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Figure S3. LGMD1D mutations in DNAJB6 alter TDP-43 nuclear aggregation and 

disaggregation. (A) Nuclear co-localization of DNAJB6b and TDP-43 upon heat shock. HeLa 

cells were co-transfected with TDP-43-mCherry and the indicated GFP-DNAJB6b mutant for 24 

hours and then subjected to heat shock at 42oC for 1 hr, or 42oC for 1 hr followed by recovery for 

2 hrs at 37oC. (B) Western blot analysis of HeLa cell extracts transfected with the indicated 

constructs as compared to untransfected cells (control), using antibodies against TDP-43, 

DNAJB6b, and HSP70, along with GAPDH as a loading control. All samples were run on the 
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same gel, but have been cropped for clarity. (C) Western blot analysis of patient fibroblasts from 

three independent control patients (C1, C2, C3) and three different patients from the same family 

having the DNAJB6-F93L mutation (P1, P2, P3), using antibodies against DNAJB6b and 

GAPDH. M: marker. (D and E) Nuclear stress body formation (D) and quantitation (E) of 

endogenous TDP-43 in LGMD1D patient (F93L) or control fibroblast lines, subjected to heat 

shock at 42oC for 1 hr, or 42oC for 1 hr followed by recovery for 2 or 3 hrs at 37oC. Data are 

represented as mean ± SEM with n = 4. 
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Table S1. Oligonucleotides used in this study. 
Oligonucleotide Description Sequence 

1454 5’ Sis1prom-
SacI 5'CGCGAGCTCGCTAGTCGTTACTTTTC 

1455 3’ Sis1prom-
SpeI 5'CGCACTAGTTATTAGTTCTGTATACTATAC 

1456 5’ Sis1term-
ClaI 5'CGCATCGATTAGTAATCCTAAGCAAATATAA 

1457 3’ Sis1term-
XhoI 5'CGCCTCGAGTTGGACTTACAAAAACTTC 

0229 5' Sis1-SpeI 5'ATACTAGTATGGTCAAGGAGACAAAAC 
0230 3' Sis1-ClaI 5'TGATCGATATTTGCTTAGGATTACTATTAAA 

1618 3' SDSS 5’CTGTCAAAATGACTTCCACCTCCTCCTCCACCAT
TTAATCCAGGACCACCAGGACCAAAGCTTG 

1617 5' SDSS 5’CCGTAACCCAGATGATGTCTTCAGGGAATTTTTT
GGTGGAAGGGACCCATTCGGTGGTGCTGATGAC 

1619 5' SDSS linker 5’GGTGGAAGTCATTTTGACAGTCCATTTGAATTTG
GCTTCACATTCCGTAACCCAGATGATGTCTTC 

1567 5’ dnajB6-
F89I 

5’GACAGTCCATTTGAAATTGGCTTCACATTCCGTA
AC 

1568 3’ dnajB6-
F89I 

5’GTTACGGAATGTGAAGCCAATTTCAAATGGACT
GTC 

1620 5’ dnajB6-
F93L 

5’GAATTTGGCTTCACACTCCGTAACCCAGATGAT
G 

1621 3’ dnajB6-
F93L 

5’CATCATCTGGGTTACGGAGTGTGAAGCCAAATT
C 

1569 5’ dnajB6-
P96R 

5’GGCTTCACATTCCGTAACCGAGATGATGTCTTCA
GGG 

1570 3’ dnajB6-
P96R 

5’CCCTGAAGACATCATCTCGGTTACGGAATGTGA
AGCC 

1415 5’ Sis1 KO 5’CATTCACATCAATATAATAGAGTATAGTATACA
GAACTAATACAGCTGAAGCTTCGTACGC 

1416 3’ Sis1 KO 5’GTGATAAATTTATTTGAGTTTATAATTATATTTG
CTTAGGATTACTAGCATAGGCCACTAGTGGATCTG 

1539 5’ dnajb1-
F90I 

5’GTGCCAATGGTACCTCTATCAGCTACACATTCCA
TG 

1540 3’ dnajb1-
F90I 

5’CATGGAATGTGTAGCTGATAGAGGTACCATTGG
CAC 

1492 5’ dnajb1-
F94L 

5’CTCTTTCAGCTACACACTCCATGGAGACCCTCAT
G 

1493 3’ dnajb1-
F94L 

5’CATGAGGGTCTCCATGGAGTGTGTAGCTGAAAG
AG 

1541 5’ dnajb1-
P98R 

5’CACATTCCATGGAGACCGTCATGCCATGTTTGCT
G 

1542 3’ dnajb1-
P98R 

5’CAGCAAACATGGCATGACGGTCTCCATGGAATG
TG 
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5.1 Abstract 

 A wide range of cellular activity depends on the function of molecular chaperones. 

Through modulating the activity of Hsp70s, Hsp40 proteins are proposed to be major regulators 

of several aspects of protein quality control. Mutations in the Hsp40 DNAJB6 G/F domain 

disrupt the proteostasis network and cause the limb-girdle muscular dystrophy type 1D 

(LGMD1D), which exhibits an accumulation of protein aggregates and vacuoles in skeletal 

muscle. Recently, we have shown that these mutations selectively alter the processing of 

particular aggregate conformers. Here, we use yeast and the DNAJB6 ortholog Sis1 to explore 

what other Hsp40 functions are altered by the LGMD1D-associated mutations. We demonstrate 

that these mutations do not disrupt the role of Hsp40 in luciferase refolding or Sis1-mediated 

protein degradation. However, we found that over-expression of the LGMD1D-associated 

mutations exhibits Hsp70-dependent toxicity, likely through dysregulation of processing 

essential substrate proteins. Moreover, modulating the Hsp70 ATPase cycle partially suppressed 

the impaired processing of the [RNQ+] prion. We propose that the LGMD1D-associated 

mutations might cause hyperstimulation of Hsp70 activity and aberrant client processing. Hence, 

this work provides additional mechanistic insight into how the LGMD1D-associated mutations 

might disrupt DNAJB6 function, which could lead to more targeted therapeutic approaches. 

 

5.2 Introduction 

From translation to degradation, molecular chaperones monitor multiple aspects of the 

life cycle of a protein. The family of Hsp70 proteins consists of key players in maintaining the 

health of the proteome. As proteins are innately susceptible to misfolding and aggregation, a 

major function of Hsp70s is to refold these substrates or mediate the degradation of terminally 
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misfolded proteins. However, while Hsp70s function on the frontline to protect the cell, the 

family of Hsp40 co-chaperones serves as the functional operators [148]. Indeed, the large 

number of Hsp40s (41 in humans as compared to 11 Hsp70s [148]), with their distinct tissue 

expression patterns [259], provides a tremendous amount of specificity in dictating Hsp70 

function.  

Hsp40s are categorized into three classes [102]. The presence of a highly conserved J 

domain is the common feature among all three classes. This domain facilitates the interaction 

with Hsp70s and the stimulation of Hsp70 ATPase activity and substrate processing [263]. The 

structural features outside of the J domain determine the class of Hsp40. In general, class A (type 

I) proteins have a domain rich in glycine and phenylalanine (G/F), a zinc finger motif, and a C-

terminal substrate-binding domain. The generic structure of class B (type II) Hsp40s is similar 

without the zinc finger motif. All class A and several class B proteins also have a dimerization 

domain at the extreme C-terminus that facilitates Hsp40 dimerization and increases the affinity 

for substrates [264]. Type III (class C) Hsp40s, on the other hand, do not fall into one of these 

categories and consist of a number of disparate domains that help increase the functional 

specificity of the Hsp40 family [148]. 

While some Hsp40s function in particular organelles or have specific client proteins, 

others act as general housekeeping proteins that can interact with a wide range of substrates 

[148]. However, it is suggested that the capacity of Hsp40s, and molecular chaperones in 

general, to monitor protein folding can be overwhelmed. Indeed, a loss of proteostatic control 

can occur through an increased burden of misfolded proteins that leads to protein aggregation 

[154]. There is a large number of unrelated proteins that aggregate and are associated with 

numerous diseases called protein conformational disorders [2]. Interestingly, a subset of protein 
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conformational disorders, called chaperonopathies, highlight the importance of molecular 

chaperones in protein quality control, as these diseases are caused by a mutation in a molecular 

chaperone, including a number of different Hsp40 proteins [157]. One such example is a type of 

myopathy called limb-girdle muscular dystrophy type 1D (LGMD1D), which is caused by 

mutations in the Hsp40 DNAJB6 [159-162]. 

