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Huntington’s disease is caused by the expansion of a polyglutamine
(polyQ) tract in the N-terminal exon of huntingtin (HttEx1), but the
cellular mechanisms leading to neurodegeneration remain poorly
understood. Here we present in situ structural studies by cryo-
electron tomography of an established yeast model system of polyQ
toxicity. We find that expression of polyQ-expanded HttEx1 results
in the formation of unstructured inclusion bodies and in some cases
fibrillar aggregates. This contrasts with recent findings in mamma-
lian cells, where polyQ inclusions were exclusively fibrillar. In yeast,
polyQ toxicity correlates with alterations in mitochondrial and lipid
droplet morphology, which do not arise from physical interactions
with inclusions or fibrils. Quantitative proteomic analysis shows that
polyQ aggregates sequester numerous cellular proteins and cause a
major change in proteome composition, most significantly in pro-
teins related to energy metabolism. Thus, our data point to a mul-
tifaceted toxic gain-of-function of polyQ aggregates, driven by
sequestration of endogenous proteins and mitochondrial and lipid
droplet dysfunction.

neurodegeneration | protein aggregation | cryo-electron microscopy |
cryo-focused ion beam milling | label-free mass spectrometry

Expansion of a polyglutamine (polyQ) tract in otherwise un-
related proteins is the cause of several inherited neurode-
generative diseases, including ataxias and Huntington’s disease
(HD) (1). However, the exact length of polyQ tract that can be
tolerated, the affected cell types, and the clinical phenotypes
observed for the different mutant proteins vary widely, consistent
with an important role of the sequences flanking the polyQ tract
and the cellular environment in modulating pathology (2-9).

HD is caused by the expansion of a polyQ repeat in the
N-terminal exon of huntingtin (HttEx1), which leads to protein
aggregation and cell death (2, 10, 11). However, the link between
huntingtin aggregation and neurodegeneration remains poorly
understood, partly because toxic loss- and gain-of-function effects
of mutant huntingtin likely coexist in HD. As no huntingtin ho-
mologs exist in yeast, Saccharomyces cerevisiae can be utilized to
study cellular toxic gain-of-function effects caused by mutant
HttEx1 in isolation (12, 13).

Here we explore the mechanisms of HttEx1 aggregation and
toxicity in yeast by combining MS-based proteome and inter-
actome analyses with in situ structural studies by cryo-electron
tomography (cryo-ET). While quantitative MS allows the global
and comprehensive analysis of cellular phenomena (14), cryo-ET
provides 3D images of fully hydrated cells in a close-to-native state
and at molecular resolution (15). Our data show that polyQ-
expanded proteins in yeast form unstructured inclusions that co-
exist with less frequent fibrils. Potentially harmful interactions of
the aggregates with cellular membranes were not detected. This
contrasts with our recent study of polyQ inclusions in mammalian
cells, where inclusions consist of fibrils that interact extensively
with cellular endomembranes (16). These findings suggest that
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differences in the protein homeostasis network (17) are critical in
shaping aggregate morphology and toxicity. Furthermore, ex-
pression of polyQ expansion proteins in yeast resulted in mor-
phological alterations of mitochondria and lipid droplets (LDs)
and in reduced levels of proteins related to energy metabolism,
some of which were sequestered by polyQ aggregates.

