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The role of aggregation of abnormal proteins in cellular toxicity is of general importance for understanding
many neurological disorders. Here, using a yeast model, we demonstrate that mutations in many proteins
involved in endocytosis and actin function dramatically enhance the toxic effect of polypeptides with an
expanded polyglutamine (polyQ) domain. This enhanced cytotoxicity required polyQ aggregation and was
dependent on the yeast protein Rnql in its prion form. In wild-type cells, expression of expanded polyQ
followed by its aggregation led to specific and acute inhibition of endocytosis, which preceded growth inhibition.
Some components of the endocytic machinery were efficiently recruited into the polyQ aggregates. Further-
more, in cells with polyQ aggregates, cortical actin patches were delocalized and actin was recruited into the
polyQ aggregates. Aggregation of polyQ in mammalian HEK293 cells also led to defects in endocytosis.
Therefore, it appears that inhibition of endocytosis is a direct consequence of polyQ aggregation and could

significantly contribute to cytotoxicity.

Special mechanisms of refolding and selective degradation
have evolved to protect cells from accumulation of mutant and
damaged polypeptides. If these cellular mechanisms fail, the
abnormal proteins aggregate, often forming large inclusion
bodies (IBs) (for a review, see reference 41). It was initially
assumed that protein aggregation is a spontaneous process,
resulting from a natural tendency of unfolded polypeptides to
associate with each other. However, recently it became clear
that intracellular protein aggregation is a complex process
which involves a number of cellular elements. In the cytoplasm
of mammalian cells, small aggregates often converge via mi-
crotubule-based transport to the centrosome and recruit heat
shock proteins and components of the ubiquitin-proteasome
degradation pathway to form the so-called aggresome (1, 13,
14, 19, 53, 58, 60). Furthermore, formation of IBs is regulated
by cellular signaling proteins, including the stress-activated
kinase MEKK1 (24), the GTP-binding protein regulator arfap-
tin 2 (34), steroid hormones (11), and the Akt kinase pathway
(18, 29).

The mechanism of intracellular protein aggregation attracts
much attention because of its relevance to a number of known
pathological conditions. In many major neurodegenerative
diseases, such as amyotrophic lateral sclerosis, Alzheimer’s
disease, Parkinson’s disease, and Huntington’s disease, the pa-
thology and the eventual death of specific neuronal popula-
tions occur as a result of accumulation of specific abnormal
polypeptides. These polypeptides can aggregate and form in-
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soluble intracellular inclusions (41). The formation of the IBs
generally precedes neurodegeneration and cell death (62).
Such observations initially led to the widely held assumption
that aggregate formation is the critical event triggering neuro-
pathology at least in some of these diseases (see below). Al-
though the role of intracellular aggregates of abnormal pro-
teins in neurodegeneration has not been clarified yet, there
have been a number of hypotheses about potential mecha-
nisms of cell toxicity mediated by IBs. For example, it was
shown that the appearance of protein aggregates in cytosol
correlates with a general cessation of the ubiquitin-proteasome
pathway of protein degradation (5, 16). It was suggested that
this cessation is due to entrapment of proteasomes and other
components of the pathway within the IBs (5). It was also
found that formation of IBs often correlates with inhibition of
several transcription programs, probably due to abnormal as-
sociation of certain transcription factors with IBs (32, 45, 46).
In all of these models, however, there was no clear connection
between formation of IBs and cell toxicity. Here, we address
the deleterious effects of protein aggregation by using a re-
cently developed yeast model of polyglutamine (polyQ) expan-
sion disorders (25).

A group of neurodegenerative disorders, including Hunting-
ton’s disease, are associated with genetic expansion of polyQ
domains in certain proteins. polyQ expansion causes mutant
polypeptides (e.g., huntingtin) to acquire an unusual confor-
mation, which facilitates their aggregation into intracellular
IBs and causes cell toxicity (4, 12, 39). The question of whether
toxicity and neurodegeneration are caused by soluble polyQ-
containing proteins or by IBs has been the focus of debate in
the field for a number of years, since available data with cel-
lular and animal models are indirect and often controversial
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TABLE 1. Strains

Strain Genotype Source
W303 MATa ade2-1 trpl-1 leu2-3,112 his3-11,15 ura3-52 canl-100 ssd1-d S. Lindquist
hspl04A mutant (YS483) hspl104::LEU2; isogenic with W303 S. Lindquist
NMY75 MATo ADE?2; isogenic with W303 B. Wendland
SEY6210 MATa his3 trpl leu3 ura3 lys2 S. Emr
SEY6210a MATa leu2 ura3 trpl his3 lys2 S. Emr
BWY1348 end3-1; result of three consecutive crosses of end3-1 mutant with SEY6210 B. Wendland
BWY1237 Isogenic with SEY6210; panl-20 B. Wendland
DDY0131 ade2 his3A200 leu2-3,112 lys2-801 ura3-52 D. Drubin
DDY1166 sla2::HIS3; isogenic with DDY0131 D. Drubin
GW047 MATa rsp5::LEU ade2 ura3 his3 [pRS414-RSP5-HA| J. Huibregtse
JCY459 MATa leu2 his4 ura3 barl H. Riezman
RH2607 end$§-1; isogenic with JCY459 H. Riezman
RH2615 end9-1; isogenic with JCY459 H. Riezman
RH2618 end10-1; isogenic with JCY459 H. Riezman

(for a review, see reference 41). On the other hand, our yeast
model, which reproduces both polyQ length-dependent aggre-
gation and toxicity, demonstrates a clear connection between
the two processes. Furthermore, it allows genetic investigation
of which cellular components are involved in protein aggrega-
tion and what effects IBs have on cellular metabolism. When
expressed under control of the GAL1I promoter, a fragment of
huntingtin carrying the N-terminal 17-amino-acid stretch fol-
lowed by a normal polyQ domain (25Q) did not form IBs in
yeast cells, while a fragment containing expanded polyQ
(103Q) aggregated in every cell (25). In contrast to the case for
25Q, accumulation of 103Q in yeast cells was toxic, so 103Q-
expressing cells plated on selective galactose media formed
only small colonies.