DNAJB6 is involved in regulating the turnover of several different substrates, indicating 

it likely plays a general role in protein quality control [250,255-257,265-268]. Indeed, one of the 

striking features of LGMD1D is the aggregation of several different proteins [159,160]. 

Interestingly, all of the LGMD1D-associated mutations that have been identified to date have 

been found in a short stretch of the G/F domain of DNAJB6 ([159-162] and personal 

communication). In addition to DNAJB6, disruption of the G/F domain in similar DNAJ proteins 

can impair substrate processing [74,244,269]. Recently, we extended the results of these studies, 

showing that mutations in the G/F domain not only affect the processing of particular substrates, 

but particular conformations of those substrates (Stein et al., in review). Yet, the underlying 

mechanism for how the G/F mutations impair Hsp40 function remains unclear. 

In this study, we take advantage of the yeast system and the homology between DNAJB6 

and the yeast Hsp40 Sis1, to provide mechanistic insight into how the LGMD1D-associated 

mutations affect DNAJB6 function. Despite showing that the G/F domain is involved in 

refolding heat-denatured luciferase in vivo, we show that the LGMD1D mutations do not affect 

processing of this substrate. Moreover, we found that there is no impact on Sis1-mediated protein 

degradation or induction of the heat shock response. However, the LGMD1D-associated 

mutations show striking toxicity when over-expressed that relies on an interaction with Hsp70, 

suggesting that the mutants cause aberrant processing of essential substrates. We propose that the 
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LGMD1D-associated mutations in DNAJB6 might cause hyperstimulation of Hsp70 ATPase 

activity, which leads to dysregulation of the turnover of certain substrates, or substrate 

conformers, that play a critical role in maintaining the integrity of skeletal muscle. 

 

5.3 Results 

5.3.1 LGMD1D Mutations do not affect Luciferase Refolding 

Hsp40s are proposed to dictate the specificity of substrate processing and monitoring 

protein quality control [148]. In line with this, we have previously shown that LGMD1D-

associated mutations impair the propagation of particular conformers of the [RNQ+] and [PSI+] 

prions in yeast (Stein et al., in review). We now wanted to test the extent to which these 

mutations impaired Hsp40 processes. First, we explored the selectivity of the LGMD1D 

mutations in altering substrate processing. Prion aggregates are considered to be rich in ! sheets 

[20]. Hence, we asked if the mutations would similarly affect the processing of aggregated 

substrates that are not ! sheet-rich. One substrate commonly used is heat-denatured luciferase, 

the refolding of which is an Hsp40-dependent process [89,104,270].  

To test whether LGMD1D-associated mutations affect the refolding of luciferase, we 

used sis1! yeast cells that expressed in place of WT Sis1 our previously described Sis1-DNAJB6 

chimeras, referred to as SDSS. As controls, we used WT Sis1 and the deletion construct Sis1-

#G/F, which was shown to impair the refolding of luciferase in vitro [104]. We grew each of 

these strains at 44°C in order to denature luciferase, followed by monitoring the efficiency of 

luciferase refolding during a two hour recovery period at 30°C. As expected, Sis1-#G/F reduced 

the ability of cells to refold luciferase as compared to WT Sis1 (Fig. 1), which agrees with the 

previous in vitro studies [104]. However, we found that none of the SDSS chimeras, WT or 
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mutant, significantly altered the ability to refold luciferase in [rnq-] cells (Fig. 1). The same was 

true in cells propagating the m.d. high [RNQ+] prion variant (data not shown), which we had 

previously shown was maintained in the presence of the SDSS chimeras (Stein et al., in review). 

This suggests that the LGMD1D-associated mutations might selectively alter interactions with 

substrates that are prone to forming aggregates rich in ! sheets. 

 

5.3.2 Sis1-Mediated Protein Degradation is not altered by LGMD1D Mutations 

In response to heat shock, DNAJB6b translocates to the nucleus and aids in resolving 

stress granules containing TDP-43 [250]. Similarly, Sis1 mediates the nuclear translocation and 

processing of cytosolic substrates [140,271], as well as the cytosolic degradation of other 

substrates [272]. Such Sis1-mediated translocation and degradation was recently shown using the 

model substrate, CG*, which consists of the cytosolic carboxypeptidase Y* fused to GFP [271]. 

Hence, we asked if the LGMD1D-associated mutations might impair the function of Sis1 in 

mediating the degradation of CG*. To test this, we monitored the kinetics of CG* turnover in 

[rnq-] and m.d. high [RNQ+] cells expressing WT Sis1, Sis1-#G/F, or the SDSS chimeras. When 

WT Sis1 was expressed, we found that CG* degraded rapidly (Fig. 2). Interestingly, none of the 

Sis1 constructs affected the turnover of CG*, even when the entire G/F domain was deleted. 

Moreover, these effects were independent of [RNQ+], as both [rnq-] and m.d. high [RNQ+] cells 

showed similar rates of CG* turnover. We had previously shown that the LGMD1D-associated 

mutations in DNAJB6 did not affect the translocation of DNAJB6 to the nucleus (Stein et al., in 

review). As CG* is translocated to the nucleus [271], our data agree with our previous results 

that the LGMD1D-associated mutations do not affect nuclear translocation. However, unlike our 

previous data using TDP-43 (Stein et al., in review), processing of CG* was unaffected. 
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5.3.3 Cellular Heat Shock Response is Normal in the Presence of LGMD1D Mutations  

In response to stress, cells will induce the expression of molecular chaperones, and 

particularly heat shock proteins, to counteract any cellular damage to proteins [273]. The 

transcription factor Hsf1 is the master regulator of the heat shock response, acting to induce 

expression of genes that have a heat shock element (HSE) in their promoter [273]. Interestingly, 

Hsf1 activity is regulated by Hsp70s, which repress Hsf1 activity under basal conditions, as well 

as activate the heat shock response when stress is sensed [274]. Therefore, as Hsp40s modulate 

the activity of Hsp70s, we asked whether the LGMD1D-associated mutations affected induction 

of the cellular heat shock response. We transformed [rnq-] and m.d. high [RNQ+] cells with a 

plasmid that expresses LacZ under the control of a promoter containing four heat shock 

elements. With the use of this plasmid, !-galactosidase activity serves as a direct measure of the 

heat shock response. After growing cells expressing each of the Sis1 and SDSS constructs at 

39°C for one hour and measuring the !-galactosidase activity, we found that there were no 

significant changes in the heat shock response with any of the constructs (Fig. 3 and data not 

shown). This suggests that the role of the LGMD1D-associated mutations in causing disease is 

not through alteration of the Hsp70-dependent induction of the heat shock response. 

 

5.3.4 Toxic Over-Expression of LGMD1D Mutants is Hsp70-Dependent 

 It has been shown that over-expressing Sis1-#G/F dominantly impairs yeast cell viability 

and propagation of the [RNQ+] prion [104], indicating the importance of the G/F domain in 

substrate processing. We wondered whether the LGMD1D-associated mutations would similarly 

affect cell viability. To test this, we made the homologous Sis1 mutations in the residues that are 
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conserved between Sis1 and DNAJB6. This included Sis1-F106L (homologous to DNAJB6-

F93L) and Sis1-F115I (homologous to DNAJB6-F100I). We then over-expressed these mutants, 

along with WT Sis1, in [rnq-] and m.d. high [RNQ+] cells. Strikingly, while cells over-

expressing WT Sis1 grew similar to the empty vector control, over-expression of both Sis1 

mutants greatly inhibited cell growth (Fig. 4). Such toxicity was independent of [RNQ+] status 

and could not be explained by any differences in expression (Fig. S1). 

 Interestingly, a secondary mutation in Sis1 was previously identified that suppressed the 

toxicity of Sis1-#G/F over-expression [104]. This mutation, Sis1-L268P, resides in the C-

terminal substrate-binding domain of Sis1 and was demonstrated to disrupt the interaction of 

Sis1 with the Hsp70 Ssa1 in vitro [104]. Therefore, we hypothesized that this mutation might 

also suppress the toxicity caused by the LGMD1D-associated mutations in Sis1. Indeed, making 

the second-site L268P mutation completely rescued the toxicity (Fig. 4). However, deletion of 

the Sis1 dimerization domain [224] did not suppress toxicity of the Sis1-F115I mutation. Taken 

together, these data suggest that over-expression of the LGMD1D-associated mutations in Sis1 

impairs cell viability in a manner that depends on the interaction of Sis1 with Hsp70, but not on 

Sis1 dimerization. 

