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Progressive Disruption of Cellular
Protein Folding in Models of
Polyglutamine Diseases

Tali Gidalevitz,* Anat Ben-Zvi,* Kim H. Ho, Heather R. Brignull, Richard I. Morimotot

Numerous human diseases are associated with the chronic expression of misfolded and
aggregation-prone proteins. The expansion of polyglutamine residues in unrelated proteins is
associated with the early onset of neurodegenerative disease. To understand how the presence of
misfolded proteins leads to cellular dysfunction, we employed Caenorhabditis elegans polygluta-
mine aggregation models. Here, we find that polyglutamine expansions disrupted the global
balance of protein folding quality control, resulting in the loss of function of diverse metastable
proteins with destabilizing temperature-sensitive mutations. In turn, these proteins, although
innocuous under normal physiological conditions, enhanced the aggregation of polyglutamine
proteins. Thus, weak folding mutations throughout the genome can function as modifiers of

polyglutamine phenotypes and toxicity.

Ithough many results from in vitro
and in vivo models that express mu-
tant Huntingtin, o-synuclein, tau, super-
oxide dismutase-1, amyloid-B peptide, or prion
proteins are consistent with the proposal that
non-native species can form toxic folding in-
termediates, oligomers, and aggregates (/-5),
distinct mechanisms for toxicity have been
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proposed for each. These mechanisms range
from specific protein-protein interactions to
disruption of various cellular processes, in-
cluding transcription (6, 7), protein folding
(8, 9), protein clearance (/0—13), energy metab-
olism (/4), activation of apoptotic pathways
(15), and others. This has led us to consider
how the expression of a single aggregation-
prone protein could have such pleiotropic
effects and whether a more general mech-
anism could explain the many common
features of protein conformation diseases.
Moreover, because each cell and tissue con-
tains various metastable polymorphic pro-
teins (16), could the chronic expression of an

aggregation-prone protein have global con-
sequences on homeostasis and thus affect
folding or stability of proteins that harbor
folding defects?

To test this hypothesis, we took a genetic
approach using diverse Caenorhabditis elegans
temperature-sensitive (ts) mutations to examine
whether the functionality of the respective
protein at the permissive condition was affected
by expression of aggregation-prone polyglu-
tamine (polyQ) expansions. Because many ts
mutant proteins are highly dependent on the
cellular folding environment (/7-19), they
represent highly sensitive indicators of a dis-
ruption in protein homeostasis. We employed
transgenic C. elegans lines expressing different-
length polyQ-YFP (yellow fluorescent protein)
or CFP (cyan fluorescent protein) from in-
tegrated arrays in muscle (polyQm) (20, 21) or
neuronal (polyQn) (22) cells. Both models
show polyQ-length—dependent aggregation and
toxicity.

Animals expressing ts mutant UNC-15 (C.
elegans homolog of a muscle paramyosin) were
crossed to C. elegans polyQm strains, and phe-
notypes at permissive and restrictive conditions
were examined in double homozygotes. At the
restrictive temperature, this ts mutation dis-
rupts thick filament formation and leads to
embryonic and early larval lethality and slow
movement in adults (23). Expression of polyQ
proteins alone in a wild-type background did
not result in these embryonic and larval phe-
notypes. In contrast, more than 40% of embryos
coexpressing mutant paramyosin and Q40m
[paramyosin(ts)+-Q40m] failed to hatch or
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move at the permissive temperature (Fig. 1, A
and C). This effect was polyQ-length—dependent,
because coexpression of Q35m or Q24m with
paramyosin(ts) resulted in 27% or 5% un-
hatched embryos, respectively (Fig. 1C). The mor-
phology of affected paramyosin(ts)+Q40m
and paramyosin(ts)+Q35m embryos at 15°C
(Fig. 1A) was similar to paramyosin(ts) at
25°C (Fig. 1B). Examination of muscle struc-
ture in paramyosin(ts)+Q40m embryos at
15°C revealed a disrupted pattern of actin stain-
ing, similar to the pattern in paramyosin(ts)
embryos at 25°C but not at 15°C (fig. S1) or
in wild-type animals (24). Thus, expression of
an aggregation-prone polyQ protein is suffi-
cient to cause a paramyosin ts mutation to
exhibit its mutant phenotype at the permissive
condition.

We next addressed whether this effect of
polyQ expansions extended to neuronal cells,
which are often affected in conformational dis-
eases. Animals expressing a ts mutation in the
neuronal protein dynamin-1 [dynamin(ts) ani-
mals] become paralyzed at the restrictive
temperature (28°C) but have normal motility
at the permissive temperature (20°C) (25). Pan-
neuronal expression of Q40 in dynamin(ts)
animals resulted in severe impairment of mo-
bility (Fig. 1D) at the permissive temperature.
No phenotypes were observed in animals co-
expressing the nonaggregating Q19n. Thus,
expression of polyglutamine expansions pheno-
copies temperature-sensitive mutations in mus-
cle and neuronal cells at permissive conditions,
and this genetic interaction reflects the aggre-
gation propensity of polyQ expansions.