Aggregation of polyQ-containing polypeptides in yeast de-
pends on the prion conformation of yeast prion-like proteins
(25, 33). The prion form of Rnq1 protein ((RNQ™]), which was
shown recently to be essential for switching to the prion form
of other yeast prion-like proteins (10, 33), plays a critical role
in the initial steps in aggregation of polyQ. In fact, either
deleting RNQ1I or changing the conformation of this protein
into a nonprion form led to suppression of aggregation of
103Q (25) or another polyQ-containing protein, MJD (33).
Suppression of aggregation by rnglA and a number of other
mutations or by curing of [RNQ™] inhibited the toxicity of
expanded polyQ in this model (25), indicating that the toxicity
is intimately associated with the 103Q aggregation.

Here we extended our search for cellular factors involved in
development of toxicity of polypeptides with expanded polyQ.
We found that several genes required for early endocytic
events and organization of cortical actin patches also enhanced
103Q toxicity when deleted or mutated, allowing us to establish
a connection between the polyQ-mediated toxicity and inhibi-
tion of early steps of endocytosis.

MATERIALS AND METHODS

Strains and plasmids. Deletion mutants of the wild-type strains BY4739
(MAT« leu2A lys2A ura3A), BY4742 (MATo his3A leu2A lys2A ura3A), and
BY4741 (MATa his3A leu2A met15A ura3A) (used only with rngIA and vps34A)
were obtained from the deletion library (ResGen; Invitrogen) of yeast nones-
sential genes (59). All other strains used in this work are listed in Table 1.

HEK293 (human embryonic kidney) cells were grown in Dulbecco’s modified
Eagle medium supplemented with 10% fetal bovine serum at 37°C in an atmo-
sphere of 5% CO,. For transfection, HEK293 cells were grown in 35-mm-

diameter dishes to 25 to 50% confluence and then were transfected for 1.5 h with
GenePORTER reagent (Gene Therapy Systems, San Diego, Calif.) in accor-
dance with the manufacturer’s protocol, using 18 pl of the reagent and 3 pg of
vector per dish.

The pYES2-based vector for expression of green fluorescent protein (GFP)-
tagged polyQ constructs under control of the Gall promoter was described
previously (25). To tag the constructs with cyan fluorescent protein (CFP) in-
stead of GFP, the BamHI-Xbal gene fragment of the construct was replaced with
the analogous fragment of the CFP gene. For mammalian expression, the whole
GFP-tagged polyQ constructs were inserted in plasmid pCDNA3.1(+) under
control of the constitutive cytomegalovirus promoter. The vector for expression
of glutathione S-transferase (GST) [pEG(KT)] was described before (28). The
vector for expression of GFP-tagged Ste6 from its own promoter (pSM1181) was
a gift of S. Michaelis (Johns Hopkins Medical School, Baltimore, Md.).

Observation of yeast growth and induction. Cells were routinely (unless indi-
cated otherwise) grown at 30°C on selective minimal medium with glucose and
then transferred into liquid or solid selective minimal medium with galactose for
induction of 25Q or 103Q at the same temperature. To compare the timings of
103Q-dependent effects on endocytosis and on cell growth (see Fig. 2B), cell
cultures were grown in selective liquid media with 2% raffinose and polyQ
synthesis was induced by addition of 2% galactose (2% more of raffinose was
added to noninduced control cells).

Transformed cells were routinely single-colony purified on selective plates with
glycerol to select against petite mutants.

Curing of prions by guanidine chloride (GuHCI) treatment was described
before (25).

Microscopy. Fluorescence microscopy was performed with an Axiovert 200
(Carl Zeiss) microscope with a 100X objective.

For staining with FM4-64 (Molecular Probes), mid-log-phase cells expressing
polyQ were concentrated 10 times and incubated with 8 uM dye (5 mM FM4-64
in dimethyl sulfoxide was diluted with water to obtain a 400 wM stock solution)
for 12 min in the selective medium with galactose. Cells were either immediately
observed under a microscope or washed two times with the same medium and
left in it for the indicated time periods. Fluorescence of GFP in nonfixed yeast
cells (in sharp contrast with fixed cells) leaked into the red channel in a nonlaser
fluorescence microscope (the red particles colocalized perfectly with 103Q ag-
gregates and were seen in the absence of FM4-64 treatment [not shown]),
overlapping with the signal of FM4-64. To avoid such an overlap in Fig. 2A, we
replaced GFP in the 103Q and 25Q constructs with CFP, whose emission spec-
trum is more distant from that of FM4-64; the substitution did not impair 103Q
toxicity (not shown).

For staining with Texas red-conjugated phalloidin (Molecular Probes), mid-
log-phase cells expressing polyQ were fixed for 75 min with 4% formaldehyde in
100 mM potassium phosphate (pH 6.5), washed twice with phosphate-buffered
saline (PBS) and permeabilized with 0.2% Triton X-100 for 15 min. The cells
were washed twice again, labeled with the dye (20 U/ml in PBS) for 1 h, and, after
four washes, observed under the microscope.

For immunostaining, cells expressing polyQ were fixed with 4% formaldehyde
for 20 min in the medium and then for 50 min in 50 mM potassium phosphate
(pH 6.5)-0.5 mM MgCl,, washed twice, and incubated at 37°C for 50 min with 40
g of Zymolyase per ml in the same buffer supplemented with 1.2 M sorbitol and
0.3% 2-mercaptoethanol. The cells were then washed twice, permeabilized with
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0.2% Triton X-100 for 45 min in PBS with 3% bovine serum albumin, washed
twice, and incubated with appropriate primary and secondary antibodies. Elec-
tron microscopy was done as described previously (38).

