of  mGFP (black), Sup35NM-GFP (blue), Sup35-

GFP (red) in yeast lysates prepared from non-prion cells are shown (circle symbol). (B) Representative 

normalized FAFs of mGFP (gray) detected in [psi -] cell, Sup35NM-GFP in [psi-] (black) and [PSI+] (blue) 

cells, and Sup35-GFP in [gpsi-] (green) and [GPSI+] (red) cells are respectively shown. For comparison of 

mobility, all of the curves were normalized to the same amplitude, G (0) = 2. Solid lines indicate fitting of 

two-component models to the results. (C) and (D) Plot of diffusion times versus the corresponding fractional 

ratios of Sup35NM-GFP and Sup35-GFP (Sup35NMGC) in [PSI+] and [GPSI+] prion cells are respectively 

shown. Two types of diffusion times (τi, i=2) were evaluated from two-component model fitting (see also 

Methods). Fast diffusion time (solid circle) and slow diffusion time (open circle) are inversely proportional 

to diffusional coefficients of Dfast and Dslow, respectively (Table 1).  

 

Figure 2. Stable interaction among prion proteins in live cells. (A) Representative confocal image of 

[gpsi-] cells co-expressing Sup35NM-TagRFP and Sup35NGMC and (B) image of [GPSI+] cells co-

expressing Sup35NM- TagRFP and Sup35NGMC are shown (upper). Scale bar, 5µm. Representative FCCS 

measurement carried on cells are respectively shown (central and bottom). (Central) Time trace of average 

fluorescence intensity (counts per second; cps in kHz) of the two proteins. (Bottom) Two corresponding 

fluorescence auto-correlation functions (FAFs) of TagRFP signal (red) and GFP signal (blue), and one 

fluorescence cross-correlation function (FCF) are shown. Fit curves (solid line) from two-component 

analysis are also shown. (C) Mean values of relative cross-correlation amplitudes (RCA), representing 

interactions between Sup35NGMC with other prion proteins of Sup35NM-TagRFP, Ure2- TagRFP, Rnq- 

TagRFP, and New1-TagRFP, Trx-TagRFP in [gpsi-] and [GPSI+] cells, are shown. Thioredoxin-fused 

TagRFP (Trx-TagRFP), a non-prion related protein, expressed in [gpsi-] and [GPSI+] was used as negative 

control. Error bars represent the s.d. *P<0.05 compared with that of Sup35NM-TagRFP in [GPSI+] cells. 

 
Figure 3. Quantification of interaction between Sup35 oligomers and remodeling factors, Sis1 and 

Hsp104 in live cells. (A) Confocal image of [PSI+] cells co-expressing Sis1-mCherry and Sup35NM-GFP 
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and (B) image of [GPSI+] cells co-expressing Hsp104-mCherry and Sup35NGMC are shown (upper). Scale 

bar, 5µm. Representative FCCS measurement carried on the cells are shown (central and bottom). (C) Mean 

values of relative cross-correlation amplitudes (RCA) between Sis1-mCherry and Sup35NM-GFP in [psi-] 

and [PSI+] cells and between Sis1-mCherry and Rnq1-GFP in [rnq-] and [RNQ+] cells are shown. (D) Mean 

RCA values between Hsp104-mCherry and Sup35-GFP in [gpsi-] and [GPSI+], and GdnHCl treated [GPSI+] 

cells during 6hr and 48 hr are shown. Error bars represent the s.d. *P<0.05 compared with that in non-

treated [GPSI +] cells. 
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Table. Summary of D values for GFP, prion proteins and remodeling factors.  

 
a Diffusion coefficients were calculated from the FAF fitting result (means ± s.d.; cell number n=5). 

b Fractional ratios corresponding to the diffusion coefficients are represented by percentage.  

c Diffusion of GFP monomer in live yeast cells is shown as a reference. 
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Plasmid Construction 

Open reading frame (ORF) sequences of SUP35, RNQ1, URE2, and NEW1 genes were 

cloned directly from purified genomic DNA of S. cerevisiae BY4741 strain by a standard 

PCR method with appropriate pair of oligonucleotides. Each partial sequence corresponding 

to residues 1-253, 1-65 and 1-130 of Sup35, Ure2 and New1, respectively, was fused to the 

