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AbsTrAcT
It is well established that protein aggregation is associated with many  neurodegenerative 

disorders including polyglutamine diseases, but a mechanistic understanding of the role 
of protein aggregates in the disease pathogenesis remains elusive. Previously thought 
to be the cause of cellular toxicity such as cellular dysfunction and cell death, protein 
 aggregation is now proposed to serve a protective role by sequestering toxic oligomers 
from interfering with essential physiological processes. To investigate the  relationship 
between protein aggregation and cellular toxicity, we have  characterized and compared 
the effects of two GFP‑fusion proteins that form aggregates in Saccharomyces  cerevisiae, 
one with a polyasparagine repeat (GFPN104) and one without (GFPC). Although 
both proteins can form microscopically visible GFP‑positive aggregates, only the 
GFPN104‑containing aggregates exhibit morphological and biochemical  characteristics 
that resemble the aggregates formed by mutant huntingtin in yeast cells. Formation of both 
the GFPC and GFPN104 aggregates depends on microtubules, while only the GFPN104 
aggregate requires the chaperone Hsp104 and the prion Rnq1 and is resistant to SDS. 
Although no microscopically visible GFPN104 aggregates were observed in the hsp104D 
and rnq1D mutant cells, SDS‑insoluble aggregates can still be detected by the filter trap 
assay. These observations argue that the GFPN104‑containing aggregates can exist in at 
least two distinct states in vivo. We also show that a nucleus‑targeted GFPN104 interferes 
with transcription from two SAGA‑dependant promoters and results in a decrease in 
cell viability. Overall, the results imply that the GFPN104 protein behaves similarly to the 
mutant huntingtin in yeast cells and provides a new model for investigating the interplay 
between protein aggregates and the associated phenotypes.

InTroducTIon

Protein aggregation is a distinct hallmark of many neurodegenerative diseases. 
Alzheimer’s disease is associated with extracellullar amyloid plaques containing the Ab 
peptide and intracellular neurofibrillary tangles of the tau protein.1 In Parkinson’s disease, 
degeneration of the dopaminergic neurons is accompanied by the formation of ‘Lewy 
bodies’, an intracellular protein inclusion that is composed primarily of a‑synuclein.2,3 
The prion diseases in mammals are characterized by the presence of protease‑resistant 
inclusions of the aggregated prion protein (PrP) in the central nervous system.4 Protein 
aggregation is also a common characteristic of polyglutamine diseases, a family of 
 neurodegenerative disorders caused by the expansion of a native glutamine tract within the 
affected proteins to a pathological length.5,6 Because of the correlation between protein 
aggregation and cellular dysfunction and cell death in the neurodegenerative disorders, 
protein aggregates were initially thought to be the cause of the neuronal toxicity. However, 
recently studies have suggested that protein aggregation is not necessarily a requisite for 
cellular toxicity.7,8 Furthermore, there is mounting evidence that formation of protein 
aggregates may shield the cell from more toxic, soluble form(s) of the affected protein.9,10 
Thus, the roles of protein aggregation in the initiation and progression of the cellular 
dysfunction in each neurodegenerative disorder needs to be re‑examined and clarified.

A number of polypeptides comprising repetitive tracts of a single amino acid have been 
shown to be able to form aggregates both in vitro and in vivo. In solution,  homopolymeric 
peptides of lysine, glutamate, and threonine can aggregate into amyloid fibrils that are 
microscopically similar to those formed by polyglutamine proteins.11 When expressed 
in COS‑7 cells, 11 of the 20 amino acids in a YFP‑tagged homopolymer (X30‑YFP) 
formed aggregates.12 Although there are many repetitive amino‑acid sequences in the 
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human proteome, only polyalanine‑ and polyglutamine‑containing 
proteins have been associated with diseases to date. In both cases, 
the disease state is caused by an expansion of the repetitive amino 
acid tract beyond the normal threshold in the native protein. The 
proteins affected in most of the known polyalanine diseases are 
transcription factors, and the disease phenotypes are thought to be 
caused by loss of  f unction of the native proteins due to misfolding 
and aggregation of the expanded versions.13 In contrast, the proteins 
affected in polyglutamine diseases share no similarity in cellular 
function, the types of neurons affected, or primary sequence except 
for the glutamine tract. Hence, the progressive neurodegenerative 
phenotypes shared by the polyglutamine diseases are believed to 
be caused by  interference of normal cellular function by certain 
“gained”  properties of the expanded glutamine tract rather than the 
loss of function of the native protein.14 Consistent with this notion, 
insertion of a pathogenic length glutamine tract in the hypoxan‑
thine phosphoribosyltransferase (Hprt) protein in a knock‑in mouse 
model results in protein aggregation, behavioral abnormalities, and 
shortened life spans similar to the phenotypes observed in the mouse 
model of Huntington’s Disease.15,16 Polyglutamine proteins have 
been shown to exist in different oligomeric states both in vitro and 
in vivo,17‑19 and the roles of these different species of aggregates in 
pathogenesis are being actively investigated.