Ste3 degradation assay. NMY75 cells transformed with either the p(EG) KT,
103Q(GFP), or 25Q(GFP) plasmid were grown at 30°C to early log phase in
selective media supplemented with 4% raffinose. Cells were induced for 6 h by
addition of galactose to a 3% final concentration. Cycloheximide was then added
to 5 pg/ml, and samples were collected at the indicated time points and imme-
diately supplemented with 10 mM NaN3 and 10 mM NaF on ice. Collected cells
were disrupted by 5 min of vortexing with 425- to 600-pm-diameter acid-washed
glass beads in lysis buffer containing 0.4% sodium dodecyl sulfate (SDS), 2.5%
2-mercaptoethanol, and 6 M urea. After 5 min of denaturation at 70°C, extracts
were subjected to immunoblotting and the relative intensities of Ste3 bands were
digitally quantified by using Alpha Innotech software.

API maturation assay. Cells were grown in minimal selective media supple-
mented with 4% raffinose and polyQ constructs were induced with 3% galactose
or repressed with 3% dextrose for 6 h at 30°C, then 5 ODy, units of each strain
were incubated for 4 h at 30°C in the same media or in nitrogen-free media,
supplemented, respectively, with either galactose or dextrose. The samples were
precipitated with 10% TCA, washed with acetone and treated with glass beads
and the lysis buffer as in the Ste3p assay and then subjected to immunoblotting
with anti-aminopeptidase I (anti-API) antibody.

Transferrin receptor endocytosis assay. At 20 h after transfection, cells were
incubated for 40 min in Dulbecco’s modified Eagle medium without serum and
then for 15 min in the same medium containing 100 pg of Texas red-conjugated
transferrin (Molecular Probes) per ml. The cells were placed on ice, washed
three times with cold PBS, fixed with 4% formaldehyde, washed, and observed
with an Axiovert 200 microscope with a 40X objective.

Analysis of protein solubility in cell lysates. Collected cells were disrupted by
10 min of vortexing with 425- to 600-pm-diameter acid-washed glass beads in
lysis buffer (40 mM HEPES [pH 7.5], 50 mM KCl, 1% Triton X-100, 1 mM
Na;VO,, 50 mM B-glycerophosphate, 50 mM NaF, 5 mM EDTA, 5 mM EGTA,
1 mM phenylmethylsulfonyl fluoride, 1 mM benzamidine, and 5 pg each of
leupeptin, pepstatin A, and aprotinin per ml). Homogenates were cleared by 5
min of centrifugation at 500 X g. Samples were normalized by the amount of
total protein and subjected to centrifugation at 10,000 X g for 10 min. The
resulting supernatant was subjected to centrifugation at 200,000 X g. The pellets
were washed once with the lysis buffer and solubilized with loading SDS-poly-
acrylamide gel electrophoresis buffer containing 2% SDS. The differential cen-
trifugation assay for prion status of Rnql was described before (25).

Antibodies. Anti-GFP antibody (polyclonal) was from Clontech, and antihem-
agglutinin (anti-HA) antibodies were from Santa Cruz and Babco. Anti-Rnql
antibody was a gift of S. Lindquist (Whitehead Institute, Massachusetts Institute
of Technology, Cambridge), anti-Pan1 antibody was a gift of A. Sachs (University
of California, Berkeley), and anti-Ste3p antibody was a gift of G. Payne (Uni-
versity of California, Los Angeles). Anti-API antibody was a gift of D. Klionsky
(University of Michigan, Ann Arbor). Anti-yAP180 and anti-Ent1 antibodies
were prepared by B. Wendland.

RESULTS

Mutations in genes encoding endocytic proteins enhance
polyQ toxicity. Previously, using the yeast model of polyQ
cytotoxicity, we have found that mutations in certain host cell
genes required for propagation of [RNQ™] suppress the ag-
gregation and toxicity of expanded polyQ (25). We then ana-
lyzed whether other mutations known to affect yeast prions can
also affect polyQ toxicity, and we noticed that the growth of
slalA cells expressing 103Q was impaired to a greater extent
than that of wild-type cells (Fig. 1, top). Importantly, the mu-
tant cells expressing 25Q grew normally (Fig. 1, top), indicating
that the slal mutation does not cause the growth defect on its
own but rather enhances the polyQ-related toxicity. These data
were particularly intriguing since the Slal protein was previ-
ously shown to interact with extended polyQ in a two-hybrid
screen (3). Slal plays a critical role in formation of actin
patches, and dynamically associates with various proteins in-
volved in early events of endocytosis (i.e., Panl, Sla2, and
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FIG. 1. The toxicity of expanded polyQ is enhanced by mutations
affecting endocytosis. Mutant and respective wild-type (WT) strains
transformed with either 25Q or 103Q constructs were plated on selec-
tive galactose media and grown for 4 days at 30°C (for the sla] mutant)
or for 5 days at 25°C (for the panl and sla2 mutants). sla1/103Q (Gu),

slal mutant strain transformed with the 103Q construct and rescued
from [RNQ™] prion by GuHCI treatment.

End3) (48, 55, 63). Therefore, we hypothesized that mutations
in the genes encoding these proteins or other elements of the
endocytic machinery may also have an effect on the polyQ
toxicity. To test this hypothesis, we typically used deletion
mutations in a number of genes involved in endocytosis. How-
ever, since PANI is an essential gene, we utilized a panl-ts
mutant at the permissive temperature of 25°C. The mutant
strains were transformed with plasmids encoding either 103Q
or 25Q, controlled by a galactose-regulated promoter, and
polyQ toxicity was tested by plating transformed cells on ga-
lactose selective media (Fig. 1 and Table 2).

As hypothesized, mutations in almost all of the tested genes,
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TABLE 2. Effect of mutations associated with endocytosis on
toxicity of 103Q

Toxicity”

Gene”

“ Underlining indicates mutant genes; all others are deletions.

b Same, toxic effect of 103Q expression is close to that seen with the wild type;
-, mutant cells expressing 103Q form much smaller colonies than wild-type cells;
— —, almost no growth on selective galactose media.

with the exceptions of genes which are redundant in endocy-
tosis (e.g., ENTI and ENT2), strongly enhanced the polyQ
toxicity (Table 2). Some mutations that have not been reported
to affect endocytosis but that are involved in organization of
the actin cytoskeleton, such as aip!, also enhanced the toxicity.
Remarkably, one of the mutations enhancing polyQ toxicity is
in SLA2 (Fig. 1 and Table 2), a yeast homolog of a mammalian
gene encoding the huntingtin-binding protein Hip1 (20). This
suggested that the interactions of polyQ-containing polypep-
tides with the endocytic machinery are conserved in evolution.