5’-end of the sequence of TagRFP derived from pTagRFP-N (Evrogen) by an overlap-

extension PCR method. Likewise, sequence corresponding to residues 134-405 of Rnq1 was 

fused to the 3’-end of the TagRFP-coding sequence. Finally, each chimeric DNA fragment 

was subcloned onto the pYES2 yeast expression plasmid vector (Invitrogen) to produce 

pYES-SUP35NM-TagRFP, pYES-URE2N-TagRFP, pYES-NEW1N-TagRFP and pYES-

TagRFP-RNQ1C. As a negative control, a plasmid expressing thioredoxin-fused TagRFP 

(pYES-Trx-TagRFP) was also constructed by fusing the thioredoxin ORF originally coded on 

pThio-His B plasmid (Invitrogen) to the 5’-end of the TagRFP-coding sequence and 

subcloning onto pYES2 vector. 

A plasmid that expresses Hsp104 fused with mCherry (pGAL1-HSP104-mCherry) was 

constructed as follows. The HSP104 containing SacI-BamHI DNA fragment was cloned into 

YCplac111GAL1p (1). The mCherry DNA fragment was amplified from a pmCherry-N1 

vector (Clontech) and inserted into the BamHI-SalI site of the YCplac111GAL1pHSP104 

plasmid. This includes GS linker between HSP104 and mCherry. 

To visualize Sis1 in the yeast cell, pRS314-SIS1p-SIS1-mCherry was prepared. SIS1 gene 

including SIS1 own promoter was cloned from W303 PJ513a (2) and fused mCherry gene 

under SIS1 gene with Gly-Ser linker by PCR. SIS1p-SIS1-mCherry construct was cloned to 

pRS314 (3) and used for plasmid shuffling to obtain Sis1-mCherry expression strains. 

[RNQ1p-RNQ1-GFP] plasmid, pRS413-RNQ1p-RNQ1-GFP, was from our previous work (2). 
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CYC1 promoter was constructed with SUP35NM gene cloned from W303 PJ513a and 

monomeric GFP gene (2). 

 

Yeast Strain 

In this study, S. cerevisiae G74-D694 strain, which we have established previously (4) , was 

used as the parent strain. G74-D694 is a derivative of 74-D694 [MATa, ade1-14(UGA), his3, 

leu2, trp1, ura3] and carries a modified SUP35 gene (SUP35NGMC), in which a GFP gene 

was integrated between the N and M domains of the endogenous SUP35 gene. Either [psi-] or 

[PSI+] G74-D694, [gpsi-] or [GPSI+], respectively, was transformed with yeast expression 

plasmid described above by a standard lithium acetate method. Transformants were selected 

by synthetic medium lacking uracil (SC-Ura) or leucin (SC-Leu). To induce expression of 

each protein, 2% (w/v) galactose was added to synthetic medium containing 2% (w/v) 

raffinose instead of glucose and lacking uracil (SRaf (-ura)) for 4~ to 24h.  

Details of W303 sis1-∆::LEU2 [SIS1p-SIS1] [RNQ+] [psi-] or [rnq-] [PSI+] strains were 

described previously (2, 5). BY4741 MATa HSP104-GFP::HIS3MX6 was described in the 

previous study (6). W303 sis1-∆::LEU2 [SIS1p-SIS1-mCherry] strains with [RNQ+] or [PSI+] 

were prepared by plasmid shuffling. Growth and prion maintenance of W303 sis1-∆::LEU2 

strain having expression of Sis1-mCherry was indistinguishable to W303 sis1-∆ ::LEU2 strain 

with that of wild-type Sis1 from a [SIS1p-SIS1] plasmid. To measure FCS/FCCS, prion-GFP 

plasmid, pRS413-RNQ1p-RNQ1-GFP for [RNQ+]/[rnq-] or pRS413CYCp-SUP35NM-GFP 

for [PSI+]/[psi-], was coexpressed in W303 sis1-∆ ::LEU2 [SIS1p-SIS1-mCherry]. Semi-

denaturing detergent agarose gel (5, 7) pattern of the prion-GFP coexpression strains showed 

identical pattern as of strains without coexpression. W303 [rnq-] and [psi-] strains were 
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media for 2 days. 