Results

PolyQ Aggregation in Yeast. PolyQ-length—dependent toxicity can
be reproduced in yeast cells (12, 13). Expression of HttEx1 with
an expanded polyQ stretch and a C-terminal GFP tag (97Q)
resulted in a growth defect, whereas expression of a construct
with a short polyQ stretch (25Q) or GFP alone did not cause any
observable toxicity (Fig. 1 4 and B). As shown previously (4, 9),
deletion of the proline-rich region located at the C terminus of the
polyQ expansion (97QAP) enhanced polyQ-length—dependent
toxicity (Fig. 1 4 and B) and caused an increase in the amount of
detergent-insoluble polyQ aggregates (Fig. 1D and Fig. S1 4 and
C). Deletion of the proline-rich region in a construct with short
polyQ length (25QAP) did not result in toxicity (Fig. 1 A and B).
As expected, the constructs with expanded polyQ tracts were
more aggregation-prone than those with short polyQ lengths
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How protein aggregation leads to neurodegenerative disorders
such as Huntington'’s disease remains poorly understood. Here
we show that polyglutamine (polyQ) aggregation in yeast re-
sults in the formation of amorphous inclusions and less frequent
fibrils. This is accompanied by significant changes in proteome
composition as well as distortions in mitochondria and lipid
droplet morphology that do not arise from direct interactions of
these organelles with polyQ inclusions or fibrils. This contrasts
with recent observations in mammalian cells, where the same
polyQ proteins formed amyloid-like fibrils that distort endo-
plasmic reticulum membranes. These results demonstrate that
the same polyQ expansion protein can adopt different non-
native conformations that utilize distinct mechanisms to target a
variety of cellular structures.
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Toxicity and aggregation of HttEx1 constructs are influenced by polyQ repeat length and flanking regions. (A) Schematic representation of the

HttEx1 constructs used in this study. Light gray indicates the N-terminal Flag-tag (F), dark gray the 17 N-terminal amino acids of HttEx1, red the polyQ stretch
(Q), blue the proline-rich region (P), and green the GFP tag. (B) Growth test of cells expressing different HttEx1 constructs. Serial dilutions of cells were spotted
on plates containing galactose to express the indicated constructs (Right) or on glucose plates as loading control (Left). Expression of 97Q and 97QAP causes
mild and strong toxicity, respectively, that is dependent on the presence of the [RNQ+] prion (52). (C) Light microscopy imaging of cells expressing the in-
dicated HttEx1 constructs. (D) Percentage of total HttEx1 in the soluble fraction after differential centrifugation (see also Fig. S1C). **P < 0.01, *** P <

0.001 by t test; n.s., not significant.

(Fig. 1D and Fig. S1 B and C) and were localized in fluorescent
inclusions visible by light microscopy (Fig. 1C). Inclusions of
97QAP were smaller and more numerous than those formed by
97Q containing the proline-rich flanking region (Fig. 1C). Thus,
97QAP likely presents an overall larger aggregate surface
than 97Q.

Proteomic Profiling of PolyQ Expression. To investigate the cellular
response to different polyQ aggregates, we performed global
proteome analyses using a quantitative label-free MS workflow
(18). We detected an extensive remodeling of the cellular pro-
teome in the presence of polyQ-expanded constructs (Fig. 24 and
Dataset S1). Cytosolic chaperones and other components of the
cellular stress response, including Hsp26, Hsp104, or SSA1/2, were
increased in abundance by 1.5-fold to fourfold (Dataset S1). Gene
Ontology (GO) term and Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) pathway analysis demonstrated that proteins with
functions in transcription regulation and translation were also
increased. In contrast, the abundance of proteins related to energy
metabolism, especially the main mitochondrial metabolic path-
ways such as the tricarboxylic acid (TCA) cycle or oxidative
phosphorylation, was significantly reduced upon expression of
expanded polyQ.

Nonproductive interactions of aggregates with endogenous
proteins may contribute to toxicity by the sequestration and func-
tional impairment of the interacting proteins (19-21). Therefore,
we analyzed the interactions of cellular proteins with the dif-
ferent HttEx1 constructs. Compared with control proteins with
short polyQ stretches, the polyQ-expanded constructs showed a
dramatic increase in the number of interacting proteins (Fig.
2C). This likely reflects the cellular interactions of different
polyQ-expanded protein species, ranging from large inclusions to

Gruber et al.

smaller oligomeric species and monomers. In agreement with
previous work (19, 22, 23), proteins involved in a wide variety of
cellular pathways, including transcription, protein synthesis, pro-
tein quality control and metabolism, as well as prion-like and
mitochondrial proteins, were enriched in the 97Q and 97QAP
interactomes (Fig. 2C and Dataset S2). Some of the proteins enriched
in these interactomes, e.g., those related to transcription/translation,
were also increased in the total proteome (Fig. 24), presumably
reflecting a cellular attempt to compensate for their sequestration. In
contrast, mitochondrial proteins were both globally reduced (Fig.
2A4) and preferentially sequestered (Fig. 2C and Dataset S2) by
the polyQ aggregates, consistent with reports of mitochondrial
dysfunction upon expanded polyQ expression from yeast to HD
patients (24, 25). Interactors included mitochondrially translated
proteins, suggesting that at least some mitochondria—polyQ inter-
actions occur upon mitochondrial disruption.