To investigate whether the enhanced polyQ toxicity in mu-
tant cells is of the same nature as the toxicity in wild-type cells,
we tested whether [RNQ™] was still required for the toxicity
enhanced by either slal or end3 deletions. As described before
(25, 33), loss of [RNQ™] after consecutive passages on plates
with 5 mM GuHCI suppresses polyQ aggregation in wild-type
cells. slal and end3 deletion mutants were cured of [RNQ ] by
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this procedure, so that Rnql became soluble in these clones as
judged by differential centrifugation (not shown), and then
were tested for polyQ-induced toxicity. As with wild-type cells,
switching Rnql to the nonprion state suppressed the polyQ
toxicity, and accordingly, large colonies that were similar in
size to the colonies formed by [rnq ] wild-type cells grew on a
selective galactose plate (shown for slal in Fig. 1, top; not
shown for end3). These data indicate that, as for polyQ toxicity
in wild-type cells, the enhanced polyQ toxicity in the mutants
requires [RNQ *]-dependent aggregation of polyQ.

Expanded polyQ inhibits endocytosis. Genetic interaction
between 103Q and various components of the endocytic ma-
chinery hinted that emergence of expanded polyQ in a cell may
on its own affect endocytosis. To test this possibility, we mon-
itored the effect of polyQ expression on endocytosis by using
the lipophilic fluorescent dye FM4-64 (52). This dye binds to
the cell membrane and is internalized through the endocytic
pathway, allowing us to monitor endocytosis by microscopy.
Cells expressing 25Q (here tagged with CFP) demonstrated an
FM4-64 labeling pattern characteristic of normal endocytosis:
red patched structures, representing labeled endosomes, were
seen in the cytoplasm within the first 10 to 15 min after the dye
was added (Fig. 2A, top panels). At later times (60 min), the
distinct ring-shaped labeling of the vacuoles was seen, reflect-
ing fusion of the endosomes with vacuolar membrane. In strik-
ing contrast, almost none of 103Q-expressing cells contained
either labeled endosomes or fluorescent rings surrounding
vacuoles (Fig. 2A, bottom panels), indicating that accumula-
tion of 103Q dramatically reduces the endocytosis of lipids in
yeast cells. It is noteworthy that in 103Q-expressing cells,
FM4-64 accumulated at the plasma membrane and was seen as
rings surrounding cells (12 min) before being washed away.
These data suggest that an early internalization step of endo-
cytosis was affected.

Could the observed suppression of endocytosis represent a
general slowdown of cellular metabolism due to 103Q accu-
mulation? To address this question, we compared the time
courses of 103Q effects on both endocytosis and cell growth.
Cells were grown in raffinose-containing medium until mid-log
phase, and 103Q synthesis was initiated immediately by addi-
tion of galactose to the growing cells. As seen in Fig. 2B, strong
inhibition of FM4-64 internalization was seen in about 60% of
cells after only 2 h of 103Q induction. In contrast, cell growth
reduction could be detected more than 4 h after induction of
103Q. Later, during the course of 103Q synthesis, the growth
rate continued to become lower, and after 24 h the induced
culture with 103Q, while continuing to grow slowly, reached
only 1/10 of the density of the noninduced culture (not shown).
Therefore, inhibition of endocytosis by 103Q precedes general
cessation of growth, and thus the endocytosis defect cannot be
an indirect consequence of cell death.

To further investigate how specific are the effects of ex-
panded polyQ on endocytosis, we performed electron micros-
copy of cells expressing polyQ constructs for 6 h. As seen in
Fig. 2D, both in cells with 25Q and in cells with 103Q, cellular
structures, including endoplasmic reticulum, mitochondria,
and nuclei, looked normal. Remarkably, strong abnormalities
seen in cells expressing 103Q, but not 25Q (Fig. 2D, panels Db
to De), were associated with alterations of the vesicular trans-
port pathway. We observed atypical tubular invaginations of
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FIG. 2. Expression of expanded polyQ in yeast cells promptly suppresses lipid endocytosis. (A) Transformed W303 wild-type cells expressing
CFP-tagged 25Q or 103Q (DAPI [4',6'-diamidino-2-phenylindole] channel) were stained with FM4-64 (Texas red channel) for 12 or 60 min (see
Materials and Methods). In this experiment, for the clarity of images obtained with the wild-type cells we employed 103Q and 25Q constructs with
GFP replaced by CFP (see Materials and Methods). (B) Endocytosis suppression precedes 103Q-dependent growth inhibition. In this experiment,
to avoid a lag time due to a switch from dextrose, cells were grown in raffinose and induced by addition of galactose (see Materials and Methods).
103Q/RG and 25Q/RG, cells induced to synthesize 103Q and 25Q, respectively; 103Q/RR, noninduced cells in raffinose. Left panel, growth curves
for the indicated cell cultures; right panel, more than 200 cells from each culture were assayed for lipid endocytosis 2 h after the induction. Error
bars indicate standard deviations. (C) 103Q expression does not affect autophagy measured by a vacuolar cleavage of API precursor (prAPI).
Galactose-induced (Gal) and noninduced (Dex) cells were incubated with (+) or without (—) a nitrogen source, extracted, and immunoblotted
with anti-API antibody. Sample of cells with the vps34 mutation, which disrupts autophagy, were used as a negative control to mark the position
of prAPI in respect to processed (mAPI) protein. (D) Electron microscopy of cells expressing 25Q and 103Q. Panel Da, conventional electron
microscopy of 25Q cells shows essentially normal morphology. Panels Db to De, conventional electron microscopy of 103Q cells shows unaffected
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the plasma membrane, suggestive of internalization defects
(Fig. 2D, panel Db). Also, aberrant cytoplasmic accumulations
of vesicular structures representing putative endocytic inter-
mediates (Fig. 2D, panels Db and De) were clearly seen. These
structures are similar to endocytic intermediates that accumu-
late in panl mutants (57) and probably result from a backup of
the entire vesicular transport pathway due to the endocytosis
defects (57). The abnormal vacuolar morphology, including the
appearance of electron-translucent vacuolar and juxtavacuolar
inclusions (Fig. 2D, panels Db to De), may indicate malfunc-
tion of later endocytic events.