 

Protein Expression 

Transformed yeast cells were cultured in SRaf (-ura). At mid-log phase, protein expression 

was induced by the addition of galactose at a final concentration of 0.2%. After a 12-h 

incubation at 30°C, cells were used for FCCS measurement. To estimate the expression level 

of each fusion protein conveniently, we utilized the fluorescence of TagRFP. Fluorescence 

images at green and red channel of a 100-µl droplet of each culture fluid were taken by LAS-

4000 luminescence imager (Fuji Film, Japan) and the relative TagRFP fluorescence was 

analyzed by Multi Gauge (Fuji Film, Japan). 

 

Fluorescence Correlation Spectroscopy (FCS) and Fluorescence Cross-Correlation 

Spectroscopy (FCCS). FCS and FCCS measurements were performed at 25°C on a confocal 

microscope system (LSM 510; Carl Zeiss) combined with a ConfoCor2 (Carl Zeiss). For 

confocal imaging followed by FCS or FCCS measurement, GFP and RFP were scanned 

independently in a multi-tracking mode. Details of the combined microscope system, analysis 

of fluorescence auto- function (FAF) obtained from FCS measurement, and analysis of two 

FAFs and one cross-correlation function (FCF) from FCCS measurement were described in 

previous studies (1, 6). Briefly, FAF and FCF, from which the absolute number and diffusion 

coefficient (D) of mobile fluorescent molecules, fractional ratio, and interaction amplitude 

represented by relative cross-correlation amplitude (RCA) are calculated, are obtained as 

follows:   

The fluorescence auto-correlation functions of the red and green channels, Gr(τ ) and Gg(τ ), 

and the fluorescence cross-correlation function, Gc(τ ), were calculated from 
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where Fi and τi are the fraction and diffusion time of component i, respectively. N is the 

average number of fluorescent particles in the excitation-detection volume defined by radius 

w0 and length 2z0, and s is the structure parameter representing the ratio s = z0/w0. The 

structure parameter was calibrated using the known diffusion coefficient of Rhodamine-6G at 

room temperature (280µm2s-1). To estimate the diffusion coefficient and fractional ratio from 

FCS or FCCS measurements, FAF and FCFs in live cells were fitted by a two-component 

model (i=2, Dfast and Dslow) with a triplet term (6). Although the shape of FAFs originated 

from a one-component model (i.e. single-species) only depends on the diffusional mobility, it 

is emphasized that the shape of FAFs originated from a multi-component model (multi-

species) depends not only on the diffusional mobility but also on fractional ratio of mobile 

species (1). For FCCS measurement, simultaneous excitation of GFP- and RFP-tagged 

proteins was carefully carried out at minimal and optimal excitation powers, chosen to obtain 

sufficiently high signal-to-noise ratios for the analysis of the diffusional coefficient and 

molecular interaction. Data containing severe photobleaching possibly resulting from a high 

proportion of immobilized fluorophores and non-stationary fluorescent signals resulting from 
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the cross-correlation function was normalized by the amplitude of the autocorrelation 

function of RFP to calculate the relative cross-correlation amplitude ((Gc(0)-1)/(Gr(0)-1); 

RCA value)(6). 
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Hsp104. 

Proteins Theoretical 
Mw (kD) 

FP tagged proteins Total 
theoretical 
Mw (kD) 

Mwfcs
c 

  mGFP ,mCherry, TagRFP 28 25 

Sup35NM 49 Sup35NM-GFP   77 79 

Sup35 79 NGMC 107 350 

Rnq1 43 Rnq-GFP  71 76 

Ure2 40 Ure2-mCherry 68 - 

New1 134 New1-Ure2-mCherry 162 - 

Sis1 40 Sis1-mCherry 68 (136 a) 1720 

Hsp104 104 Hsp104-GFP 132 (792 b) 8600 

 

 

a Molecular weight of Sis1-GFP as a homo-dimer. 

b Molecular weight of Hsp104-GFP as a hexamer complex. 

c Mw calculated from FCS analysis using lysis solution samples. 
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Sup35NGMC proteins in yeast cells 

 

Proteins and cell type Concentration 

(nM) 

SD 

(nM) 

Sup35NM-GFP in [psi-] 676 130 

Sup35NGMC in [gpsi-] 285 60 

Sup35NM-GFP in [PSI+] 193 20 

Sup35 NGMC in [GPSI+] 150 12 
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Supplementary Figure S1. Diffusional properties of Rnq1-GFP in live cells. (A) 