 

5.3.5 Loss of Hsp70 Nucleotide Exchange Factor Partially Rescues Prion Propagation 

 We have demonstrated that the LGMD1D-associated mutations can impair propagation 

of particular prion conformers, especially s.d. medium [RNQ+] (Stein et al., in review). Similar 

to the Sis1-DNAJB6 chimeras that we had tested previously, we found that expression of Sis1-

F115I also eliminated the ability of s.d. medium [RNQ+] to propagate, as indicated by using a 

well-trap assay (Fig. 5). This assay determines the amount of Rnq1 protein that is soluble: for 
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[RNQ+] samples that have Rnq1 in an aggregated form, the aggregates will not break down in 

unboiled fractions and will not be able to enter an SDS-PAGE gel [189]. By contrast, the soluble 

Rnq1 in [rnq-] cells will enter the gel even in the unboiled fraction. 

Since we found that the toxicity of the LGMD1D-associated mutations in Sis1 was 

mediated through the interaction with Hsp70, we asked whether modulating Hsp70 activity 

would rescue prion propagation. While Hsp40s promote an ADP-bound state of Hsp70 that has 

high affinity for substates, nucleotide exchange factors (NEFs) also play a crucial role in the 

Hsp70 ATPase cycle by stimulating the exchange of ADP to ATP to release substrates and allow 

for additional substrate binding [148]. Therefore, we deleted SSE1, one of the primary Hsp70 

NEFs in yeast, and used a well-trap assay to test the effect of Sis1-F115I on propagation of s.d. 

medium [RNQ+]. Like SSE1 cells, we found that all of the Rnq1 protein was in its aggregated 

state in sse1! cells when WT Sis1 was expressed, as indicated by the absence of Rnq1 in the 

unboiled fraction, suggesting that loss of SSE1 did not affect prion propagation of s.d. medium 

[RNQ+] (Fig. 5). Moreover, all of the Rnq1 protein is soluble and can enter the SDS-PAGE gel 

in the unboiled fractions of [rnq-] sse1! cells, along with SSE1 cells propagating s.d. medium 

[RNQ+] and expressing Sis1-F115I.  However, there is significantly less soluble Rnq1 protein in 

sse1! cells expressing Sis1-F115I, indicating it is sequestered in Rnq1 aggregates. This suggests 

that loss of SSE1 delays the loss of the s.d. medium [RNQ+] prion. This provides additional 

evidence to support the role of Hsp70 in mediating the effects of the LGMD1D-associated 

mutations. 

 

5.4 Discussion 
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 Here, we have provided additional mechanistic insight into the effects of the mutations 

associated with LGMD1D, and how they might contribute to pathogenesis. It was previously 

demonstrated that DNAJB6 can process substrates having of a polyglutamine expansion 

[256,275,276] and that LGMD1D-associated mutations can impair such processing of these 

aggregation-prone substrates [160]. This was also seen using the RNA-binding protein TDP-43 

that formed nuclear stress granules (Stein et al., in review). We had extended these studies by 

showing that LGMD1D-associated mutations in DNAJB6 orthologs show tremendous selectivity 

and disrupt the processing of only particular conformers of the [RNQ+] and [PSI+] prions (Stein 

et al., in review). We now show additional specificity of these mutations.  

We found that the LGMD1D-associated mutations do not alter the processing of heat-

denatured luciferase (Fig. 1). Unlike the previously analyzed substrates, luciferase represents 

another aggregated substrate, but one that is not thought to form an ordered ! sheet-rich 

structure. Moreover, the LGMD1D mutations did not affect the role that Sis1 plays in mediating 

the proteasomal degradation of a model misfolded cytosolic protein (Fig. 2). As this model 

substrate is degraded in the nucleus [271], this would suggest that the LGMD1D-associated 

mutations do not affect Hsp40 localization, which agrees with our previous results with DNAJB6 

(Stein et al., in review). Collectively, these data support the view that Hsp40s are major 

determinants of functional specificity in the cell [148]. We propose that the LGMD1D-associated 

mutations impair certain Hsp40 functions (e.g. processing of substrates that form ordered 

aggregates), but not other functions (e.g. processing of particular amorphous substrates). 

In addition to the selectivity that occurs between Hsp40s and substrates, another layer of 

selectivity operates through the interaction of Hsp40s with Hsp70s. While Hsp40s can act 

independently of Hsp70s, the general view is that Hsp40 function is often determined through its 



 180 

interaction with Hsp70 [148]. The J domain of Hsp40s, in particular an HPD motif within the J 

domain, is required for stimulating the activity of Hsp70 [222]. In the case of Sis1, its interaction 

with Hsp70 is essential to yeast viability, as disruption of the HPD motif with the H34Q 

mutation causes inviability [150]. Moreover, the ability of Hsp40s to bind substrates is also 

essential, as loss of the substrate-binding domains of Sis1 and a related Hsp40 Ydj1 reduces cell 

growth when these domains are lost separately, and results in inviability when both domains are 

lost as there is some overlap in function between these Hsp40s [277]. Hence, it is clear that 

Hsp70-dependent substrate processing is an essential Hsp40 function in yeast. We found that 

over-expression of the LGMD1D-associated mutations in the G/F domain of Sis1 is toxic (Fig. 

4), and this is suppressed by a secondary mutation in the substrate-binding domain of Sis1, 

L268P, that impairs the interaction with Hsp70 [104]. These data suggest that the LGMD1D-

associated mutations likely disrupt the processing of essential substrates. We propose that these 

mutations might cause hyperstimulation of Hsp70 ATPase activity. In the case of Hsp40 over-

expression, the stoichiometric ratios of Hsp40 and Hsp70 are altered, causing aberrant processing 

of essential proteins that is mitigated by disrupting the interaction between Sis1 and Hsp70 using 

the L268P mutation.  

Additionally, such aberrant processing might also be the underlying factor for processing 

prion aggregates. When maintaining the normal stoichiometric ratios of Hsp40 and Hsp70, the 

LGMD1D-associated mutations disrupt the processing of particular prion variants (Stein et al. in 

review, and data not shown). This might result from certain prion conformers being sensitive to 

over-stimulation of Hsp70. Loss of NEF activity would slow the ATPase cycle and thus the 

recycling of Hsp70 monomer, potentially allowing for normal substrate processing. This would 

explain why deletion of the NEF SSE1 partially rescues prion propagation in the presence of 
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Sis1-F115I (Fig. 5). There are at least two possibilities that could explain how mutations in the 

Hsp40 G/F domain cause hyperstimulation of Hsp70: 1) disrupting the spatial orientation of the 

Sis1 domains and consequently the interaction with Hsp70, or 2) altering Hsp70 interaction if the 

G/F domain binds to Hsp70 directly. Nevertheless, in vitro studies are necessary to specifically 

look at the relationship between DNAJB6 and Hsp70 to test these possibilities.  

There are 11 Hsp70s in humans, but 41 different Hsp40s [148], and Hsp40s have very 

different tissue expression and activity [259]. In addition to the 13 different NEFs, this indicates 

that a complex network acts to modulate the function and ATPase cycle of Hsp70, and its 

involvement in many aspects of protein quality control. Indeed, the selectivity provided by 

Hsp40s may contribute to the increasing number of disorders, that have varying pathological 

features, that are linked to mutations in Hsp40 proteins [157]. Moreover, the role of DNAJB6 in 

causing LGMD1D indicates that myopathies can no longer be viewed simply as diseases caused 

by defects in scaffold proteins [278]. Our study highlights the selectivity of the LGMD1D-

associated mutations, indicating how dysregulation of only certain Hsp40 functions can lead to 

disease.  