Interestingly, autophagy, another cellular process that con-
verges on the vacuole (for a review, see reference 31), re-
mained unaffected in yeast cells experiencing 103Q-related
toxicity. Indeed, as seen in Fig. 2C, proteolytic cleavage of the
API precursor was not affected by 103Q expression. API, the
yeast vacuolar enzyme, is synthesized in the cytoplasm as a
precursor which is processed upon delivery to the vacuole
either by autophagy (in nitrogen-starved cells) or by a parallel
cytoplasm-to-vacuole targeting pathway (in nonstarved cells)
(2). Thus, the fact that the processing of the API precursor
remained unaffected demonstrates that transport of vesicles
from the cytoplasm to the vacuole was not hindered by toxic
103Q and also suggests that the inhibition of endocytosis is not
a result of indiscriminate metabolic slowdown in cells with
polyQ aggregates.

To investigate whether aggregation of polyQ was critical for
the inhibition of endocytosis, we analyzed this process in
hsp104A cells expressing 103Q. As reported previously, while
103Q does not aggregate and thus is not toxic in the majority
of hsp104A cells, in 10 to 40% of the mutant cells one or few
large compact aggregates do form, which causes cytotoxicity
(25). We took advantage of this feature of ispl04A cells and
investigated whether the endocytosis of FM4-64 is specifically
affected only in aggregate-containing cells. For this experi-
ment, we used the GFP-tagged 103Q. In contrast to the case
for the CFP-tagged polypeptide, 103Q-GFP fluorescence in
nonfixed yeast cells leaks to the red channel, so that the 103Q-
containing aggregates were also seen as bright particles in this
channel. This allowed juxtaposition of cells with aggregates
and cells with suppressed internalization of red FM4-64 in the
same field. As seen in Fig. 2E, after 60 min of FM4-64 labeling
and chase nearly all cells without 103Q aggregates exhibited
the red ring-like vacuolar pattern characteristic of normal en-
docytosis. By contrast, almost no internalization of FM4-64
could be detected in the cells with aggregates. Therefore, in-
hibition of lipid endocytosis is associated with aggregation of
polyQ.

To investigate the effect of polyQ aggregation on the endo-
cytosis of a specific membrane receptor, we studied degrada-
tion of Ste3, the receptor for a-factor mating pheromone. Nor-
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mally Ste3 is internalized and degraded in vacuoles, and thus
the half-life of Ste3 reflects the efficiency of endocytosis and
transport to vacuoles (9). Accordingly, we inhibited protein
synthesis in cells with cycloheximide and followed the kinetics
of Ste3 degradation (Fig. 3A). The half-life of Ste3 in 25Q-
expressing cells was about 20 min, which was similar to that in
control cells expressing GST. In contrast, expression of 103Q
strongly reduced the rate of Ste3 degradation, so that a 50%
decrease in the Ste3 level was observed only after a 90-min
chase, suggesting that 103Q expression inhibited endocytosis of
the receptor (Fig. 3A). Importantly, an extended Ste3 half-life
could already be detected after 3 h of 103Q expression (data
not shown).

We also assayed the effect of polyQ expression on the inter-
nalization of another membrane protein, Ste6, the a-factor
transporter (6). Ste6 tagged with GFP was coexpressed with
103Q-CFP, and its distribution in individual cells was observed.
In wild-type cells, Ste6 is found primarily in intracellular com-
partments and the vacuole lumen, whereas in endocytosis mu-
tants with defects in internalization, Ste6 accumulates at the
plasma membrane. To juxtapose the signal from Ste6-GFP in
the green channel and the signal from bright 103Q-CFP ag-
gregates, which is also seen in this channel, we used rnglA
cells, which, like Aspl104A cells, rarely form a single compact
103Q aggregate (25). This allowed observation of Ste6-GFP
distribution in the cell area not occupied by the aggregate. In
75% of 103Q-expressing rnglA cells without aggregates, Ste6-
GFP localized mainly either to vacuoles or to cytosolic vesic-
ular structures, which reflect various stages of Ste6 transport
through the secretory and endocytic pathways (Fig. 3B). In
sharp contrast, in about 75% of aggregate-containing cells with
Ste6 expression, Ste6 was mostly retained at the plasma mem-
brane, where it has a peripheral punctate distribution (Fig.
3B). Only 3% of the cells without aggregates displayed this
feature (data not shown). Together, these data indicate that
early steps of endocytosis are inhibited upon formation of
103Q aggregates.

Association of components of the endocytic machinery with
polyQ aggregates. Since formation of polyQ aggregates led to
inhibition of endocytosis, we hypothesized that some compo-
nents of the endocytic machinery could be recruited into the
polyQ aggregates. Initially, we assessed this recruitment by
using the easily identifiable single large aggregates in hspl04A
cells. We fixed 103Q-expressing hspl04A mutant cells and
stained them with an antibody to Panl, a scaffolding protein
which associates with many endocytic proteins, e.g., Slal,
End3, yAP180A/B, and others (47, 56). In the absence of
aggregates, Panl was distributed in cortical patches (47, 56),
while in about 65% of cells with a single large polyQ aggregate,
Panl associated with the aggregates (Fig. 4). Panl also colo-
calized with the smaller 103Q aggregates that form in wild-type