The budding yeast Saccharomyces cerevisiae has been successfully 
exploited as a model system for investigating protein aggregation and 
the associated cellular toxicity of a number of diseases. Characterization 
of the human a‑synuclein in yeast has lead to the identification of 
a pathway that is potentially responsible for the cellular toxicity in 
Parkinson’s disease.20‑22 Studies of the yeast prion Sup35 provided 
evidence for the first time that the prion form(s) of the protein 
may play a physiological role in cell function (e.g., adaptation to 
the changing environment).23 Subsequently, the prion form of the 
human PrP protein has been implicated in the normal process of 
long‑term memory formation.24,25 Expression of a GFP‑tagged, 
expanded N‑terminal region (residues 1–68) of the human huntingtin 
(htt‑NTD) in yeast cells produces protein aggregates that are 
 insoluble in high concentrations of SDS, a shared characteristic of 
the polyglutamine aggregates in mammalian models.26 In both yeast 
and mammalian cells, formation of the htt‑NTD aggregate requires a 
functional microtubule system.27 Moreover, protein chaperones such 
as the Hsp70 family members and the yeast Hsp104 are implicated 
in the formation and turnover of the protein aggregates in both 
yeast and mammalian cells.26‑30 One intriguing question is whether 
subcellular localization of the htt‑NTD contributes to the observed 
cellular toxicity. It has been suggested that nuclear localization of the 
mutant htt‑NTD in mammalian cells is required for its toxicity.10,31 
In yeast cells, nucleus targeting of the mutant htt‑NTD results in 
altered transcription of a subset of genes and decreased cell viability.32 
When not specifically targeted to the nucleus, certain htt‑NTD forms 
can still be toxic, although the toxicity of these htt‑NTDs seems to 
be modulated by the sequences flanking the polyglutamine tract.33 
Thus, the role of subcellular localization of the mutant htt‑NTD 
protein in cellular toxicity is not known.

Both glutamine and asparagine residues have side chains 
with terminal amides that can potentially form hydrogen bonds 
between repetitive residues. Hence, we surmise that polyasparagine 
and  polyglutamine tracts may have a similar propensity to form 
 aggregates. Interestingly, most of the characterized yeast prions 

contain a glutamine/asparagine‑rich domain, which has been shown 
to be necessary and sufficient for prion formation.34‑37 In particular, 
the prion‑forming domain of the yeast Ure2 is highly enriched 
in asparagine residues (26 of 64 amino acids) and deletion of this 
region greatly diminishes prion formation in vivo.38 Here we report 
two constructs, one encoding a non‑repetitive GFP‑control protein 
(GFPC) and the other a GFP‑polyasparagine protein containing a 
N104 tract (GFPN104), both of which give rise to microscopically 
visible aggregates when expressed in yeast cells. We demonstrate 
that the aggregates formed by GFPC and GFPN104 are morpho‑
logically and physically distinct and have different effects on the cell. 
Although both aggregates are dependent on microtubule function, 
only the GFPN104 aggregates require the chaperone Hsp104 and the 
prion Rnq1 and are insoluble in a high concentration of SDS. In 
cells lacking Hsp104 or Rnq1, GFPN104 fails to form microscopically 
visible aggregates. However, the hsp104D and rnq1D mutant cells still 
have comparable levels of SDS‑insoluble GFPN104 aggregates relative 
to the wild‑type cells. Furthermore, we show that an NLS‑tagged 
GFPN104 leads to a similar decrease in cell viability in both the 
wild‑type and the hsp104D and rnq1D mutant strains, suggesting 
that the microscopically visible aggregates are not required for the 
observed toxicity. Finally, we demonstrate that the NLS‑tagged 
GFPN104 can interfere with transcription from two promoters 
that are dependent on the SAGA (Spt‑Ada‑Gcn5 ‑acetyltransferase) 
complex.39 Our results clearly demonstrate that polyasparagine 
behaves similarly to  polyglutamine in vivo. We propose that the 
oligomeric state of the protein and its subcellular localization play 
an important role in cellular toxicity. Given that the prion domain 
of yeast prions are asparagine rich and the prevalence of glutamine/
asparagine rich proteins in the eukaryotic proteome,40 understanding 
the contribution of polyasparagine tracts to protein aggregation and 
cell toxicity may provide important insight to protein aggregation 
related diseases.

MATerIAls And MeTHods

Strains and media. The S. cerevisiae strains used in this study 
were derived from BY4741 (MATa his3D leu2D met15D ura3D)41 
unless otherwise noted. ESM208 (MATa ura3‑52 lys2‑801 ade2‑101 
trp1D63 his3D200 leu2D1 tub4‑1) was a kind gift from Dr. Elmar 
Schiebel.42 Genomic DNA from the W303 strain (MATa can1‑100 
ade2‑1 his3‑11, 15 leu2‑3, 112 trp1‑1 ura3‑1) was used as a template 
for PCR amplification of the HSP104 and PHO84 promoters. 
For induction of the GAL1 promoter, single colonies were grown 
 overnight at 30˚C in appropriate raffinose‑containing selective 
complete media43 to log‑phase before addition of galactose to a 
final concentration of 2%. Benomyl (Sigma Aldrich) was used at a 
concentration of 20 mg/ml in dimethyl sulfoxide (DMSO).

Plasmids. Plasmid pMH858 is based on pRS31444 and contains 
a DNA sequence encoding three copies of the Myc epitope 
(EQKLISEEDL) that is fused between the RNR2 promoter and the 
entire RNR2 coding sequence. The DNA sequence encoding the 
N‑terminal region of Rnr2 (residues 1–297) in pMH858 was replaced 
with the sequence coding for a modified green  fluorescent protein 
(GFP) optimized for yeast codon usage bias.45 The nuclear localiza‑
tion signal (NLS) of the SV40 large T antigen46 and the nuclear export 
signal (NES) of the mammalian MAPKK46 were inserted between the 
Myc epitope sequence and the GFP coding sequence. The resulting 
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constructs encode ~60 kD‑size Myc3‑NLS‑GFP‑Rnr2CTD  (residues 
298–399) and Myc3‑NES‑GFP‑Rnr2CTD(residues 298–399), 
which are referred to as NLS‑GFPC and NES‑GFPC, respectively. 
The Rnr2CTD‑endocing sequences in both the GFPC constructs 
were replaced by an (AATAAC)52 tract encoding 104  asparagine 
residues, yielding constructs expressing Myc3‑NLS‑GFP‑N104 
(NLS‑GFPN104) and Myc3‑NES‑GFP‑N104 (NES‑GFPN104), both 
of similar sizes to the respective GFPC proteins. All GFPC and 
GFPN104 constructs were placed under the control of the induc‑
ible GAL1 promoter and the constitutive TDH3 promoter. The 
HSP104‑lacZ (pMH960) and PHO84‑lacZ (pMH963) reporter 
constructs each contained approximately 1 kb of the 5' untranslated 
regions of the respective genes fused upstream of the LacZ gene 
coding sequence in pRS416.44