 

5.5 Materials and Methods 

5.5.1 Yeast Strains, Plasmids, and Media 

 All yeast strains used in this study are derived from 74-D694 (ade1-14 his3-!200 leu2-

3,112 trp1-289 ura3-52) and were grown using standard techniques. YPD media (1% yeast 

extract, 2% peptone, 2% dextrose) or synthetic defined (SD) media (0.67% yeast nitrogen base 

without amino acids, 2% dextrose) lacking a particular nutrient to select for plasmids, was used 

as indicated. Wild-type (WT) [RNQ+] and [rnq-] strains were kind gifts from S. Liebman [31]. 
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Construction of sis1! [rnq-] and [RNQ+] strains was described previously (Stein et al., in 

review). Replacement of WT Sis1 was performed by a plasmid shuffle technique using media 

containing 1mg/mL 5-fluoroorotic acid (5-FOA) that selects against the URA3-marked SIS1 

plasmid. The s.d. medium [RNQ+] sse1! strain was made using a plasmid-based sse1!::LEU2 

disruption construct (kind gift from K. Morano [248]) that was digested with SacII/PstI and 

transformed into sis1! cells propagating s.d. medium [RNQ+] and expressing SIS1 from a 

URA3-marked plasmid. Transformants were selected on SD-leu and deletion of SSE1 was 

confirmed by colony PCR. 

 The following plasmids were kind gifts: pRS314-sis1-!G/F from S. Lindquist [74], and 

pRS316-SIS1 and pRS314-sis1-L268P from E. Craig [100,104]. Construction of pRS314-SIS1 

and SDSS chimeras was described previously (Stein et al., in review). Mutations in SIS1 were 

created using bridge PCR with the indicated oligonucleotides, digested with SpeI/ClaI and 

ligated with the indicated vector, and confirmed by sequencing: SDSS-F100I 

(5'GTAACCCAGATGATGTCATCAGGGAATTTTTTGG and 

5'CCAAAAAATTCCCTGATGACATCATCTGGGTTAC), sis1-F106L 

(5'GATTCTCCGGAGGACATGCGCTCAGTAATGAGGATGC and 

5'GCATCCTCATTACTGAGCGCATGTCCTCCGGAGAATC), sis1-F115I 

(5'GATGCTTTCAATATTATTTCACAATTCTTTGGC and 

5'GCCAAAGAATTGTGAAATAATATTGAAAGCATC), double mutations with sis1-L268P 

(5'GTTTCTCTAGTTATCCATCTG and 5'GTTTCTCTAGTTATCCATCTG using pRS314-

sis1-F106L, pRS314-sis1-F115I, or pRS314-sis1-L268P as templates as necessary). To create 

pRS414GPD-sis1-!DD-F115I, 5'ATACTAGTATGGTCAAGGAGACAAAAC and 
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5’CGCATCGATTTATGGATAGTCCACTTTATATTTTAC were used, followed by digestion 

with SpeI/ClaI, and ligation with pRS414GPD that was digested with the same enzymes. 

 

5.5.2 Luciferase Refolding 

Yeast expressing the indicated construct from the pRS314 vector in place of pRS316-

SIS1 were transformed with pRS316GPD-luciferase, a kind gift from B. Bukau [220]. Refolding 

of luciferase was then monitored as described in previous studies [90,242]with modifications. 

Yeast cultures were grown to mid-logarithmic phase at 30°C, followed by growth at 37°C for 

one hour, then heat shocked at 44°C for one hour to induce aggregation of luciferase. 20µg/mL 

cycloheximide (Sigma) was added to each culture 50 min into heat shock. After heat shock, cells 

recovered at 30°C with 100µl samples taken at the indicated times, added to 50µl of 1mM beetle 

luciferin (Promega). Luminescence was measured on a single tube luminometer (Berthold 

Detection Systems) with a delay time of 2 sec and a read time of 6 sec. Luminescence was 

normalized to the pre-heat shock value taken after growth at 37°C. 

 

5.5.3 CG* Degradation Assay 

Monitoring CG* turnover was performed as described previously [271]. Yeast expressing 

the indicated construct from the pRS314 vector in place of pRS316-SIS1 were transformed with 

pRS313-CG*, a kind gift from U. Hartl [271]. Cultures were grown at 30°C until mid-

logarithmic phase. 100µg/mL cycloheximide (Sigma) was added to each culture and samples 

were removed at the indicated times. Cell pellets were lysed by alkaline lysis that was adapted 

from previous studies [272,279]. Briefly, cells were resuspended in 0.1M NaOH and incubated at 

room temperature for 5min, followed by washing in H2O and pelleting at 3,000 rpm for 3 min. 
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Cells were resuspended in denaturing lysis buffer (60mM Tris-HCl pH 6.8, 2% SDS, 2mM 

DTT), boiled at 100°C for 10 min, and pre-cleared at 3,000 rpm for 3 min. Equal volumes of cell 

lysates and sample buffer (60mM Tris-HCl pH 6.8, 2% SDS, 10% glycerol, 2mM EDTA, 5% !-

mercaptoethanol, bromophenol blue) were analyzed by SDS-PAGE and western blot using an 

"GFP antibody (Roche). 

 

5.5.4 Heat Shock Response 

The indicated yeast strains were transformed with a plasmid expressing LacZ, from a 

promoter having four heat shock elements, a kind gift from S. Lindquist. Cultures were grown 

until mid-logarithmic phase at 30°C, followed by growth at 39°C for one hour. Samples were 

then lysed and luminescence was measured as described previously [280], followed by 

normalization to protein concentration. 

 

5.5.5 Genetic Analysis 

WT yeast strains that were [rnq-] or harboring m.d. high [RNQ+] were transformed with 

the indicated pRS414GPD constructs (pRS414GPD-SIS1 was a kind gift from S. Lindquist [74]). 

Overnight cultures were normalized to OD600, followed by spotting five-fold serial dilutions onto 

YPD and SD-trp and growth at 30°C for 3 days. 

 

5.5.6 Protein Analysis 

 Yeast samples were lysed with glass beads in buffer (100mM Tris pH 7.5, 200mM NaCl, 

1mM EDTA, 5% glycerol, 0.5mM DTT, 3mM PMSF, 50mM N-Ethylmaleimide (NEM), 

complete protease inhibitor from Roche) and pre-cleared at 6,000 rpm for 15 sec. Protein 
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concentration of cell lysates was then normalized. For well-trap assays, samples were incubated 

for 5 min at room temperature or 100°C in sample buffer (50mM Tris-HCl pH 6.8, 10% glycerol, 

2% SDS, 100mM DTT), then analyzed by SDS-PAGE and western blot using an "Rnq1 

antibody. Expression of Sis1 mutants was determined similarly using "Sis1 (a kind gift from E. 

Craig) and "Pgk1 antibodies. 
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5.7 Figures 

 

Figure 1. Luciferase refolding is unaffected by LGMD1D mutations. The capability of 

refolding luciferase was measured in [rnq-] sis1! yeast cultures harboring the indicated construct 

and a plasmid expressing luciferase. Yeast were subjected to heat shock to induce luciferase 

aggregation, followed by recovery at 30°C. Luminescence was measured at the indicated times 

during recovery and normalized to the luminescence before heat shock, with the amount of 

luciferase refolding plotted as the % recovery and represented as mean ± SEM with n = 4. 
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Figure 2. LGMD1D mutations do not impair Sis1-mediated protein degradation. The ability 

to mediate protein turnover was monitored in (A) [rnq-] and (B) m.d. high [RNQ+] sis1! yeast 

cultures harboring the indicated construct and a plasmid expressing CG*. After addition of 

cycloheximide, samples were harvested at the indicated times, lysed, and subjected to SDS-

PAGE and western blot using an "GFP antibody that detects CG*. 
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Figure 3. The heat shock response is unchanged in the presence of LGMD1D mutations. 

[rnq-] sis1! yeast cultures expressing the indicated construct, along with a plasmid expressing 

LacZ from a promoter containing four heat shock elements, were grown at 39°C for one hour to 

induce the heat shock response. Samples were harvested, lysed, and !-galactosidase activity was 

measured and normalized to protein concentration to give random luminescence units 

(RLU)/s/µg protein. Data are represented as mean ± SEM with n = 3, with no significant 

differences in the heat shock response between samples. 
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Figure 4. Impaired Hsp40-Hsp70 interaction rescues the toxicity associated with over-

expressing homologous LGMD1D mutations in Sis1. Wild-type [rnq-] and m.d. high [RNQ+] 

yeast cells were transformed with plasmids that over-expressed the indicated Sis1 construct, or 

an empty vector control (EV). Cultures were normalized and five-fold serial dilutions were 

spotted on medium to select for the plasmid (SD-trp), or medium that provides no selection 

(YPD). Images are represented of at least three independent experiments. 
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Figure 5. Deletion of SSE1 suppresses the prion loss caused by a homologous LGMD1D 

mutant. Analysis of prion propagation in SSE1 and sse1! strains harboring s.d. medium 

[RNQ+], along with a [rnq-] sse1! strain, expressing either WT Sis1 or Sis1-F115I. Cell lysates 

were incubated at room temperature (-) or 100°C and subjected to SDS-PAGE and western blot 

using an "Rnq1 antibody. Rnq1 that is not sequestered in aggregates will enter the gel in the 

unboiled sample and indicates destabilization of the [RNQ+] prion.  
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5.8 Supplemental Figures 

 

Figure S1. Expression of homologous LGMD1D-associated mutations in Sis1. Western blot 

analysis showing expression of the indicated Sis1 constructs. Cell lysates were subjected to SDS-

PAGE and western blot using antibodies against Sis1, along with Pgk1 as a loading control. 
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Chapter 6: Conclusions and Future Directions 
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6.1 Summary 

6.1.1 Prion Variants and Molecular Chaperones 

Amyloid polymorphism and its effects on phenotypic variation can be viewed from a 

variety of different levels, from biophysical and biochemical levels to genetic and cellular levels. 