mitochondria (m), nuclei (n), and endoplasmic reticulum (er) but reveals aberrant cytoplasmic accumulation of putative endocytic intermediates
(panels Db and De, arrows), atypical tubular invaginations of plasma membrane (pm) (panel Db, # [tubulations]), and abnormal vacuolar
(V) morphology including electron-translucent vacuolar and juxtavacuolar inclusions (panels Db to De, * [vacuolar and juxtavacuolar inclusions]).
Bars, 0.5 pm. (E) hspl04A mutant cells expressing GFP-tagged 103Q (fluorescein isothiocyanate channel) assayed as described for Fig. 2A.
Arrowheads point to cells with 103Q which formed an aggregate (seen also in the red channel as a particle); no rings characteristic of normal lipid
endocytosis are formed in these cells. Cells containing only soluble 103Q (arrows) and cells with no detectable accumulation of 103Q (two cells

on the left) both display unimpaired endocytosis.
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FIG. 3. Expression of expanded polyQ in yeast cells suppresses
endocytosis of membrane receptors. (A) Suppression of Ste3 endocy-
tosis. Cells expressing either GST, 25Q, or 103Q were induced for 6 h,
after which total protein synthesis was blocked, and at the indicated
time points samples were taken for immunoblotting with antibody
against Ste3. The numbers under the bands represent their respective
intensities. The experiment was independently reproduced three times.
(B) Suppression of Ste6 endocytosis. rnqlA (MATa) cells cotrans-
formed with GFP-tagged Ste6 (constitutively expressed) and CFP-
tagged 103Q were observed under a fluorescence microscope after 6 h
of polyQ expression. Arrowheads point to cells with soluble 103Q, and
arrows point to cells with an aggregate.

cells (data not shown). Since PANI exhibits genetic interac-
tions with RSP5 (21), a gene encoding the E3 ubiquitin ligase
involved in endocytosis of some membrane proteins (54), we
also tested whether Rsp5 could be recruited into 103Q aggre-
gates. For this experiment, we utilized a strain in which a
plasmid encoding an HA-tagged Rsp5 complemented deletion
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FIG. 4. Certain components of endocytosis machinery and Rnql
associate with polyQ aggregates. Cells after overnight expression of
103Q (GFP tagged) were immunostained with an antibody (Texas red
labeled) against the protein specified at the left of each row. In all
images stained for Panl and Rsp5 Aspl04A cells were used; Rsp5-HA
was observed in strain GW047. Note that in contrast to the case for
nonfixed yeast cells (Fig. 2), no GFP fluorescence is seen in the red
channel after fixation. Bars, 4 pm.
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of endogenous RSP5 (17). In these otherwise wild-type cells,
103Q expression caused Rsp5-HA to colocalize with the ag-
gregates, as seen with anti-HA antibody staining (Fig. 4). The
observed colocalization suggests formation of polyQ aggre-
gates at the sites of endocytosis (thus physically perturbing this
process) and/or recruitment of a critical component(s) of the
endocytic machinery into 103Q aggregates.

The pattern of 103Q aggregates in wild-type cells is remi-
niscent of delocalized patches of cortical actin (61), suggesting
a possible association of 103Q with these structures. This pos-
sibility is especially intriguing since some components of the
endocytic machinery also function in organization of the actin
cytoskeleton (for a review, see references 30 and 40). Further-
more, cortical actin patches (48, 55, 61, 63) have been sug-
gested to be the sites of formation of endocytic vesicles (35).
Normally the actin patches localize at the plasma membrane of
the growing daughter cell (bud), but mutations in many endo-
cytic proteins lead to delocalization of the patches (48, 61).
Therefore, we studied whether polyQ aggregates colocalized
with cortical actin patches by staining the latter with Texas
red-conjugated phalloidin, a reagent specific for filamentous
actin. For both wild-type and Aspl04A mutant cells, in about
50% of aggregate-containing cells the phalloidin staining was
seen mainly within 103Q aggregates (Fig. 5), suggesting a re-
cruitment of actin into the aggregates. Colocalization of actin
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Phalloidin

Merge

FIG. 5. Effects of polyQ aggregates on cortical actin. Fluorescence micrographs of wild-type (WT) or Aspl04A cells fixed and stained with
phalloidin (Texas red labeled) after 6 h of expression of either 25Q or 103Q are shown. The arrowhead points to a cell with soluble 103Q; the arrow

points to a cell with an aggregate.

with polyQ-containing aggregates was also detected by immu-
nogold labeling followed by electron microscopy (not shown).
Furthermore, a large fraction of both wild-type cells and
hspl104A cells with 103Q aggregates demonstrated either dis-
appearance or delocalization of actin patches, consistent with a
destabilized actin cytoskeleton.

Since high-throughput two-hybrid analysis demonstrated
that Rnql can associate with some proteins of the endocytic
pathway (see the database at http://www.yeastgenome.org/),
and also due to the fact that the prion isoform of Rnql is
essential for 103Q aggregation (25), we investigated whether
this protein can itself associate with 103Q aggregates. Indeed,
we found that Rnql clearly colocalized with 103Q aggregates
not only in wild-type cells (not shown) but also in Asp104A cells
(Fig. 4), suggesting that Rnq1 can directly interact with polyQ.