Microscopy. GFP fluorescence was visualized in live cells by 
using a Nikon E‑800 microscope (100X objective). Each  experiment 
was performed in triplicate and ~150 cells were counted for each 
sample for statistical analyses. DNA was visualized by DAPI 
(4'6 diamidino‑2‑phenylindol·2HCl, Sigma) staining. Images were 
acquired with a Cool‑SNAP‑HQ 12‑bit monochrome digital camera 
(Roper Scientific) by using the METAMORPH imaging software 
(Universal Imaging).

Protein extraction, filter trap assay and Western blotting. Protein 
extraction and the filter trap assay47 were performed as described 
in Muchowski et al.27 with minor modification. For most protein 
extract preparation, 1x108 cells were resuspended in 150 ml of buffer 
H (50 mM HEPES pH7.5, 100 mM NaCl, 2.5 mM MgCl2, 1 mM 
EGTA, and 5% Glycerol) supplemented with protease inhibitors 
(10 mg/ml antipain, 600 mg/ml aprotinin, 10 mM benzamidine, 
10 mg/ml leupeptin, 10 mg/ml pepstatin A, 10 mg/ml soybean trypsin 
 inhibitor, 100 mM PMSF, and 10 mM DTT). Cells were lysed 
by glass bead disruption on a Bead‑beater (BioSpec). The lysates 
were  transferred to a new tube and diluted with buffer H + 2% 
SDS. Samples were boiled for 10 min at 100˚C and  centrifuged at 
 16,100x g for 2 min, and the supernatant was collected for further 
analyses. For some of the filter trap assays, whole cell extracts 
(prepared by the same protocol but omitting the centrifugation 
step) were used in place of the supernatant fraction. Filter trap 
assays were performed by using a slot‑blot or dot blot apparatus 

(BioRad) as described,27 both 0.2 mm cellulose 
acetate (Schleicher & Schuell) and nitrocellu‑
lose membranes were equilibrated in buffer H 
+ 0.1% SDS and washed twice with buffer H 
+ 0.1% SDS before and after sample applica‑
tion. The membranes were blocked in TBST 
buffer (0.2 M TRIS base, 1.4 M NaCl, 0.1% 
Tween‑20, pH‑7.6) + 5% nonfat dry milk at 4˚C 
overnight, incubated with the primary Ab 9E10 
(1:1000, Covance) for 1 hour, and  developed 
with  peroxidase‑labeled  goat‑anti‑mouse 
Abs (1:10,000, Jackson Laboratory) by using 
an enhanced  chemiluminescence substrate 
(PerkinElmer).

b‑galactosidase assay. Cells were grown to log 
phase in liquid media before being harvested. 
Liquid b‑galactosidase assays were performed on 
chloroform and SDS‑permeabilized cells by using 
the colorimetric substrate o‑nitrophenyhl‑b‑D‑ga‑

lactopyranoside (ONPG, Sigma) as previously described.48 The 
b‑galactosidase activities were measured in Miller units by using the 
following formula: (1700*OD420) /(DT*OD600). All experiments 
were done in triplicate, and the average of each experiment was 
normalized against that of the appropriate vector control.

Plating viability assay. Cells were grown in selective 
 glucose‑containing media to log phase, harvested, and diluted to a 
final concentration of 5 cells/ml in water. The cell suspension was 
s onicated for 8 seconds by using a Branson Sonifier 250 at 20% 
output. Each strain was assayed in triplicate. For each sample, ~500 
cells (100 ml) were separately plated on 2% glucose‑ and 2% galac‑
tose‑containing solid selective media. Colonies were counted after 
two days (glucose) or four days (galactose) of incubation at 30˚C.

Statistical analysis. The p values for the comparisons of interest 
were determined by a permutation (exact) test49 by using the SAS 
statistical software version 9.1.3 (SAS Institute Inc; Cary, NC).

resulTs

Both GFPC and GFPN104 form visible aggregates. We controlled 
the expression of NLS‑ and NES‑targeted, N‑terminally Myc‑tagged 
GFPC and GFPN104 proteins (Fig. 1) in wild‑type yeast cells by using 
the galactose‑inducible GAL1 promoter. Expression of the GFPC and 
GFPN104 proteins were monitored via GFP fluorescence microscopy 
and cells were categorized into four groups based on their fluores‑
cence pattern: (i) cells without any GFP signal; (ii) cells containing 
diffuse GFP signal (no foci); iii) cells containing one or more small 
(<1.5 mm) GFP foci (intermediate aggregates); (iv) cells containing 
1–2 large (>1.5 mm) GFP foci (mature aggregates).