Fluorescence-confocal image of [RNQ +] prion cells expressing Rnq1-GFP are shown. Scale 

bar, 5µm. Arrow and cross hair indicate a large immobile focus in a mother cell and the 

position of FCS measurement shown in (B), respectively. (B) Representative two FCS 

measurements carried on [rnq -] and [RNQ +] cells are respectively shown. (Upper) Time 

trace of average fluorescence intensity (counts per second; cps in kHz) of Rnq1-GFP 

observed in [rnq -] (black) and [RNQ +] (red) cells. (Bottom) The corresponding fluorescence 

auto-correlation functions (FAFs) calculated from the time trace are also shown. Fit curves 

(solid line) were obtained from two-component analysis. For comparison of mobility, the 

curves were normalized to the same amplitude, G (0) = 2. 

 

Supplementary Figure S2. Slow diffusional behavior of Hsp104-GFP in non-prion cells. 

(A) Fluorescence-confocal image of yeast cells endogenously expressing Hsp104-GFP are 

shown. Scale bar, 5µm. (B) Fluorescence-confocal image of [psi -] and [PSI +] cells 

expressing monomer GFP (mGFP) are respectively shown. Scale bar, 5µm. (C) 

Representative normalized FAFs of Hsp104-GFP and mGFP are also shown. Fit curves (solid 

line) were obtained from two-component analysis. For comparison of mobility, the curves 

were normalized to the same amplitude, G (0) = 2. 

 

Supplementary Figure S3. FCCS measurements for detecting interactions among prion 

proteins in live cells. (A) ~ (D) Representative FCCS measurement carried on non-prion and 

prion cells are respectively shown (upper and bottom). (Inset) Measured cell type ([gpsi -] or 

[GPSI +]) and a pair of proteins tagged with Tag-RFP and GFP. (Upper) Time trace of average 

fluorescence intensity (counts per second; cps in kHz) of two prion proteins (red and blue). 



UNCORREC
TE

D P
ROOF(Bottom) Two corresponding fluorescence auto-correlation functions (FAFs) of mCherry 

signal (red) and GFP signal (blue), and one fluorescence cross-correlation function (FCF) are 

shown. (E) Representative FCCS measurement carried on a [psi -] cell co-expressing Sis1-

mCherry and Sup35NM-GFP are shown. (F) Representative FCCS measurement carried on a 

[gpsi -] cell co-expressing Hsp104-mCherry and Sup35NGMC are shown. 

 

Supplementary Figure S4. Histogram of RCA values for interaction between remodeling 

factor Sis1 and prion oligomers in yeast prion cells. (A) Histogram of RCA values for 

interaction between Sis1-mCherry and Sup35NM-GFP oligomers. (B) Histogram for 

interaction between Sis1-mCherry and Rnq1-GFP oligomers. 

 
 

 

  



UNCORREC
TE

D P
ROOFReferences 

1. Kawai-Noma S, Ayano S, Pack CG et al. (2006) Dynamics of yeast prion aggregates 
in single living cells. Genes Cells 11, 1085-1096 

2. Aron R, Higurashi T, Sahi C and Craig EA (2007) J-protein co-chaperone Sis1 
required for generation of [RNQ+] seeds necessary for prion propagation. EMBO J 26, 
3794-3803 

3. Sikorski RS and Hieter P (1989) A system of shuttle vectors and yeast host strains 
designed for efficient manipulation of DNA in Saccharomyces cerevisiae. Genetics 
122, 19-27 

4. Tsuji T, Kawai-Noma S, Pack CG et al. (2011) Single-particle tracking of quantum 
dot-conjugated prion proteins inside yeast cells. Biochem Biophys Res Commun 405, 
638-643 

5. Higurashi T, Hines JK, Sahi C, Aron R and Craig EA (2008) Specificity of the J-
protein Sis1 in the propagation of 3 yeast prions. Proc Natl Acad Sci U S A 105, 
16596-16601 

6. Pack CG, Yukii H, Toh-e A et al. (2014) Quantitative live-cell imaging reveals spatio-
temporal dynamics and cytoplasmic assembly of the 26S proteasome. Nat Commun 5, 
3396 

7. Kryndushkin DS, Alexandrov IM, Ter-Avanesyan MD and Kushnirov VV (2003) 
Yeast [PSI+] prion aggregates are formed by small Sup35 polymers fragmented by 
Hsp104. J Biol Chem 278, 49636-49643 

 