To assess quantitatively the effect of 103Q expression on the
solubilities of Rnql and components of the endocytic machin-
ery, we fractionated homogenates of yeast cells (prepared in
the presence of 1% Triton X-100) by sequential differential
centrifugations at 10,000 X g (10 min) and 200,000 X g (90
min). Pellets from each centrifugation (P10 and P200) were
solubilized in SDS-containing buffer and analyzed along with
the supernatant (S200) by immunoblotting with various anti-
bodies. 103Q was found in both pellet fractions (Fig. 6A), while
25Q remained almost exclusively in a soluble fraction, as ex-

pected. In control cells, Panl was found mostly in the S200
fraction. Induction of 103Q expression caused redistribution of
a significant fraction of Pan1 to the P10 fraction (Fig. 6B). This
redistribution was accompanied by a partial depletion of Panl
from the S200 fraction. Similarly, a fraction of yAP180A/B (not
shown) and HA-tagged Rsp5 (Fig. 6B) were drawn into the
P10 fraction upon expression of 103Q. By contrast, the Ent1/2
proteins were not redistributed to the P10 fraction upon ex-
pression of 103Q (Fig. 6B). These experiments indicated that
certain components of the endocytic machinery are recruited
into the polyQ aggregates and are partially depleted from the
Triton X-100-soluble fraction. In fractions obtained from the
control [RNQ™] cells, the vast majority of Rnql was in the
P200 fraction (probably representing small Rnql aggregates),
but upon expression of 103Q, a fraction of Rnql shifted to the
heavier P10 fraction (Fig. 6C), likely through association with
large polyQ aggregates. In hspl04A mutant cells, Rnql was
present mostly in S200. However, upon expression of 103Q in
hsp104A mutant cells, Rnql partially shifted to the P10 pellet
(Fig. 6C), indicating that a significant fraction of Rnql is re-
cruited into large aggregates in a subset of cells.
103Q-mediated inhibition of endocytosis in cultured mam-
malian cells. In order to investigate whether aggregation of
polyQ can cause endocytosis defects in mammalian cells, we
utilized HEK293 cells. Cells were transiently transfected with a
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FIG. 6. Certain components of the endocytosis machinery and
Rnql redistribute to a heavy particulate fraction in response to accu-
mulation of expanded polyQ. Fractions resulting from consecutive
centrifugations of precleared cellular homogenates were analyzed by
immunoblotting with an antibody against GFP tag (A), against the
protein specified for each blot (B), or against Rnql (C). P10, pellet
after centrifugation at 10,000 X g (10 min); P200 and S200, pellets and
supernatants, respectively, after subsequent centrifugation at 200,000
X g (90 min). Pellets were solubilized in half of the volumes of the
respective supernatants in SDS-containing buffer. The immunoblots
represent results from a typical experiment repeated three times. WT,
wild type.

plasmid encoding 103Q-GFP. As described previously (24), at
20 h after transfection large polyQ aggregates were seen in 10
to 20% of the transfected cells, and the fraction of cells with
aggregates continued to increase upon further incubation. At
20 h posttransfection, cells were incubated for 15 min with
Texas red-tagged transferrin, which is internalized through re-
ceptor-mediated endocytosis (50) and is widely used as a stan-
dard marker for endosomal vesicles in cell cultures studies.
Cells were washed, fixed, and observed by fluorescence micros-
copy. The internalized transferrin was seen as bright punctate
structures in cytosol, corresponding to endosomes. Accord-
ingly, the majority (about 75%) of cells without aggregates
showed bright multiple transferrin-containing vesicles (Fig. 7).
It is noteworthy that in transfected cells with only soluble
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103Q, endocytosis remained unaffected in comparison with
nontransfected cells (not shown). In contrast, in about 80% of
cell with aggregates, both the number and brightness of such
vesicles were strongly reduced, indicating suppressed endocy-
tosis. These data show that aggregation of polyQ in mamma-
lian cells can cause endocytosis defects, and therefore our
findings with yeast could be relevant to human pathologies.

DISCUSSION

Aggregation of abnormal proteins, including polyQ-rich
polypeptides, is often accompanied by entrapment of compo-
nents of the ubiquitin-proteasome degradation pathway, chap-
erones, and certain transcription factors (5, 23, 32, 45, 46). This
entrapment was suggested to suppress the respective metabolic
processes. Here we present strong evidence that aggregation of
polypeptides containing an expanded polyQ domain leads to
defects in early steps of endocytosis, which clearly precedes the
manifestation of polyQ-associated cell toxicity. Furthermore,
the endocytosis appears to be affected rather specifically, since
autophagy, another process involving vesicular transport to
vacuoles, remained unobstructed and major cellular organelles
observed by electron microscopy appeared unaffected. More-
over, the strong abnormalities seen on electron micrographs of
cells with expanded polyQ (Fig. 2D) are closely reminiscent of
ones associated with failed endocytosis (57). The suppression
of endocytosis may be relevant to the toxicity, since in mutants
with defects in the endocytic pathway, expression of polyQ was
significantly more deleterious than in the wild-type cells, mak-
ing some of the mutations synthetic lethal.

What are the connections between protein aggregation and
endocytosis? The simplest hypothesis is that upon aggregation
of polyQ, components of the endocytic machinery become
trapped in IBs, thus depleting crucial elements. Additionally,
polyQ might form small aggregates at sites of endocytosis and
physically perturb the process. This mechanism is less likely,
however, since in the Aspl04A and rnql A mutants, endocytosis
was specifically blocked in the cells with a single large polyQ
aggregate. Considering that these aggregates form within min-
utes by trapping soluble 103Q molecules into a newly formed
seed (25), it is difficult to imagine the direct physical interac-
tion of such a seed with multiple preexisting endocytic com-
plexes. Therefore, it is most likely that polyQ aggregation in-
hibits endocytosis by trapping limiting factors for endocytosis
and disrupting cortical actin.

Interestingly, many proteins involved in endocytosis contain
polyQ stretches, which may play an important role in interac-
tions with 103Q. However, Slal and Sla2, which may also
interact with polyQ, do not have polyQ stretches in their se-
quences. Sla2 does contain a small QN-rich region with simi-
larities to those found in the yeast prion proteins, such as Rnq1
and Sup35 (27), and it is possible that such a QN stretch is
sufficient for interaction with polyQ. On the other hand, sur-
prisingly, Entl was not found in a complex with polyQ aggre-
gates, although it associates with Panl and contains a polyQ
sequence. This indicates that there are other sequence ele-
ments or proteins, in addition to the polyQ stretch, that regu-
late the specificity of interactions between polyQ and other
proteins.

The majority of proteins involved in endocytosis are not
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FIG. 7. polyQ aggregation in HEK293 cells suppresses endocytosis
of transferrin receptor. (A) HEK293 cells transfected with 103Q after
15 min of incubation with Texas red-conjugated transferrin. Arrow-
heads mark transfected cells with soluble 103Q; arrows mark trans-
fected cells with aggregated 103Q. (B) Assessment of endocytosis
impairment in 335 randomly chosen cells as described for panel A.
Error bars indicate standard deviations.