We originally designed the GFPC expression constructs as control 
for non‑aggregating proteins. Unexpectedly, both the GFPC and 
GFPN104 proteins formed aggregates upon induced expression in yeast 
cells. After one hour of induction, aggregates (both  intermediate and 
mature) were visible in over 60% of the cells expressing NLS‑targeted 
GFPC and GFPN104 (Fig. 2A). No statistically significant differences 
were observed in the percentage of aggregate‑positive cells harboring 
the two proteins, and both remained above 60% throughout the 
6‑hour time course. Similarly, NES‑targeted GFPC and GFPN104 

formed aggregates in >57% of the cells expressing the two proteins 

Figure 1. Schematic drawing of the GFPC and GFPN104 constructs. The GFPC construct encodes a 
GFP‑RNR2CTD (amino acids 298–399) fusion protein with an N‑terminal (Myc)3 tag followed by 
the NLS or NES sequence. The GFPN104 construct contains a N104 tract in place of the RNR2CTD. 
All constructs encode proteins of similar sizes. The expression cassettes are put under the control of 
the galactose‑inducible GAL1 promoter or the constitutive TDH3 promoter. All expression cassettes 
are flanked at the 3’ end by the RNR2’s 3’ UTR sequence.
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DNA stained by DAPI. Within 1‑hour of induced 
expression, diffuse NLS‑GFPC and NLS‑GFPN104 
were visible in areas overlapping with the nuclear 
DAPI signal. Conversely, the NES‑GFPC and 
NES‑GFPN104 proteins were dispersed throughout 
the cytoplasm (data not shown). At later time 
points, intermediate aggregates of NES‑GFPC and 
NES‑GFPN104 appeared throughout the cytoplasm, 
while those of NLS‑GFPC and NLS‑GFPN104 were 
restricted near the nucleus (Fig. 2C). Interestingly, 
the mature aggregates of both the NLS‑ and 
NES‑targeted proteins were found predominately in 
the perinuclear region.

Aggregates of GFPC and GFPN104 are 
 morphologically different. Though both GFPC 
and GFPN104 gave rise to comparable levels of 
 aggregates in vivo, there were distinct differences 
in the types of  aggregates each formed. The GFPC 
protein formed primarily  intermediate aggregates; 
cells with mature GFPC aggregates were rarely 
detected until the 4‑hour time point and remained 
below 35% of the population throughout the course 
of  induction (Fig.  2B). Contrary to this observation, 
the GFPN104 proteins formed  predominately mature 
aggregates throughout the time course. Within on 
hour of induction, mature aggregates were seen in 
49% of the NLS‑GFPN104 expressing cells and 37% 
of the NES‑GFPN104 expressing cells (Fig. 2B). The 
percentage of cells with mature aggregates increased 
at later time points for both NLS‑GFPN104 and 
NES‑GFPN104, resulting in significant differences 

from the respective GFPC proteins (Fig. 2B).
The mature aggregates formed by GFPC and GFPN104 also differ 

morphologically. For both NLS and NES‑targeted proteins, the 
mature  aggregates of GFPN104 were tight spherical foci, whereas 
those of GFPC were more irregular in shape and  resembled a large 
conglomeration of smaller  aggregates (Fig. 2C). The distinction in 
morphology may suggest  differences in physical properties of the 
GFPC and GFPN104 aggregates. Notably, the compact foci in cells 
expressing GFPN104 are reminiscent of the aggregates formed by the 
mutant htt‑NTD in yeast cells,26,32,50 indicating similar  mechanisms 
for the aggregation of polyasparagine and polyglutamine proteins.

Figure 2. The GFPC and GFPN104  proteins form 
 morphologically distinct aggregates. Cells were grown 
to log phase in raffinose‑containing media, and the 
 expression of GFPC or GFPN104 proteins were induced 
by addition of galactose. Cells were harvested right 
before the galactose addition (0 hrs), and at the indicated 
time points after induction. GFP signals were visualized 
microscopically in live cells, which were grouped into 
four categories based on their GFP patterns: (i) no GFP 
signal, (ii) diffuse GFP signal, (iii) intermediate aggregates 
(arrowhead), and (iv) mature aggregates (arrow). For each 
sample at least 150 cells were examined. (A) Percentage 
of cells that have either intermediate or mature aggregates. 
(B) Percentage of cells that have mature aggregates.  
(C) Images of GFP and DAPI signals in formaldehyde‑fixed 
cells that were harvested four hours after induction. **p 
value ≤ 0.005, ***p value ≤ 0.001

within one hour of  induction (Fig. 2A). Unlike the NLS‑GFPC, the 
percentage of cells with NES‑GFPC aggregates started to decrease 
after the 2‑hour time point. In contrast, the percentage of cells 
with NES‑GFPN104 aggregates remained above 68% throughout 
the 6‑hour time course (Fig. 2A). Notwithstanding the differences, 
the level of aggregate‑positive cells remained near or above 50% 
throughout the time course for all proteins tested, suggesting that a 
similar process may underlie the appearance of the  microscopically 
visible aggregates regardless of the primary sequence of the proteins.

To determine the subcellular localization of the aggregates, 
we compared location of the GFP fluorescence to that of nuclear 
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The GFPN104 aggregates are SDS‑insoluble. An important 
characteristic of the protein aggregates found in Huntington’s, 
Parkinson’s, and Alzheimer’s disease is their insolubility in high 
concentrations (≥2%) of SDS.17,19,51 We found that the GFPN104 
proteins were trapped at the interface of the stacking and separating 
gels in SDS/PAGE, even after the cell lysates were boiled in a buffer 
containing 2% SDS (data not shown), suggesting the presence of 
SDS‑insoluble aggregates. To further determine if GFPN104 could 
form SDS‑resistant aggregates, we used a cellulose acetate membrane 
based filter trap assay to detect SDS‑insoluble protein oligomers that 
were larger than 0.2 mm in solution.47,52,53 When the supernatant 
fractions of the whole cell lysates from equal number of cells were 
analyzed by this assay, a significant amount of the GFPN104, but not 
the GFPC proteins, was retained on the cellulose acetate membrane 
(data not shown). Interestingly, blotting of protein extracts of the 
supernatant fraction and the whole cell lysates onto a nitrocellulose 
membrane revealed that steady state levels of the GFPC proteins 
were much lower than those of the GFPN104 proteins (Fig. 3A). 
Because both GFPC and GFPN104 are under the control of the same 
promoter, the observed different protein levels may reflect a  difference 

in stability of the two proteins. When the supernatant  fraction was 
adjusted to allow loading of equal amount of the GFPC and GFPN104 
proteins, significant levels of the GFPN104 proteins were observed 
on the cellulose acetate membrane while virtually no GFPC proteins 
were seen (Fig. 3B). Our results suggest that the GFPN104, but not 
the GFPC proteins, are capable of forming SDS‑resistant protein 
aggregates inside the cell.