Both polyQ-expanded constructs had very similar interaction
profiles, and the same was true for both control proteins with
short polyQ length (Fig. 2C and Dataset S2), indicating that the
major driver of protein interactions is the expansion of the polyQ
stretch and the concomitant increase in aggregation propensity.
Together, these data suggest that even though 97QAP expression
leads to higher toxicity than 97Q, both constructs interfere with
similar cellular pathways and therefore may cause toxicity by
similar mechanisms but with different propensities.

Structure of PolyQ Aggregates. We employed cryo-ET to in-
vestigate the effects of expanded polyQ constructs on cellular
ultrastructure. Cells expressing the HttEx1 proteins were vitri-
fied and thinned using cryo-focused ion beam (FIB) milling (26),
resulting in 150- to 250-nm-thick lamellas that were examined by
cryo-ET (Fig. S2).
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Fig. 2. PolyQ aggregation causes proteome alterations and coaggregation of endogenous proteins. Complete proteome (A), proteome of a LD-enriched
light fraction obtained by fractionation of cell lysates in a sucrose gradient (B), and interactome (C) analysis of polyQ-expressing cells. (A and B) Heat maps
show unsupervised hierarchical clustering of the median MaxLFQ intensities (log2, z-scored) of significantly increased or reduced proteins [ANOVA, 5% false-
discovery rate (FDR)]. Enriched GO-annotations and KEGG pathways for the indicated clusters are shown (Fisher’s test, 5% FDR). Note that mitochondrial
proteins are strongly reduced in the global and LD proteomes upon polyQ expansion. (C, Upper) Volcano plots show pairwise comparisons of the interactomes
of the indicated HttEx1 constructs. Significantly changed proteins are indicated in red (Welch's t test, SO: 1, 5% FDR). (Lower) The histograms (log counts) show
the shift of selected annotations (green: prions according to ref. 53; blue: KEGG TCA cycle) compared with all proteins (gray).

Large, globular electron-dense structures were found in cells
expressing high levels of 97Q and 97QAP (Fig. 3 and Movie S1)
but not in those expressing control proteins. Correlative cryo-
light microscopy revealed that the electron-dense structures
appeared in cells with 97Q or 97QAP foci (Fig. S3), indicating
that they represent inclusions of polyQ-expanded proteins. The
inclusions in 97Q-expressing cells were larger than those in
97QAP-expressing cells (700 + 300 nm vs. 420 + 170 nm in di-

E3448 | www.pnas.org/cgi/doi/10.1073/pnas. 1717978115

ameter; mean + SD; P < 0.05 by unpaired ¢ test), consistent with
our observations by light microscopy (Fig. 1C) and previous re-
ports (4). PolyQ inclusions were typically found in close prox-
imity to mitochondria and the endoplasmic reticulum (ER) and
often at the sites in which these organelles engaged in membrane
contacts, as reported for stress-induced aggregates (27). Except
for their difference in size, the 97Q and 97QAP inclusions were
morphologically indistinguishable, as they both consisted of an

Gruber et al.
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Fig. 3. 97Q and 97QAP inclusion bodies are morphologically similar. (A and B) Tomographic slices of yeast cells expressing the 97Q (A) or 97QAP (B) constructs.
ER, endoplasmic reticulum; 1B, inclusion body; LD, lipid droplet; mito, mitochondria; PM, plasma membrane. (Insets) Higher magnifications of the boxed areas. (C
and D) Corresponding 3D renderings. Color coding: cytosol, light yellow; endoplasmic reticulum, blue; fibrils, black; inclusion bodies, gold; lipid droplets, red;
mitochondria inner membrane and matrix, green; mitochondria outer membrane, purple; plasma membrane, turquoise; vacuole, brown. Note that, other than
their difference in size, 97Q and 97QAP inclusions are morphologically indistinguishable. (Inset) Higher magnification of a different tomographic slice of the area
marked by the dotted rectangle in B showing a fibril (red arrowhead) in the vicinity of ER membranes. Tomographic slices are 2.1 nm thick.

apparently amorphous density delimited by an irregular bound-
ary (Fig. 3 and Movie S1).