In Chapters two and three, I utilized concepts from each of these areas to examine the structural 

variation of prion strains. Yeast prion variants of [PSI+] have served as the foundation for 

studying amyloid polymorphism for several years. I extended this analysis by using the prion 

variants of [RNQ+] to study the structural diversity of amyloid in comparison to [PSI+]. In so 

doing, I broadened the foundation for examining prion strains, and demonstrated that a large 

network of factors can modulate amyloid polymorphism and the associated phenotypic 

consequences. 

The overarching principle that was proposed from the work with [PSI+], is that prion 

propagation relies on an equilibrium between the fragmentation of aggregates and the ability of 

monomer to join a preexisting aggregate (fiber growth) [25]. This principle is likely applicable to 

both the pathological amyloid of protein conformational disorders and to the functional amyloid 

associated with a variety of different cellular processes. From an intuitive standpoint, this 

principle makes sense. If fiber growth is increased relative to fragmentation, then larger 

aggregates accumulate that have reduced ability to spread spatially and propagate. However, if 

fiber fragmentation is increased relative to growth, then this may result in the clearance of the 

aggregate. This balance was proposed to explain how prion strains can influence phenotype: 

different prion strains have different equilibrium points and thus distinct abilities to catalyze 

conformational conversion and sequester monomer [25]. Arguably, neither my work, nor any 

work from other groups using other proteins, refutes this principle. However, what I have 
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demonstrated, along with others, is that the factors that dictate this equilibrium are complex and 

not as simple as what was originally proposed [28,34,38]. The novel factors that I found to 

influence this equilibrium include a role for non-canonical sequence elements, distinct chaperone 

binding sites, and different dependencies on chaperone interactions and processing. 

It was previously suggested that the balance between fiber fragmentation and growth was 

dictated by the stability of the aggregates and the size of the amyloid core [25,26]. The less 

stable Sup35 aggregates of strong [PSI+] had a high degree of fragmentation and growth, 

resulting in a small soluble pool of Sup35 as much of the Sup35 in the cell is incorporated into 

aggregates. Using the [RNQ+] variants, I found that s.d. very high [RNQ+] provides the most 

striking counterexample [34]. Utilizing RRP to analyze [RNQ+] in an analogous fashion as 

[PSI+], s.d. very high [RNQ+] had a similarly strong phenotype as strong [PSI+], but propagated 

a stable structure and had a relatively large soluble pool of Rnq1. Moreover, m.d. high [RNQ+], 

while also having a strong phenotype, a small pool of soluble protein, and low stability, had a 

larger aggregate size, in contrast to the trends of strong [PSI+]. These examples show that the 

amount of soluble protein, aggregate size, and aggregate stability do not always correlate or 

predict where the equilibrium point is between fragmentation and growth. Indeed, this might 

suggest that this equilibrium is not simply between monomeric protein and aggregated protein, 

but of multiple oligomeric intermediates. 

Unlike [PSI+] variants, which are proposed to have a contiguous stretch of Sup35 that 

forms the aggregate structure, I found that the [RNQ+] variants have a surprising amount of 

diversity in the sequence elements that are important for prion propagation. First, these 

amyloidogenic regions of Rnq1 that are involved in prion propagation are not contiguous, 

suggesting that Rnq1 might utilize a different category of packing arrangement as compared to 
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Sup35. Second, the region outside of the Rnq1 prion-forming domain (PFD) played a strain-

dependent role in prion propagation, at least in part, through facilitating monomer addition to 

aggregates. This suggests that the so-called prion-like domains that are Q/N-rich, which have 

been identified in numerous human proteins [8], are likely not the only important part of the 

primary structure that influences the aggregation of disease-related proteins. This agrees with the 

fact that other prion proteins, such as PrP and HET-s, are not Q/N-rich [2].  

In addition to the direct effect on propagation of distinct prion variants, I found that the 

Rnq1 amyloidogenic regions were also important for modulating the phenotypic manifestations 

of [RNQ+] [34]. More specifically, mutation of certain regions influenced how well [RNQ+] 

induced the formation of [PSI+], with particular mutations enhancing [PSI+] formation. It is 

possible that the large Q/N-rich PFD of Rnq1 allows for a level of redundancy not seen when 

analyzing shorter peptides or proteins that are not Q/N-rich. This redundancy may allow for a 

moveable amyloid core, whereby the Rnq1 protein can still aggregate despite disruption of so-

called ‘nonessential regions’ that are not needed for nucleated conversion, but the structure has 

been slightly altered. This might suggest that Rnq1 can form a larger spectrum of different prion 

variants than other proteins that have less sequence redundancy, which would be quite striking 

considering the wide variety of structures already observed for other proteins [172,173]. 

The other major factor that my work reveals as contributing to the equilibrium between 

aggregate fragmentation and growth, is the diversity in which chaperones interact and process 

different structures. While a binding site in Rnq1 for the Hsp40 chaperone Sis1 had been 

previously identified [37], I found that Sis1 was capable of binding other parts of the Rnq1 

protein [34]. Moreover, it appeared that the dependence of these alternative sites varies in a prion 

variant-dependent fashion. For instance, propagation of the s.d. very high [RNQ+] variant 
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showed striking reliance on the C-terminal A10 amyloidogenic region (a putative Sis1 binding 

site), more so than any of the other [RNQ+] variants. This suggests that prion conformation 

determines the exposure of chaperone binding sites, or how these sites are used.  

In addition, I found that the chaperone machinery that utilizes these chaperone binding 

sites can vary. One interesting example is that faithful propagation of s.d. medium [RNQ+] and 

s.d. very high [RNQ+] depended on the dimerization domain of Sis1. Also, the [PSI+] variants 

showed greater dependence on Hsp70 function as compared to Sis1. Hence, in addition to prion 

variants having different exposed sites for interaction, these data indicate several other possible 

ways of influencing the equilibrium between fiber fragmentation and growth: 1) what 

chaperone(s) bind the exposed sites, 2) the affinity with which chaperone(s) bind, and 3) the 

ability (or inability) of chaperones to process the prion aggregates and whether other co-

chaperones are needed. These factors, in part, might help explain the distinct cofactor 

requirements of various PrPSc strains [39]. 

Collectively, Chapters two and three showed other important variables that distinguish 

prion variants. For the prion protein, this might include different, non-adjacent regions of the 

prion protein that 1) serve as the template to catalyze conformational conversion, 2) facilitate 

monomer addition, or 3) are available for chaperone binding. Moreover, the different 

requirements of the chaperone machinery for distinct prion variants is another important factor. 

Hence, in addition to biochemical properties influencing the prion variant-dependent balance of 

fiber fragmentation and growth, these other variables play a major role in dictating structural 

variation and its associated phenotypic variation. 

 

6.1.2  DNAJB6 and LGMD1D 
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 Mutations in the Hsp40 DNAJB6 cause the protein aggregate myopathy known as limb-

girdle muscular dystrophy type 1D (LGMD1D). These mutations all localize to a short stretch in 

the G/F domain of DNAJB6 [159-162]. In Chapters four and five, I exploited the conservation of 

the G/F domain that is present in DNAJB6 and the yeast Sis1, both type II Hsp40s, to gain 

insight into the pathogenesis of LGMD1D. Furthermore, this demonstrated the application of my 

findings from Chapters two and three and the broad utility of the yeast prion model. 