Formation of both the GFPC and GFPN104 aggregates depends 
on microtubules. The protein aggregates seen in polyglutamine 
diseases have in some cases been classified as aggresomes, which 
are defined as perinuclear protein aggregates that are formed via 
microtubule‑mediated retrograde transport and enveloped by the 
intermediate filament vimentin in mammalian cells.54,55 Disruption 
of the microtubule cytoskeleton or microtubule‑mediated transport 
can inhibit aggresome formation in mammalian cells.56,57 It has 
been postulated that a similar structure can form when the mutant 
htt‑NTD is expressed in yeast cells, as htt‑containing aggregates 
form perinuclearly and require microtubules.27 To examine the role 
of microtubules in aggregation of GFPC and GFPN104, we character‑
ized the aggregation of the two proteins in wild‑type cells treated 
with the microtubule‑depolymerizing agent benomyl, as well as in 
the temperature‑sensitive tub4‑1 mutant cells that have a defective 
g‑tubulin at restrictive temperatures. Treatment of benomyl effec‑
tively abolished both the NLS‑GFPC and the NES‑GFPC aggregates, 
and greatly diminished the levels of the NLS‑GFPN104 (from 50% 
to 2.9%) and NES‑GFPN104 (from 55% to 12%) aggregates (Fig. 
4A). Similarly, shifting of the tub4‑1 cells from 22˚C (permissive 
temperature) to 37˚C (restrictive temperature) also led to signifi‑
cant decreases in the levels of NLS‑GFPC (from 16% to 3.1%) and 
NES‑GFPC (from 27% to 1.6%) aggregates, as well as those of the 
NLS‑GFPN104 (from 30% to 8.8%) and NES‑GFPN104 (from 51% 
to 0.6%) aggregates (Fig. 4B). Taken together, our results indicate 
that microtubules are important to the formation of the mature 
aggregates of both GFPC and GFPN104.

Hsp104 and Rnq1 are required for formation of the 
 microscopically visible but not the SDS‑insoluble GFPN104 
 aggregates. Protein chaperones have been shown to play a critical 
role in the pathogenesis of aggregation‑associated disorders.28,30,50,58 
Overexpression of Hsp104 in yeast cells can shift a GFP‑fused mutant 
htt‑NTD from large‑aggregate to small‑aggregate or diffuse states.26 
Conversely, deletion of the HSP104 gene abolishes foci formation 
of the GFP‑tagged htt‑NTD26,59 in the cytoplasm. Therefore, it 
would appear that Hsp104 participates in both the aggregation and 
turnover of the aggregates of the mutant htt‑NTD. Hsp104 likely 
mediates aggregation of the mutant htt‑NTD through Rnq1, as 
Hsp104 is essential for maintaining the prion state of [RNQ+], which 
is subsequently required for aggregation of the mutant htt‑NTD.59 
Interestingly, however, when htt‑NTD is targeted to the nucleus in 
hsp104D cells, SDS‑insoluble aggregates are still detectable.60

We examined the roles of Hsp104 and Rnq1 in GFPC and 
GFPN104 aggregation by microscopically monitoring aggregate 
formation in wild‑type and the hsp104D and rnq1D mutant cells. 
While no decrease in aggregation of the NLS‑GFPC and NES‑GFPC 
proteins was observed between the wild‑type and the hsp104D or 
rnq1D mutant cells, there was a significant reduction in levels of 
mature aggregates of both the NLS‑ and NES‑GFPN104 proteins 
in the two mutants. The level of mature NLS‑GFPN104

 aggregates 
was significantly reduced in the hsp104D mutant relative to the 

Figure 3. Detection of SDS‑insoluble aggregates in the supernatant fraction 
of lysates of the GFPN104‑expressing cells by the filter trap assay. Cells were 
grown to log phase in raffinose‑containing media, induced for GFPC and 
GFPN104 expression by addition of galactose, and harvested for lysis after 
5 hours. (A) Cell lysates were supplemented with SDS to a final  concentration 
of 2% and boiled for 10 min at 100˚C. Cell lysates were diluted with  buffer 
H supplemented with 2% SDS according to the number of cells of each 
sample before being loaded onto a nitrocellulose membrane and subjected 
to Western blotting by using the monoclonal anti‑Myc antibody 9E10. The 
number of cells loaded in the first well is indicated, with two‑fold dilution 
in the subsequent wells. (B) Supernatant fractions were prepared from cell 
lysates by centrifugation at 16,100 xg for 2 min. Supernatant fractions 
were diluted and loaded onto cellulose acetate (left panel) and nitrocellulose 
(right panel) membranes empirically so as to yield comparable signal on 
the  nitrocellulose membrane between the GFPC and GFPN104 samples, with 
two‑fold dilution in subsequent wells.
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wild‑type cells (1.9% versus 57%) (Fig. 5A). The level of the mature 
NES‑GFPN104 aggregates was also lower in hsp104D relative to 
wild‑type cells, although the difference is less dramatic (17% versus 
58%). Similarly, rnq1D cells expressing the NLS‑GFPN104 and 
NES‑GFPN104 proteins also exhibited significantly lower levels of 
mature aggregates relative to the wild‑type cells (20% versus 57% for 
NLS‑GFPN104 and 6% versus 58% for NES‑GFPN104) (Fig. 5A). 
The decrease in the levels of the mature GFPN104 aggregates in the 
hsp104D and rnq1D mutant cells was unlikely due to decrease in 
protein levels since there was a higher percentage of GFP‑positive 
cells in both the mutants than in the wild‑type control (data not 
shown). Moreover, in both the mutants there was a proportional 
increase in the percentage of cells with diffuse GFPN104 signals 