Amyloid-like fibrils were also observed in the cytoplasm of
some cells expressing the polyQ-expanded HttEx1 constructs
(Fig. 3D, Inset and Movie S1) but at a lower frequency than
amorphous inclusions (one of seven and 6 of 14 aggregates an-
alyzed were fibrillar in 97Q- and 97QAP-expressing cells, respec-
tively). The fibrils were 340 + 110 nm (mean =+ SD) in length and

Gruber et al.

16 + 3 nm in diameter, considerably thicker than actin, inter-
mediate filaments, or prion fibers. Also, unlike prions (28, 29),
the fibrils appeared in clusters without apparent internal orga-
nization, in most cases close to the ER. These data suggest that
the fibrils correspond to another, amyloid-like form of polyQ
aggregate. Despite their close proximity to various organelles,
no aberrant interactions of either fibrils or unstructured polyQ
inclusions with cellular membranes were detectable, in contrast

PNAS | vol. 115 | no.15 | E3449
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to our recent observations in mammalian cells (16). We note,
however, that such interactions may be transient, escaping
detection.

Morphological Alterations in Cells Containing PolyQ Aggregates.
Cryo-FIB-milled lamellas of cells expressing 97QAP often con-
tained dead cells in which neither intact organelles nor macro-
molecules were visible. Instead, a characteristic electron-dense
multilayered structure lined the cell interior (Fig. S4), surrounding
vesicles reminiscent of those observed in the vacuolar lumen of
live cells and occasionally containing remnants of organelles such
as mitochondria (Fig. S4B). Consistent with toxicity assays (Fig.
1B), dead cells were found less often upon expression of 97Q (P <
0.05 by % test) (Fig. S4C) and were essentially absent in prepa-
rations of control cells (P < 0.05 by y* test) (Fig. S4C).

Interestingly, mitochondrial morphology was altered in other-
wise healthy-looking cells expressing 97Q or 97QAP to an extent
correlating with the relative toxicity of these constructs. Inner
membrane cristae were distorted or even absent in ~20% of
mitochondria in 97QAP-expressing cells, significantly more than
in 97Q cells (P < 0.01 by y* test) (Fig. 4), whereas no distorted
mitochondria were observed in cells expressing the control pro-
teins (P < 0.05 by i test) (Fig. 4). Therefore, in line with our
proteomics results (Fig. 2), the cryo-ET data suggest that mito-
chondrial dysfunction plays an important role in polyQ-induced
toxicity in yeast.

Another striking feature of cells expressing polyQ-expanded
constructs was a dramatic distortion in the morphology of LDs.
LDs are the main cellular lipid storage depots and play important
roles in the regulation of lipid metabolism. LD alterations have
been linked to HD (30, 31), but the detailed study of LD structure
in HD has been hindered by the sensitivity of LD morphology to
the techniques of sample preparation used in conventional EM
(32). Our cryo-ET data show that, unlike the smooth boundary of
LDs in control cells, large planar protrusions often emanated from
the surface of LDs in cells expressing polyQ-expanded constructs
(Fig. 5 A-D). A detailed analysis demonstrated that the protrusion
boundary was continuous with the LD phospholipid monolayer
(Fig. 5B). The protrusions were significantly thicker than phos-
pholipid bilayers such as the ER membrane (10.4 + 1.0 nm vs.
6.4 + 0.5 nm, mean + SD, P < 0.001 by unpaired ¢ test) (Fig. 5E),
and an intermediate density was often observed between the
delimiting monolayers (Fig. SE, Bottom). The frequency of these
distortions correlated with the toxicity of the different polyQ
constructs, as they were found to be nearly twice as frequent in
LDs of 97QAP-expressing cells than in cells expressing 97Q (P <
0.01 by x* test) (Fig. 5F) and never occurred in cells expressing the
control polyQ proteins (P < 0.001 by y* test) (Fig. 5F). Neither
mitochondrial nor LD distortions seemed to be caused by direct
physical contact with inclusions or fibrils.