 By making the homologous disease-associated mutations in Sis1, DNAJB1, the chimera 

SDSS, as well as DNAJB6, I demonstrated the crucial role that the mutated residues play in 

modulating the function of Hsp40s and the G/F domain. First, mutation of DNAJB6 impaired its 

ability to resolve nuclear stress granules of TDP-43. Second, mutation of DNAJB1 and Sis1 

resulted in slow growth phenotypes, likely through disrupting the Hsp70-mediated processing of 

essential substrates. Finally, mutation of SDSS disrupted the propagation of particular prion 

variants.  

 In demonstrating that the LGMD1D-associated mutations do not alter other Hsp40 

functions, these data suggest that the G/F domain is involved in mediating the selectivity of 

substrate processing in an Hsp70-dependent fashion. In the case of muscle tissue, where protein 

quality control is highly regulated [281], chaperones are constantly responsible for the turnover 

of proteins. It is easy to envision that these proteins are damaged or misfolded to form a variety 

of different conformations having different regions of the protein exposed and available for 

chaperone binding. The LGMD1D-associated mutations might alter the ability of DNAJB6 to 

bind these different conformers or properly transfer them to Hsp70 to be processed. Indeed, as I 

showed that disrupting the interaction of mutant Hsp40 with Hsp70 could rescue particular 

growth phenotypes, this suggests that the LGMD1D mutations alter the regulation of the Hsp40-
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Hsp70 complex. Moreover, since we found differential effects between the mutants, it is 

conceivable that there are different degrees of Hsp40-Hsp70 dysfunction depending on the 

DNAJB6 mutant.  

Taken together, in light of the mutation- and conformer-specific effects seen with 

disruption of the G/F domain, my data indicate that subtle differences in the interplay between 

the proteostasis network with particular client conformers might contribute to the observation 

that patients with LGMD1D show a range of disease onset and pathology [159,163]. Hence, 

these data suggest that amyloid polymorphism, or even different conformations of folding 

intermediates, is an important consideration when studying chaperonopathies in the future. 

 

6.2 Elucidate the Biophysical and Biochemical Basis of Prion Strains 

6.2.1 Structural Polymorphism in [RNQ+] Variants 

 The ability of structural differences to manifest as variation in phenotype is a widespread 

phenomenon [20]. An increasing number of examples are likely to be found both with 

pathological amyloid as well as functional amyloid. In order to elucidate how structure dictates 

phenotype, it is important to extend beyond the numerous biochemical and genetic assays, which 

have provided significant information, but act as surrogates of structural information. 

Accomplishing this with the large, insoluble amyloid structures remains technically challenging, 

but there are certain strategies that have proven fruitful.  

To determine how the [RNQ+] variants are structurally distinct and can induce the 

formation of [PSI+] to different extents, Rnq1 aggregates should be first isolated from [RNQ+] 

yeast cells and used to seed the aggregate formation of recombinant full-length Rnq1 in order to 

obtain a large quantity of purified aggregates. As I have shown the importance of the N-terminal 
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non-PFD, it will be crucial to use the full-length Rnq1 protein rather than just the Rnq1-PFD, as 

is generally done. After confirming that the same aggregate conformation has been maintained 

by transforming the aggregates back into yeast cells and testing variant-dependent properties 

(e.g. [PSI+] induction), structural data can be obtained using hydrogen-deuterium exchange 

combined with mass spectrometry or NMR. This will help indicate which amino acid residues 

are protected in the ! sheet amyloid core. Also, magic-angle spinning NMR could be used to 

interrogate the structure of the [RNQ+] variants by determining the dynamics of particular 

residues, as recently done with fibers of Sup35NM [38]. 

Additionally, as Rnq1 does not contain any endogenous cysteine residues, cysteine 

mutations can be made throughout the protein to use in combination with structural probes. 

Isolated Rnq1 aggregates from yeast cells would be used to seed the conformational change of 

the cysteine mutants. It will be important to confirm that such mutations do not grossly alter the 

amyloid structure by determining that the biochemical properties of the [RNQ+] variants are 

maintained. These Rnq1 mutants can then be coupled to the fluorophores pyrene or acrylodan to 

monitor the exposure of these residues to solvent using fluorescence. The cysteine residues could 

also be coupled to a paramagnetic spin label for use with EPR to determine the dynamics of 

these residues.  

There are some alternative approaches that are less direct ways of getting structural 

information, but would still help determine how regions of the protein are packed. By generating 

a variety of monoclonal antibodies that recognize a particular peptide region in Rnq1, an ELISA 

could be performed to probe the regions of the Rnq1 aggregates that are exposed and available to 

bind the antibody, as well as detecting the affinity with which the antibody binds. In fact, I have 

already determined that one of the polyclonal "Rnq1 antibodies that we generated does not 
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recognize the PFD of Rnq1, which would provide a good starting point to probe the packing of 

the N-terminal domain in different [RNQ+] variants. This assay could then be adapted for use 

with a denaturant, as done with the conformation-dependent immunoassay (CDI), to determine 

what regions become exposed when the aggregates break down with increasing concentrations of 

denaturant.  

As another less direct way of identifying structural differences, isolated Rnq1 aggregates 

could be used to seed recombinant mutant Rnq1 having certain amyloidogenic regions disrupted. 

If the region of interest were typically incorporated in the amyloid core of a given [RNQ+] 

variant, then the wild-type aggregates would have a reduced ability to catalyze the 

conformational change and aggregate formation of the mutant monomer. This could easily be 

monitored using the amyloid-binding dye Thioflavin T. These assays should help elucidate the 

exact role of the amyloidogenic regions of Rnq1 in prion propagation. 

Finally, a major complementary question in the field is determining the size or nature of 

the aggregate species that is responsible for prion transmission. A different size of species might 

be important for propagation of distinct strains. Indeed, as the [RNQ+] variants have a large 

distribution of aggregate sizes, it is conceivable that the size of the “infectious” species is 

different for each [RNQ+] variant. As such, yeast lysates should be fractionated by sucrose 

gradient, isolated, and transformed into naïve [rnq-] cells expressing RRP to determine which 

fraction is most infectious for each of the [RNQ+] variants. This would provide insight into how 

the [RNQ+] variants might differentially interact with Sup35 (see below) by showing the size of 

Rnq1 aggregate that is the interacting partner. It would also be informative as to the role of 

oligomeric species with different conformations in amyloid diseases.  
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6.2.2 Analysis of PrPSc Strains in Yeast 

Studies with [PSI+] were the first to provide a biochemical and biophysical explanation 

for how variation in Sup35 aggregates causes differences in phenotype. With PrPSc strains, there 

are many correlations made between the biochemical properties and pathology, but a causal 

connection remains lacking. Moreover, certain PrPSc strains are biochemically similar [30], as I 

showed was also true for some [RNQ+] variants. By using chimeric proteins that fuse PrP to the 

MC domains of Sup35, this would provide a much more tractable system for analyzing the link 

between PrPSc structural variation and phenotype. Strains of PrPSc could be transformed into cells 

expressing the PrP-MC fusion and analyzed in an analogous fashion as [PSI+]. Moreover, 

changing the allele of PrP, would provide an easy and quick means of testing the strength of the 

species barrier, which is especially a concern nowadays since chronic wasting disease is endemic 

to populations of deer and elk in the United States and Canada [282]. 

 

6.3 Determine how Heterologous Prion Proteins Interact to Influence Strain-Mediated 

Phenotypes and Prion Transmission 

6.3.1 Influence of [RNQ+] on Formation of [PSI+]  

Understanding the biophysical basis of structural differences is crucial to elucidating how 

the [RNQ+] variants influence phenotypic variation by inducing the formation of [PSI+] to 

different extents. However, the other important factor that dictates this phenotypic variability is 

how Sup35 interacts with the [RNQ+] variants. Interestingly, it is postulated that one 

contributing factor in the pathogenesis of protein conformational disorders is the co-aggregation 

of heterologous proteins, and a variety of different proteins have been found in amyloid plaques 

[283]. Moreover, distinct strains of "-synuclein have been shown to induce the formation of tau 
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inclusions to different extents [171]. Hence, understanding the underlying mechanism of how 

heterologous proteins interact could provide significant insight into disease etiology.  