Figure 4. Formation of both the GFPC and GFPN104 aggregates require 
 microtubule function. (A) Disruption of aggregation by benomyl. Cells 
were grown to log phase in a raffinose‑containing medium, split into two 
halves, and the expression of GFPC or GFPN104 were induced by addition 
of  galactose in the presence of benomyl in DMSO or DMSO alone. The 
percentage of cells containing mature aggregates was determined 6 hours 
after benomyl/DMSO treatment. (B) Disruption of aggregates by a defective 
g‑tubulin. Wild‑type and tub4‑1 cells were grown in a raffinose‑containing 
medium to log phase at 22˚C, and immediately shifted to 37˚C upon the 
induction of GFPC and GFPN104 expression by addition of galactose. Cells 
were examined for the presence of mature aggregates 6 hours after the 
galactose induction and temperature shift. **p value ≤ 0.005, ***p value 
≤ 0.001.

accompanying the decrease in cells containing mature GFPN104 
aggregates in comparison to the wild‑type strain (Fig. 5B). Unlike the 
GFPN104 proteins, no significant increase was observed in the levels 
of diffuse GFPC signals between the wild‑type, hsp104D, and rnq1D 
cells (Fig. 5B).

We next asked whether the decrease in the GFPN104  aggregates 
in the hsp104D and rnq1D mutants was accompanied by a similar 
decrease in the level of SDS‑insoluble aggregates as detected 
by the filter trap assay. Unexpectedly, both NLS‑GFPN104 and 
NES‑GFPN104 led to similar levels of SDS‑insoluble aggregates in 
the hsp104D and rnq1D cells relative to the wild‑type cells (Fig. 5C). 
These results suggest that there are at least two species of the 
GFPN104 aggregates in vivo; one is larger and visible under the light 
microscope and the other is smaller than the detection threshold of 
light microscopy but detectable by the filter trap assay. We conclude 
that the Hsp104 and Rnq1 proteins, while required for formation of 
the microscopically visible aggregate species, are not essential for the 
formation of the smaller SDS‑insoluble species.

A nucleus‑targeted GFPN104 leads to decreased cell viability. 
Previous studies suggest that the mutant htt‑NTD can compro‑
mise cell viability when expressed in yeast cells depending on the 
amino acid sequences flanking the htt‑NTD or the subcellular 
localization of the fusion protein.32,33 In some cases, the cellular 
toxicity seems to depend on a FLAG epitope attached to the mutant 
htt‑NTD.33 On the other hand, when the mutant htt‑NTD is 
targeted to the nucleus by fusion of the NLS of the SV40 large 
T antigen, it can cause a decrease in cell viability in the absence 
of the FLAG epitope.32 We examined the effect of the GFPC and 
GFPN104 proteins on cell viability by comparing plating efficiency 
of cells harboring GAL1‑driven, NES‑ or NLS‑tagged GFPC and 
GFPN104 constructs, as well as cells harboring the blank vector 
control, between induced (galactose‑containing media) and repressed 
( glucose‑containing media) conditions. No significant difference 
was observed between NES‑GFPC and NLS‑GFPC relative to the 
vector control. Likewise, there was no significant difference between 
cells expressing NES‑GFPN104 and the vector control (Fig. 6A). 
In contrast, cells expressing the NLS‑GFPN104 protein exhibited a 
significantly lower viability relative to cells expressing the NLS‑GFPC 
(64 versus 94%) (Fig. 6A). Our results suggest that the NES‑GFPC, 
NES‑GFPN104, and the NLS‑GFPC proteins are not toxic to yeast 
cells despite the large microscopically visible aggregates that they 
form. Moreover, the difference in viability between cells expressing 
the NLS‑GFPN104 and the NES‑GFPN104 suggests that nuclear 
localization of the GFPN104 protein is required for the observed 
cellular toxicity.

Recently studies suggest a positive correlation between 
 microscopically visible aggregates and cellular toxicity mediated by 
the mutant‑htt NTD in yeast cells.59,61 To determine if this is the 
case for the NLS‑GFPN104 mediated toxicity, we compared viability 
of the wild‑type and the hsp104D and rnq1D mutant cells expressing 
NLS‑GFPN104. Despite the decrease in levels of the  microscopically 
visible NLS‑GFPN104 aggregates in the hsp104D and rnq1D mutant 
cells (Fig. 5A), there was no significant difference in the levels of 
decrease in cell viability between the two mutants and the wild type 
(Fig. 6B). In addition, NES‑GFPN104 had no significant effect on 
the viability of the hsp104D or rnq1D mutants, as was the case of the 
wild‑type strain (data not shown). These observations suggest that that 
the decrease in the level of the microscopically visible NLS‑GFPN104 
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Figure 5. HSP104 and RNQ1 are required for formation of the microscopically visible  aggregates. Wild‑type, hsp104D, and rnq1D cells were grown in 
a raffinose‑containing medium to log phase before addition of galactose to induce expression of the GPFC and GFPN104 proteins. Cells were harvested at 
the 6‑hour time point after induction and their GFP patterns were categorized as described in Figure 2 legend. (A) Percentage of cells containing mature 
aggregates. (B) Percentage of cells containing diffuse GFP signals. (C) Comparison of levels of SDS‑insoluble aggregates between the wild‑type and the 
hsp104D and rnq1D mutant cells by a dot blot filter trap assay. Induced expression of NLS‑GFPN104 and NES‑GFPN104 and supernatant preparation from 
total cell lysates were as described in Figure 3 legend. The number of cells loaded in the first well was empirically determined to result in similar Western blot 
signals between strains on the nitrocellulose membrane, and the extract was subjected to two‑fold serial dilutions in the subsequent wells. **p value ≤ 0.005, 
***p value ≤ 0.001.