POLYGLUTAMINE AGGREGATION AND ENDOCYTIC DEFECTS 7563

essential (e.g., End3, Sla2, and others). Therefore, either the
depletion of an essential protein(s) (e.g., Panl or Rsp5) upon
aggregation of polyQ is critical for the toxicity or partial de-
pletion of multiple proteins results in a cumulative effect, in-
hibiting endocytosis and causing toxicity. We find the second
possibility more likely because all of the proteins tested (i.e.,
Panl, Rsp5, and yAP180A/B) were only partially depleted in
the cells with aggregates. Importantly, two-hybrid analysis
demonstrated that Rnql can interact with other components
that exhibit genetic interactions with Panl (e.g., Rsp5 and Sj12
[see the database at http://www.yeastgenome.org/]). Therefore,
some components of the endocytosis machinery could be
trapped in aggregates through direct interactions with polyQ,
while others could be sequestered through interactions with
Rnql.

As reported previously, polyQ aggregation in yeast normally
requires Rnql to be in the prion conformation (25, 33), al-
though [PSI"] prion (G. Newnam and Y. Chernoff, unpub-
lished observation) or [NU "] prion (33) could substitute for
[RNQ™] in polyQ aggregation. It is conceivable that Rnql
prion normally serves as a nucleation site for polyQ aggrega-
tion. However, if the prion conformation of Rnql is lost (in
hsp104A cells), polyQ can still form a single large aggregate in
a small fraction of cells. In these cells, Rnql nevertheless is
recruited into polyQ aggregates, suggesting that it can either
be drawn into the aggregates in a nonprion conformation or
acquire the prion conformation upon interaction with polyQ.
Another possibility is that rare cells with polyQ aggregates
observed in the initially [rnq ] culture originate from sponta-
neous generation of the [RNQ™], which in turn facilitates
aggregation of polyQ.

It is noteworthy that overproduction followed by aggrega-
tion of the QN-rich protein Sup35 or its prion-forming domain
is toxic to yeast cells containing either [PSI*] or [RNQ™]
prions (8). Remarkably, Sup35 interacts with Slal (3), and the
toxicity of overproduced Sup35, similar to the toxicity of
polyQ, is greatly increased in the slal deletion mutants (New-
nam and Chernoff, unpublished data). This suggests that the
endocytic pathway may represent a universal target of various
protein aggregates in the yeast cell.

Here we also demonstrated that aggregation of polyQ is
associated with defects in endocytosis in HEK293 mammalian
cells. Indeed, the majority of cells with 103Q aggregates, but
not cells without aggregates, showed very poor internalization
of transferrin (Fig. 7) (Of note is that we did not observe the
endocytosis defects in stably transfected PC-12 cells expressing
103Q, suggesting that the defect may depend on the cell type,
levels of 103Q expression, and other factors.) The connection
between huntingtin and the endocytic machinery has previ-
ously been demonstrated in mammalian cells. In fact, hunting-
tin was shown to colocalize with endocytic vesicles (51). Fur-
thermore, huntingtin interacts with multiple components of
the endocytic machinery and vesicular transport in general (15,
26, 37, 42, 43). Therefore, our results showing that polyQ-
induced toxicity is associated with endocytic defects may very
well be relevant to neurons. It was previously shown that ex-
pression of mutant huntingtin in striatal neurons causes the
appearance of multiple vacuoles, which led to the suggestion
that endocytosis remains functional and may even be enhanced
by huntingtin (22). However, direct measurements of endocy-
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tosis were not done, and accumulation of vacuoles could result
from autophagy or other events. Consistent with this, we also
found that autophagy proceeded normally in polyQ-expressing
cells (see above).

Interestingly, one of the mutations that strongly enhanced
polyQ toxicity was deletion of VPS13 (SOII), which is involved
in various steps of vesicular transport (7). Mutation in a human
homolog of yeast VPSI3 causes the genetic disease chorea
acanthocytosis (36, 49). Besides defects in red blood cells, this
disease causes severe brain pathology and behavioral abnor-
malities similar to those in Huntington’s disease (44). These
similarities suggest that a common pathway, ie., vesicular
transport, is affected in brains of chorea acanthocytosis and
Huntington’s disease patients.

Our finding that endocytosis is inhibited by expanded polyQ
does not exclude the possibility that there are other, perhaps
multiple, effects of polyQ on cell death. A distinct effect of
expanded polyQ, described here, is delocalization of actin
patches, which results in a disorganization of the actin cytoskel-
eton. Since many elements of the endocytosis machinery are
also involved in organization of cortical actin (for reviews, see
references 30 and 40), the described polyQ-related defects of
endocytosis may be linked to other actin-dependent functions.
However, expression of 103Q did not enhance the cell’s sen-
sitivity to Calcofluor white, a compound that inhibits cell wall
biosynthesis, and stabilization of the cell wall with sorbitol had
no effect on the polyQ toxicity (not shown). These data suggest
that cell wall maintenance, another process associated with the
actin cytoskeleton, was not as sensitive to 103Q aggregation as
was endocytosis. Analogously, budding of yeast cells, which
also relies on the actin cytoskeleton, appeared to be unaffected
by 103Q expression (25).

Some mutations in endocytosis-related genes are lethal (e.g.,
panl or rsp5). Many others do not cause a loss of viability
under normal conditions; however, elevation of temperature or
combination of several of such mutations often causes lethal-
ity. Therefore, it is conceivable that multiple defects in endo-
cytosis may become a primary source for cell toxicity. In addi-
tion to inhibition of endocytosis and effects on the actin
cytoskeleton, polyQ aggregation can also cause inhibition of
protein degradation (5) and suppression of certain transcrip-
tion programs (32, 46). Therefore, the actual polyQ toxicity
may derive from cumulative defects in all of these systems.
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