One model for how [RNQ+] induces [PSI+] formation suggests that Rnq1 aggregates 

physically interact with Sup35 to cross-seed [PSI+][60]. We have genetic evidence to support 

this model (Stein and True, unpublished results). In order to gain additional support and 

determine what regions of Sup35 and Rnq1 interact, Rnq1 aggregates should be isolated from 

yeast cells propagating distinct [RNQ+] variants, and amplified using recombinant Rnq1 as 

mentioned above. Then, cross-linking assays should be performed with these aggregates and 

recombinant Sup35. The cross-linked products could then be digested with trypsin and analyzed 

by mass spectrometry. This would provide the best evidence to date that polymorphic amyloid 

structures differentially interact with other proteins. 

Besides the direct interaction between Rnq1 aggregates and [PSI+], we have shown that 

over-expression of Sis1 can enhance [PSI+] formation [34], suggesting that it might act as a 

cofactor to facilitate conversion to [PSI+]. To identify other cofactors that might also be 

involved, a library of plasmids over-expressing much of the yeast genome could be transformed 

into cells propagating the s.d. medium [RNQ+] variant and screened for enhanced (or reduced) 

levels of [PSI+] formation. This could then be checked in cells propagating the other [RNQ+] 

variants to determine if the cofactors are similarly involved. Additionally, as most of the yeast 

deletion library is [RNQ+] [284], this library could be screened for enhanced (or reduced) 

formation of [PSI+]. These assays would help identify novel factors that might contribute to the 

differential ability of the [RNQ+] variants to induce [PSI+], and furthermore, what factors might 

be involved in the aggregation of disease-related proteins. 
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6.3.2 Conservation of [RNQ+] and the Species Barrier 

Of the yeast prions, the [RNQ+] prion is the one that is found most commonly in wild 

yeast isolates [285]. We recently identified different [RNQ+] variants in these wild isolates [35]. 

Interestingly, many different genetic polymorphisms have also been found in the RNQ1 gene 

[286], and different fungal species have different RNQ1 alleles as compared to the reference 

sequence in Saccharomyces cerevisiae. These different alleles could be expressed in S. 

cerevisiae propagating different [RNQ+] variants, followed by determining whether the [RNQ+] 

prion is maintained. This information would serve two purposes: 1) it would further elucidate 

what primary structure elements are important for the [RNQ+] variants, and 2) it would help 

determine what types of structures (if any) could exist with a particular RNQ1 allele in the wild. 

This information would reveal what parts of the Rnq1 protein help control the species barrier, 

and the extent to which [RNQ+], as a regulatory epigenetic element, is phylogenetically 

conserved. 

 

6.4 Elucidate how Interactions between Molecular Chaperones and Substrates are 

modulated 

6.4.1 Interplay between Sis1 and [RNQ+] Variants 

 My work and that of others demonstrates that molecular chaperones and other cofactors 

can differentially interact with polymorphic amyloid structures [34,39]. While this phenomenon 

is clear, the basis of these differences is still poorly understood; for instance, how Sis1 interacts 

and processes different aggregate structures. As such, it is first important to obtain definitive 

evidence that the [RNQ+] variants expose different chaperone binding sites and Sis1 binds to 

different regions of the Rnq1 protein. To do this, Sis1 should be immunoprecipitated from wild-
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type [RNQ+] cells, cross-linked, digested with trypsin, and analyzed by mass spectrometry. This 

would help confirm whether Sis1 binds different amyloidogenic regions of Rnq1 depending on 

the [RNQ+] variant. A complementary approach was presented above in which isolated Rnq1 

aggregates should be used to seed the aggregate formation of mutant Rnq1 having one of the 

amyloidogenic regions mutated, and monitoring aggregation using Thioflavin T. If these regions 

act as chaperone binding sites, then the rate at which aggregates form should be comparable to 

the self-seeding of wild-type Rnq1. 

Chaperones might also have distinct affinities for the same binding site, depending on the 

aggregate structure. My work suggests this might be the case with Sis1 and Rnq1. This 

hypothesis should be tested using isothermal titration calorimetry with Sis1 (recombinant or 

purified from yeast) titrated with purified wild-type or mutant Rnq1 aggregates of different 

[RNQ+] variants. Comparing the [RNQ+] variants with just wild-type Rnq1 would show whether 

Sis1 has different affinity for Rnq1 as a whole. However, disrupting particular putative binding 

sites should help show the degree to which Sis1 binds these regions as compared to wild-type 

Rnq1. Moreover, this could be done with various Sis1 mutants to determine the importance of 

particular Sis1 domains in binding Rnq1. In addition, it might also be feasible to make cysteine 

mutations at candidate regions in Rnq1 and Sis1 and perform cross-linking assays. This could 

help reveal, for instance, whether the Sis1 G/F domain physically binds substrates, or if its 

critical role in [RNQ+] propagation is through modulating other Hsp40 functions. Collectively, 

this information would provide mechanistic details for how chaperones bind and interact with 

distinct substrate conformers. 

With regards to the Sis1 G/F domain, it was striking to find that all of the [RNQ+] 

variants required the presence of the Sis1 G/F domain for propagation, while the [PSI+] variants 
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showed less dependence on this domain. It would be interesting to screen for a novel [RNQ+] 

variant that does not rely on the Sis1 G/F domain and perform biochemical and structural studies 

on this novel prion variant. This could be done by expressing Sis1-#G/F in [rnq-] cells that 

express RRP, and selecting for cells that have spontaneously converted to [RRP+], similar to 

what we have done previously (Appendix A) [32]. Comparing this prion variant to the other 

[RNQ+] variants I have characterized might show what is structurally different about these latter 

variants that necessitates the presence of the Sis1 G/F domain. 

 Finally, to determine novel parts of Sis1 that influence the relationship between Sis1 and 

[RNQ+], mutations in SIS1 that disrupt [RNQ+] propagation could be identified by first 

randomly mutating SIS1 by error-prone PCR. Then, this mutant library should be expressed in 

place of wild-type Sis1 in [RNQ+] cells expressing RRP to screen for cells that can no longer 

propagate [RNQ+]. A similar test could be done with [PSI+]. Moreover, I found a number of 

Sis1 mutants that impaired the variant-specific propagation of [RNQ+]. Screening for rescue of 

these phenotypes would help determine the mechanism of how these Sis1 regions are involved in 

propagating specific [RNQ+] variants. As both cis- and trans-acting factors could be involved in 

mediating the effects of the Sis1 mutants, the screens could involve the use of an over-expression 

plasmid library, mutating yeast with EMS, or with a second-site suppressor mutant Sis1 library 

for Sis1 mutants of particular interest. 

 

6.4.2 Factors of the Proteostasis Network that Influence Propagation of Prion Strains 

Interestingly, the genetic background influences the interaction of Sis1 with [RNQ+] 

[215], suggesting that the proteostasis network might be altered in different cell types. At the 

most basic level, this could simply be differences in gene or protein expression, as was shown 
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with Sis1 [215]. Hence, genomic analysis, including genome sequencing and RNA-Seq, should 

be performed between genetic backgrounds of interest (e.g. 74-D694 and W303) to identify 

novel factors that could influence prion propagation.  

In thinking about species and organism differences, recently it was found that the Hsp110 

from the malarial parasite Plasmodium falciparum prevented aggregation of Sup35, and it was 

suggested that this chaperone has a particularly potent ability in handling Q/N-rich substrates 

[287]. To gain a better understanding of the apparent enhanced functionality of this chaperone, it 

could be expressed in yeast to determine if it is similarly capable of handling different prion and 

non-prion aggregates, and even whether it can functionally replace the role of Hsp104 as a 

disaggregase. Furthermore, purifying recombinant Hsp110 would allow for the biochemical 

characterization of this chaperone that would provide additional insight into its function and 

ability to handle misfolded substrates having distinct conformations. Comparing this information 

to human chaperones might reveal ways in which chaperone activity should be modulated and 

enhanced. 

 

6.4.3 Effects of LGMD1D-Associated Mutations on DNAJB6 Function 

Despite my work demonstrating the selective impairment of LGMD1D-associated 

mutations on Hsp40 functions, there are several areas that need to be addressed in order to obtain 

a clear picture of the effects of these mutations. First, how the mutations in DNAJB6 affect the 

interaction with Hsp70 should be analyzed in vitro with recombinant protein. It is important to 

determine whether the mutations affect the binding to Hsp70 and Hsp70 ATPase activity. 

Additionally, a variety of substrates could be used to analyze Hsp70-mediated substrate refolding 
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in vitro. These assays would elucidate whether the role that the LGMD1D-associated mutations 

play in disease could involve a disrupted interaction between DNAJB6 and Hsp70.  