aggregates does not correlate with increased cell viability.
NLS‑GFPN104 compromises transcription from the PHO84 

and HSP104 promoters. In some cellular models of  polyglutamine 
diseases, proteins with a expanded polyglutamine tract have been 
shown to cause transcriptional dysregulation before onset of 
 symptoms.62 Alteration of transcriptional profiles has also been 
reported for yeast cells expressing the mutant htt‑NTD.32 While 
transcripts of genes encoding chaperones and heat‑shock proteins 
were induced by presence of the mutant htt‑NTD irrespective of 
its subcellular localization, significant transcriptional repression was 
observed only when the mutant protein is targeted to the nucleus.32 
We examined the possible effect of the NLS‑GFPN104 protein on 
transcription from two promoters; one is the PHO84 promoter 
that is repressed by the nucleus‑targeted mutant htt‑NTD, and the 
other is the HSP104 promoter that is induced by both the nuclear 
and cytoplasmic expression of the mutant htt‑NTD.32 Incidentally, 
transcription from both the promoters is regulated by the SAGA 

complex, which is involved in modulating expression of ~10% of the 
genes in the yeast genome.63,64 We found that constitutive expression 
of the NLS‑GFPN104 protein resulted in decreased transcription from 
both the PHO84 (5‑fold) and the HSP104 (2.4‑fold) promoters 
(Fig. 7). On the other hand, expression of the NLS‑GFPC led to no 
significant change in transcription from the PHO84 promoter and 
only a slight increase (1.7‑fold) in transcription from the HSP104 
promoter (Fig. 7). No significant difference in transcription was 
observed from the PHO84 or HSP104 promoters in the presence of 
NES‑GFPC or NES‑GFPN104 (data not shown).

dIscussIon
This work describes the use of a yeast model system to  investigate 

aggregating proteins and their effects upon the cell. We have 
 examined two proteins, GFPC and GFPN104, both of which 
can form aggregates when targeted to the cytoplasm and the 
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nucleus of yeast cells. However, the aggregates formed by the two 
proteins are fundamentally different. Of the two, only the GFPN104 
 aggregates exhibit biochemical and phenotypic characteristics that 
are  reminiscent of those attributed to expression of the mutant 
htt‑NTD in yeast cells.26,27 Similar to the mutant htt‑NTD, the 
GFPN104 proteins forms large and compact aggregates (1~2 per 
cells) that can be observed under a light microscope within one 
hour of induced expression. Importantly, the formation of these 
GFPN104  aggregates requires the microtubules as well as the protein 
 chaperone Hsp104 and the prion Rnq1, as is the case of the mutant 
htt‑NTD. Moreover, both the GFPN104 proteins and the mutant 
htt‑NTD can form SDS‑insoluble aggregates that can be detected 
in the supernatant fraction of cell lysates. We have also shown that 
targeting GFPN104 to the nucleus results in decreased cell viability 
and compromises  transcription, a phenomenon previously reported 

for a  nucleus‑targeted mutant htt‑NTD.32

A polyasparagine peptide was shown to form b‑pleated sheets in 
solution, similar to that of a polyglutamine peptide of similar length.65 
In the three known yeast prion proteins (Sup35, Rnq1 and Ure2), 
a glutamine/asparagine‑rich domain is both necessary and sufficient 
for establishing and aggregating the prion form of each protein in 
vivo.34‑36 Our finding that the polyasparagine‑containing GFPN104 
protein recapitulates the morphological and biochemical character‑
istics of the mutant htt‑NTD in vivo provides direct evidence that 
polyasparagine, like polyglutamine, can form  aggregates and interfere 
with cellular function, possibly through a similar mechanism. Thus, 
it would appear that asparagine residues can play an important role 
in aggregation of the yeast prion proteins as well as other glutamine/
asparagine‑rich proteins.

We find that both the NES‑GFPC and NES‑GFPN104 proteins 
tend to form aggregates at the peripheral regions of the nucleus 
and that both aggregations depend on microtubules. Perinuclear 
localization of aggregates and microtubule‑dependent aggregation 
are hallmarks of aggresomes.54,55 Formation of an aggresome is 
postulated to be an intermediate step in the turnover of misfolded 
or partially denatured proteins by the lysosome via autophagy.57 
Considerable evidence suggests that the mutant htt‑NTD can form 
aggresomes both in mammalian cells29,66 and in yeast,27 and is 
degraded in the lysosome in mammalian cells.56,66,67 Our results 
suggest that overload of yeast cells with the GFPC or GFPN104 
proteins may lead to formation of aggresome‑like structures as a 
cellular response to dispose of the protein.