Since the proteome data hinted at metabolic alterations (Fig.
2) that may be related to such changes in LD morphology, we
analyzed by MS the composition of an LD-enriched light fraction
obtained by fractionation of cell lysates in a sucrose gradient. We
did not detect any changes in the lipid composition of whole cells
or of the light fraction that were indicative of polyQ-length—
dependent effects on the lipidome of LDs (Fig. S5). Also, no
significant changes were found in the abundance of LD pro-
teins such as FAT1, TGL1, or DGA1l. However, there was a
strong decrease in the levels of mitochondrial proteins in the
LD-enriched light fraction of lysates from cells expressing ex-
panded polyQ constructs (Fig. 2B). To investigate this phe-
nomenon, we performed MS-based protein correlation profiling
(PCP) (33), which allows the generation of characteristic profiles
reflecting the subcellular localization of proteins along the
complete sucrose gradient (Fig. S64 and Dataset S3). Whereas
in control lysates LD proteins were almost exclusively found in
the light fractions of the gradient, mitochondrial proteins showed

E3450 | www.pnas.org/cgi/doi/10.1073/pnas. 1717978115
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Fig. 4. Alterations in mitochondria morphology in cells expressing
polyQ-expanded HttEx1. (A-D, Left) Tomographic slices of mitochondria
from cells expressing 25QAP (A) or 97QAP (B-D). Tomographic slices are
2.1 nm (A and D) or 1.4 nm (B and C) thick. (Right) Corresponding 3D
renderings. The outer mitochondrial membrane is shown in purple, and
the inner mitochondrial membrane and matrix are shown in green. B
shows a mitochondrion with normal cristae morphology, C shows a mi-
tochondrion with globular cristae, and D shows a mitochondrion with
almost no visible cristae. (E) Quantification of the percentage of distorted
mitochondria (all mitochondria distortions pooled). The numbers above
the bars indicate the number of distorted mitochondria and the total
number of mitochondria observed in the tomograms taken for each
condition. Note that the frequency of mitochondrial distortions corre-
lates with the toxicity of the HttEx1 constructs. *P < 0.05, **P < 0.01 by 3>
test; n.s., not significant.
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Expanded polyQ-induced distortions in LDs. (A—C) Tomographic slices of LDs from cells expressing 25QAP (A) or 97QAP (B and C). White arrows point

to the LD phospholipid monolayer, and black arrowheads mark planar protrusions. (D) 3D rendering of C. (E) Tomographic slices at lower (Left) and higher
(Right) magnification of a LD phospholipid monolayer (Top), a phospholipid bilayer (ER membrane; Middle), and a LD planar protrusion (Bottom). The
measured thickness of each of these structures is shown (white lines). Tomographic slices are 2.1 nm (A) or 1.4 nm (B-E) thick. ***P < 0.001 by t test. (F)
Quantification of the percentage of distorted LDs. The numbers beside or above the bars indicate the number of distorted LDs and the total number of LDs
observed in the tomograms taken for each condition. Note that the frequency of LD distortions correlates with the toxicity of the HttEx1 constructs. **P <

0.01, ***P < 0.001 by ¥ test; n.s., not significant.

a bimodal distribution. The majority of mitochondrial proteins
migrated to higher densities, but a second peak was detected in
the light fraction in agreement with previous findings (33). No-
tably, the content of mitochondrial proteins in the LD-enriched
light fraction was strongly reduced in cells expressing polyQ-
expanded constructs (Fig. S6B), indicating that the colocaliza-
tion of LD and mitochondrial proteins reflects a bona fide
interaction between these organelles, which may be disrupted
upon expression of proteins with expanded polyQ tracts. Thus,
the morphological alterations observed in mitochondria and LDs
of cells expressing polyQ-expanded proteins may be linked with a
set of mitochondrial proteins whose distribution between these
two compartments is disturbed.