If any alteration in Hsp70 function is observed, there are a number of chemical 

compounds that could be analyzed that modulate specific aspects of Hsp70 function [288]. These 

compounds could be used in an attempt to rescue the deficits caused by the DNAJB6 mutations. 

Additionally, screening for secondary cis or trans factors that rescue the defects in substrate 

processing would provide significant insight into the mechanistic underpinnings of LGMD1D 

and how mutations in DNAJB6 cause disease. One of the best tools to accomplish this would be 

using the DNAJB1-F90I mutant that caused inviability when expressed in yeast (Chapter 4). 

Second-site suppressors could be identified in DNAJB1 after mutagenizing this construct using 

error-prone PCR. Additionally, the over-expression plasmid library should also be screened for 

novel trans-acting factors. My preliminary results using over-expression of various candidate 

proteins (including an Hsp70 and nucleotide exchange factors) were all negative.  

In addition to the interaction of DNAJB6 with other chaperones, another important 

variable that likely contributes to the development of LGMD1D is what substrates are being 

misprocessed. Expression of DNAJB1-P98R, as well as over-expression of the LGMD1D-

associated mutations in Sis1, does not cause inviability, but still causes a slow-growth 

phenotype. This is likely due to the sequestration or aberrant processing of essential substrates. It 

is possible that these substrates are aggregating or concentrating in particular locations in the 

yeast cell. As such, using a sedimentation assay and mass spectrometry, these essential substrates 

could be identified, which might reveal particular types of substrates that are misprocessed and 

contribute to muscle degeneration in LGMD1D patients. Additionally, conducting a similar 
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proteomic analysis on the aggregates in patient tissue would also provide significant information 

into disease pathogenesis. 

Finally, while I demonstrated the conformer-specificity of the LGMD1D-associated 

mutations using yeast prion variants, it is important to translate these findings to mammalian 

cells and determine if the same phenomenon exists. In order to do this, distinct conformers of 

TDP-43 or another DNAJB6 client must be isolated. Then, it can be tested whether the DNAJB6 

mutants are defective in the refolding or resolution of these conformers. 

 

6.5 Determine Cellular Processes and Trans-Acting Factors that Influence Formation 

and Propagation of Prion Strains 

6.5.1 Influence of Translation Efficiency on Prion Formation 

 Most cases of protein conformational disorders are sporadic [2]. Hence, it remains 

unclear what causes proteins to misfold and aggregate in these cases, and form different amyloid 

structures. As nascent polypeptides are considered to be more thermodynamically unstable as 

compared to folded proteins, I hypothesize that variation in translation and the ribosome quality 

control machinery might be a contributing factor. One means of testing this is by using 

constructs having the same amino acid sequence, but changing the codons in order to disrupt the 

organism-specific codon bias (i.e. organisms have a greater preference for particular codons than 

others, likely in part, because of differences in tRNA levels) [289]. We have designed constructs 

of Rnq1 having codons optimized for use in yeast, which should enhance the rate of translation, 

and disoptimized codons, which should cause ribosomes to pause. Interestingly, I have 

preliminary evidence that the disoptimized construct of Rnq1 spontaneously forms the [RNQ+] 

prion at the highest rate, followed by wild-type Rnq1, and then the optimized Rnq1 (Stein and 
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True, unpublished results). This suggests that slowing translation enhances prion formation. 

Determining whether the distribution of prion variants that forms changes when the translation 

rate is altered would help shed light on how prion variants sporadically form. Similarly, deletion 

or over-expression of particular candidates of the ribosome quality control machinery to 

determine the effect on prion formation and propagation would also help elucidate the role that 

mRNA translation plays in protein misfolding and the formation of prion strains.  

 

6.5.2 Cellular Factors that Contribute to Prion Formation 

 I have shown that over-expression of Sis1 enhances [PSI+] formation in [RNQ+] cells 

[34]. Other groups have focused on the ability of over-expressed Q/N-rich proteins or chaperones 

to modulate the formation of [PSI+] and [URE3] [60,115,290]. Yet, in these cases, there remains 

a dependence on a Q/N-rich protein to act as the nucleating factor for prion formation, with 

[RNQ+] often serving as the Q/N-rich entity. Hence, it remains unclear what other factors might 

influence the spontaneous formation of prions, specifically of [RNQ+]. Analyzing what factors 

influence the ability of Rnq1 to convert to its prion state would provide a means of identifying 

novel factors that regulate aggregate formation. To do this, the over-expression plasmid library 

expressing most all of the yeast genome could be transformed into [rnq-] cells harboring RRP 

and screened for enhanced spontaneous formation of [RNQ+], which we have shown is generally 

a pretty rare event (~3x10-6) [32]. The distribution of prion variants that forms could also be 

determined for a subset of candidates to determine if certain cellular factors bias the formation of 

particular aggregate conformers, as we have shown to be true by altering extracellular growth 

conditions [41]. As I have demonstrated that Sis1 interacts with [RNQ+] variants differently, one 

intriguing possibility is that increased (or decreased) expression of Sis1 might bias the formation 
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of different [RNQ+] variants. Follow-up studies could then analyze certain factors in mammalian 

cells with any number of disease-related proteins. 

 One interesting candidate is human SERF1a (MOAG-4 in Caenorhabditis elegans, 

YDL085C-A in S. cerevisiae), which is a small, highly conserved protein having an undefined 

function, but which promotes amyloid formation [291,292]. Deletion or over-expression of 

SERF1a or YDL085C-A in yeast and determining the distribution of prion variants that form 

would show whether this protein could be involved in modulating amyloid polymorphism and 

the pathological variation observed with protein conformational disorders. Additionally, 

identifying novel factors involved in the propagation of prion variants is also an important area 

for investigation, as this might provide new targets for intervention of the amyloid cascade. 

Hence, it should be tested whether deletion of YDL085C-A alters the propagation of particular 

prion variants. 

 

6.5.3 Influence of Localization and Clearance on Prion Variants 

 Another mechanism that might influence the ability of distinct aggregate structures to 

dictate phenotypic variation is where the aggregates localize. It is easy to envision that 

aggregates of one prion variant might localize predominantly to one part of the cell, whereas 

aggregates of another prion variant might localize to a different part of the cell. This would result 

in distinct interactions with subcellular organelles, and likely different cellular responses. It has 

been recognized that yeast have distinct compartments to partition misfolded proteins called the 

JUNQ and the IPOD [293]. Substrates that are ubiquitinated and targeted for proteasomal 

degradation are targeted to the JUNQ, whereas terminally aggregated substrates, such as both the 

[RNQ+] and [URE3] prions, have been found to localize to the IPOD [293]. However, an 
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uncharacterized [RNQ+] variant was used in this analysis. Interestingly, manipulation of the 

ubiquitin proteasome system can direct substrates from one compartment to the other 

compartment. Therefore, the dynamics of localization between the JUNQ and the IPOD should 

be determined for particular prion variants of [PSI+] or [RNQ+], and whether they localize to 

other parts of the cell. To minimize the possibility of artifacts that can arise with over-expression 

of tagged proteins, ideally this would be performed using immunohistochemistry. 

 Additionally, just as prion variants can have distinct abilities to incorporate monomeric 

protein into aggregates, it is also possible that the clearance mechanisms of certain aggregate 

structures are different. My work has already shown that chaperones differentially interact with 

distinct conformers [34], but other parts of protein quality control might also be different. Hence, 

using pulse-chase studies, it should be tested whether the turnover of Rnq1 is different in cells 

propagating different [RNQ+] variants. Additionally, Rnq1 could also be differentially 

ubiquitinated when a certain [RNQ+] variant is present. If the clearance mechanisms are altered 

for different prion variants, this could influence how quickly monomer is sequestered, or in the 

case of human disease, how quickly the aggregates spread. 

 

6.6 Conclusions  

The phenomenon of amyloid polymorphism is a feature that spans numerous disease-

related proteins, and is also present in functional amyloid [2,10,20,294]. The work presented in 

this dissertation reveals the complicated nature underlying the variation in amyloid structure and 

how it influences phenotypic variability. In the coming years, it will be important to gain a better 

understanding of precisely what the structural differences are and how such variation modulates 

the interaction with the proteostasis network. This will be critical to elucidating how amyloid 
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polymorphism influences variation in pathology in the case of protein conformational disorders, 

or phenotype in the case of the regulatory processes that involve functional amyloid.  
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