In this study we use two different methods to characterize the 
 presence and level of protein aggregation: one by fluorescence 
microscopy in live cells to visualize GFP‑positive aggregates, and 
the other by filter trap assay to detect protein aggregates that are 
insoluble in 2% of SDS in the supernatant fraction of whole‑cell 
lysates. These two approaches likely detect two different forms 

Figure 6. A nucleus‑targeted GFPN104 results in decreased cell viability. 
Wild‑type, hsp104D and rnq1D cells carrying the control vector or plasmids 
encoding galactose‑inducible, NLS or NES‑tagged GFPC and GFPN104 were 
grown to mid‑log phase under repressed conditions. Cultures were diluted 
and ~500 cells were plated on appropriate selective media containing 
either glucose (repressed) or galactose (induced) as the carbon source. 
The numbers of colonies were counted after 48‑hour (glucose) or 96‑hour 
(galactose) incubation at 30˚C. Viability of cells bearing each plasmid was 
calculated as the quotient of the number of colonies on the galactose plate 
divided by the number of colonies on the glucose plate. For each strain, the 
viabilities of cells expressing GFPC and GFPN104 were normalized against 
the viability of cells harboring the vector alone, yielding the relative viability. 
(A) Comparison of viability between wild‑type cells containing the vector 
control, the NLS‑tagged GFPC and GFPN104, and the NES‑tagged GFPC and 
GFPN104. (B) Comparison of the effect of NLS‑GFPC and NLS‑GFPN104 on 
cell viability relative to the vector control in wild‑type, hsp104D and rnq1D 
strains. **p value ≤ 0.005, ***p value ≤ 0.001.

Figure 7. NLS‑GFPN104 compromises transcription from the PHO84 and 
HSP104 promoters. Transcription from the PHO84 and HSP104  promoters 
was examined by measuring b‑galactosidase activity resulting from the 
PHO84‑lacZ and HSP104‑lacZ reporter plasmids, respectively, in wild‑type 
cells expressing NLS‑GFPC or NLS‑GFPN104 from the constitutive TDH3 
promoter. The b‑galactosidase values were normalized against those from 
cells carrying the control vector alone, yielding the relative transcription. 
**p value ≤ 0.005, ***p value ≤ 0.001.
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of aggregates in the cell. For example, the filter trap assay fails to 
detect any SDS‑insoluble aggregates of the GFPC proteins, although 
GFP‑positive aggregates can be readily observed by microscopy. 
In the case of GFPN104, while the levels of microscopically visible 
aggregates are greatly diminished in the hsp104D and rnq1D mutants 
as compared to the wild‑type cells, the levels of SDS‑insoluble 
 aggregates remain similar between the mutants and the wild type. 
Thus the type of aggregates revealed by the filter trap assay in the 
hsp104D and rnq1D mutant cells cannot be detected at all by fluo‑
rescence microscopy. Our present in vivo studies may help elucidate 
how different states of protein aggregation may contribute to cellular 
toxicity in the neurodegenerative diseases.

We have shown that expression of the NLS‑GFPN104 results 
in the same level of decrease in cell viability in the hsp104D, and 
rnq1D mutant cells as in the wild‑type cells. Likewise, the level 
of SDS‑insoluble aggregates is similar between the wild‑type and 
mutant strains. It thus appears that the aggregates detected by the 
filter trap assay, rather than the microscopically visible aggregates, 
may play a major role in cellular toxicity seen here. This is in 
contrast to a previous study showing a correlation between decreased 
levels of microscopic aggregates and reduced toxicity of a “toxic” 
htt‑NTD construct expressed in yeast cells.33,59 Interestingly, the 
toxic htt‑NTD protein forms smaller amorphous aggregates that are 
morphologically distinct from the GFPN104 aggregates seen in this 
study.33 Notably, only the non‑toxic mutant htt‑NTD constructs 
are shown to form tight spherical aggregates similar to the GFPN104 
aggregate shown here.26,33,53 The pathways leading to these different 
forms of aggregates and their roles in mediating cellular toxicity is an 
area of active investigation.

The molecular analysis of the GFPN104 aggregates described 
here raises some intriguing questions on the role of Hsp104 and 
Rnq1 in aggregate formation. The Hsp104 and Rnq1 proteins are 
both required to maintain the [RNQ+] prion state,59,68 which was 
previously shown to be essential to “seed” microscopically‑visible 
aggregates of both the Sup35 prion69 and mutant huntingtin33,61 
in yeast cells. The wild‑type strain used in this study is S288C, 
which has been shown to be [RNQ+].33,59 We have shown that 
 formation of the microscopically visible GFPN104 aggregates depends 
on both Rnq1 and Hsp104, suggesting that these aggregates also 
require a [RNQ1+] prion state. On the other hand, formation of 
the SDS‑insoluble class of aggregates seems to occur independent 
of HSP104 and RNQ1. Thus it would appear that aggregation of 
the GFPN104 protein occurs in at least two steps. The initial step 
involves formation of SDS‑resistant smaller oligomers. This step, 
apparently HSP104 and RNQ1 independent, could be mediated 
by self‑association between the polyasparagine residues given the 
propensity of asparagine polypeptides to aggregate in vitro.11,12,65 
We propose that the later step(s) of aggregation involve formation of 
the larger aggregates, which requires both functioning microtubules 
and the Hsp104 and Rnq1 proteins.

We show that the GFPN104‑mediated decrease in cell viability 
requires its nuclear localization. A similar correlation between nuclear 
localization and toxicity was previously reported for a  polyglutamine 
protein in mammalian cells.10,70 The mutant huntingtin was shown 
to interact with a number of transcription factors that contain 
 glutamine‑ or asparagine‑rich regions.52,71‑75 This interaction is 
believed to compromise the normal function of these transcription 
factors, which may in part contribute to the cellular toxicity.53,72‑74 

In yeast cells, a nucleus‑targeted mutant htt‑NTD was also shown to 
alter transcription from many promoters, particularly those  regulated 
by the SAGA complex.32 Evidently, several components of the yeast 
SAGA complex contain domains that are enriched in  glutamine/
asparagine residues.76,77 Here we show that the NLS‑GFPN104 
protein can affect transcription from two SAGA‑regulated promoters. 
It is possible that NLS‑GFPN104 may associate with some of the 
 glutamine/asparagine‑rich SAGA  components, thereby  compromising 
their normal activity. Further studies are required to determine 
whether compromised transcription of the SAGA‑regulated genes 
contributes to the decrease in cell viability.
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