Together, our cryo-ET and proteomic analyses strongly suggest
that mitochondrial and LD dysfunctions contribute to polyQ toxicity
in yeast, with 97QAP causing more severe impairment than 97Q.

Discussion

In HD and related neurodegenerative pathologies, the expansion
of a polyQ tract in specific disease proteins leads to protein
aggregation and neuronal death (1). How the aggregation pro-

Gruber et al.

cess and cellular toxicity are related is not well understood. Here
we combined quantitative proteomic analyses by MS with high-
resolution cryo-ET to provide insights into the cellular mecha-
nisms of polyQ toxicity. The well-documented influence of
flanking sequences on the aggregation propensity and toxicity of
expanded polyQ tracts in yeast (4, 9) allowed us to study the
effects of aggregating proteins with an identical number of polyQ
repeats but different levels of toxicity. Although the toxicity of
polyQ-expanded HttEx1 constructs was exacerbated by deletion
of the C-terminal proline-rich sequence, our proteomic and cryo-
ET analysis revealed surprisingly similar interaction profiles and
morphological properties of 97Q and 97QAP aggregates.

Both polyQ-expanded constructs engaged in numerous aber-
rant interactions with endogenous proteins and caused a major
remodeling of the cellular proteome. The pathways affected
were similar for both constructs. This suggests that these cellular
interactions are mediated mainly by the polyQ region, whereas
the C-terminal proline-rich sequence mainly modulates polyQ
aggregation propensity, in agreement with previous reports (5-8,
34). The pathways identified here overlap partially with a recent
study of the polyQ interactome in neuroblastoma cells (35),
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indicating that some, but not all, of the cellular effects of ex-
panded polyQ expression are common to both systems.

We applied a FIB milling/cryo-ET workflow to produce 3D
images of HttEx1 polyQ aggregates within their fully hydrated,
unstained cellular environment. In these close-to-native conditions,
polyQ inclusions appeared unstructured, with indistinguishable
morphologies for 97Q and 97QAP, although 97Q inclusions were
generally larger. In addition to the amorphous aggregates, we
also observed cytoplasmic fibrils at a lower frequency. These fi-
brils most likely represent amyloid-like aggregates of polyQ-
expanded HttEx1 similar to those observed in vitro (11, 12)
and in situ within mammalian cells (16). The fibrils were some-
times found close to amorphous inclusions, indicating that both
aggregated species coexist, as recently shown in mammalian cells
(36). It is possible that the balance between these types of
aggregates is influenced by other proteins with prion-like do-
mains, chaperones, the length of the polyQ tract, or the expres-
sion level of the HttEx1 proteins. Despite their proximity to and
even direct contact with membranes, polyQ inclusions and fibrils
did not cause membrane deformations or any other visible
deleterious effects.

The properties of polyQ aggregates in yeast contrast with our
recent observations of polyQ inclusions in primary murine neu-
rons and human cells (16), where 97Q and 64Q HttEx1 constructs
give rise to exclusively fibrillar inclusions. In these cells, polyQ
fibrils strongly interact with and deform cellular membranes,
suggesting that fibrils may be disease-relevant and not simply inert
end-stage products of aggregation (37). Therefore, the morphol-
ogy and cellular interactions of similar HttEx1 polyQ constructs
vary under different cellular environments. In this respect, notable
differences between the chaperone machineries of yeast and
mammals may be particularly relevant. For example, while Hsp104
is a designated disaggregase in yeast that can remodel polyQ ag-
gregates (13), metazoans have lost this enzyme and instead employ
a trimeric chaperone complex that acts on fibrillar forms of
HttEx1 (38).

We have recently shown that heat shock-induced aggregates of
endogenous proteins in yeast also adopt an amorphous mor-
phology (39). These aggregates appeared similar to but less
compact than polyQ inclusions, consistent with the notion that
coaggregation with endogenous proteins may result in the un-
structured morphology of polyQ inclusions. Heat shock-induced
aggregates also associated with the membranes of the ER with-
out causing visible deformations. Therefore, the interaction of
ER membranes with cytoplasmic aggregates may be a general
phenomenon (27, 40).

We found morphological distortions in the cristae of mito-
chondria in cells expressing 97Q and, to a larger extent, upon
expression of 97QAP. Furthermore, the total levels of proteins
related to mitochondrial function were strongly reduced upon
expression of the polyQ-expanded constructs, and mitochondrial
proteins were substantially sequestered by polyQ aggregates.
Thus, our data suggest that the previously reported polyQ-
induced mitochondrial dysfunction documented in HD patients
(24, 25) and model systems such as yeast (41, 42) is caused by
aberrant interactions between polyQ aggregates and mitochon-
drial proteins that lead to a global dysregulation of mitochon-
drial proteins. While the exact nature of the toxic interactions
remains to be elucidated, polyQ oligomers (35) small enough to

1. Orr HT, Zoghbi HY (2007) Trinucleotide repeat disorders. Annu Rev Neurosci 30:
575-621.
. Arrasate M, Finkbeiner S (2012) Protein aggregates in Huntington’s disease. Exp
Neurol 238:1-11.
. Arndt JR, Chaibva M, Legleiter J (2015) The emerging role of the first 17 amino acids
of huntingtin in Huntington’s disease. Biomol Concepts 6:33-46.
4. Duennwald, ML; Jagadish,S,-Muchowski.PJ; Lindquist,S.(2006) Flanking sequences
profoundly alter polyglutamine toxicity in yeast. Proc Nat/ Acad Sci USA 103:
11045-11050.
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escape detection by EM may play an important role. Given that
97QAP is less soluble than 97Q but forms smaller inclusions, the
concentration of polyQ oligomers is probably higher in 97QAP-
expressing cells, leading to more severe toxicity. Thus, the size of
the aggregating species may play an important role in its toxicity
(35, 37). Additionally, we cannot rule out contributions from
upstream toxic events.

Proteome analysis revealed further metabolic alterations that
could underlie our observation of structural distortions in LDs of
cells expressing polyQ-expanded proteins. Similar to our obser-
vations in mitochondria, the degree of LD distortion correlated
with toxicity and was most prominent in 97QAP-expressing cells.
LDs often showed planar protrusions that seemed to be
delimited by monolayers but were substantially thicker than bona
fide bilayers, constituting a distinct type of membrane structure.
This morphology is reminiscent of defatted LDs (43) and condi-
tions in which LD fatty acid mobilization to peroxisomes may be-
come rate-limiting (44, 45), although the polyQ-length-dependent
changes in LD lipid composition observed here were minimal.
Mitochondria might also be implicated in this interface, as the
most dramatic change in the proteome of an LD-enriched frac-
tion was a strong reduction of mitochondrial proteins.

Interestingly, an increasing number of studies have linked alter-
ations in LD function with neurodegeneration (46). Furthermore,
huntingtin is widely expressed in different organs, suggesting that
HD be may not only a neurological syndrome but also a systemic
disease (47). HD patients often suffer from metabolic disorders
that may be related to the defects in triglyceride storage observed
in HD mouse models (48, 49), which may arise from LD ab-
normalities in the adipocytes of these mice. Further work will be
necessary to address whether the 97Q-induced alterations of LD
morphology observed here in yeast are relevant to understanding
adipocyte dysfunction in HD patients.

Materials and Methods

MS. Samples were prepared as described (23, 50) for proteome and inter-
actome analyses. Protein mixtures were desalted, separated by liquid chro-
matography, and subsequently loaded in a quadrupole spectrometer via a
nano-electrospray source for analysis. The data were processed using the
MaxQuant package (51).

Cryo-ET. Cells were vitrified by plunge freezing and loaded into a cryo-focus
ion beam instrument to produce 150- to 250-nm-thick lamellas (26). Low-dose
tomographic tilt series of lamellas were recorded in transmission electron
microscopes operated at 300 kV and equipped with a direct electron de-
tector (Figs. 3 and 5 and Fig. S2) or a CCD camera (Figs. S3 and S4). Upon
tomographic reconstruction, the final pixel size was 2.08 or 1.40 nm (direct
detector) or 2.28 nm (CCD).
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