To ask whether these observations were
applicable to other ts mutations, we tested the
genetic interaction of Q40m and Q24m proteins
with a wide range of characterized ts mutations
(Table 1). Strains expressing ts mutant proteins
UNC-54, UNC-52, LET-60 (C. elegans homo-
logs of myosin, perlecan, and ras-1, respectively),
or UNC-45 together with Q24m or Q40m were
scored for specific ts phenotypes (26) at the per-
missive temperature. For all lines generated, the
ts mutant phenotype was exposed at permissive
conditions in the presence of the aggregation-
prone Q40m but not by nonaggregating Q24m
(Table 1). Thus, the chronic expression of an
aggregation-prone polyQ protein interferes with
the function of multiple structurally and func-
tionally unrelated proteins.

To test whether interaction between polyQ
expansions and ts mutant proteins was cell au-
tonomous, we took advantage of tissue-specific
phenotypes caused by expression of ras(ts)
protein at the restrictive temperature: an em-
bryonic lethality/larval development phenotype
(Let/Lva), a defect in osmoregulation (Osm)
likely reflecting neuronal dysfunction, and a
multivulva phenotype (Muv) resulting from
dysfunction in the hypodermis (27). We scored
these phenotypes upon expression of polyQ in
neuronal or muscle cells. PolyQ expansions in
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Fig. 1. Aggregation-prone proteins expose temperature-sensitive phenotypes of paramyosin(ts) (A
to C, and F), dynamin(ts) (D), and ras(ts) (E) mutants at permissive temperatures. (A) Differential
interference contrast (DIC) and fluorescent images of age-synchronized 3-fold embryos at 15°C.
Fluorescence shows expression of polyQm (muscle)-YFP proteins (QOm, Q24m, Q35m, and Q40m)
from the unc-54 promoter. Arrows indicate embryos with abnormal body shape. (B) DIC images of
age-synchronized 3-fold paramyosin(ts) embryos at indicated temperatures. Arrows as in (A). (C)
Percentage of unhatched embryos and paralyzed L1 larvae. Data are the mean + SD, >380 embryos
per data point. (D) Percentage of uncoordinated age-synchronized young adult animals. Expression
of polyQn (neuronal)-YFP proteins (Q19n, Q40n) is from the F25B3.3 promoter. Data are the mean
+ SD, >80 animals per data point. (E) Percentage of animals exhibiting either Osm (black) or the
combined Let/Lva (gray) phenotypes. Expression of Q67n is from the F25B3.3 promoter. Data are the
mean £ SD, >70 synchronized adults for Osm and >270 embryos for Let/Lva. ras(ts)+-Q40m denotes
ras(ts) animals heterozygous for Q40m. (F) Synergistic effect of elevated temperature and polyQ
expansions on paramyosin(ts). Percentage of unhatched embryos and paralyzed L1 larvae for
paramyosin(ts) (gray) and paramyosin(ts)+Q35m (black) at indicated temperatures. Data are the
mean + SD, >300 embryos for each data point.

neurons led to exposure of the Osm phenotype
in ras(ts) animals at the permissive temperature
but had no effect on the Let/Lva phenotype
(Fig. 1E). Conversely, heterozygous expression
of Q40m in muscle cells of ras(ts) animals
caused 48% penetrance of Let/Lva phenotype
but did not expose the neuronal Osm phenotype
(Fig. 1E). Double homozygous ras(ts)+Q40m
animals could not be scored, as they did not

reach mature adulthood (Table 1) (26). Neither
neuronal nor muscle cell expression of polyQ
expansions caused the hypodermal Muv phe-
notype (24). A similar control was performed
with paramyosin(ts), which was not affected
by polyQ expansions in neurons (Q67n) (24).
Likewise, polyQ expansions did not affect Unc
phenotypes that did not involve ts proteins
(caused either by RNAi or gene deletion) (24).
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Table 1. PolyQ expansions affect the functionality of unrelated ts mutant proteins. Specific phenotype of each ts mutation alone or in polyQm background
was scored at indicated temperatures (26). Data are the mean + SD for at least the indicated number (n) of animals for each phenotype scored. *See (26).

Animals displaying phenotype (%)

Proteins expressed TS allele Phenotype scored (n value) 15°C
15°C 25°C

Q24 Q40
PolyQm - Slow movement (n > 300) 6.0+5.3 4.6 +4.2
myosin(ts) e1301 5.6 £ 2.6 84.7 £ 13.5
myosin(ts)-+-Qm e1301 11.2 £ 6.7 51.9 + 19.3
myosin(ts) el157 514 98.7 £ 1.4
myosin(ts)+Qm el157 59+15 55+ 6
PolyQm - Abnormal body shape 0 0
perlecan(ts) su250 (stiff paralysis) (n > 100) 1+£1.2 97.6 £ 2.2
perlecan(ts)+Qm su250 0.8 +1.1 48.4 £ 6.5
PolyQm - Egg-laying defect (n > 85) 0 0
UNC-45(ts) e286 8.4+21 93.8 +4.9
UNC-45(ts)-+Qm e286 51+7.3 87.7 £ 8.1
PolyQm - Embryonic lethality + larval 1+0.15 7.9 +1.38
ras(ts) gas89 development arrest (n > 270) 5.6 £ 3.4 95.2 £43
ras(ts)+-Qm ga89 133+3 100*

s " . folding of the ts protein, does the misfolding of

A par(ts) 15°C  par(ts) 25°C 3 par(ts)+Q40m 15°C € P &

Fig. 2. PolyQ expansions affect the folding
of a ts mutant of paramyosin. (A and B) C
Confocal images of antiparamyosin immu-
nostained (red) body-wall muscle cells of syn-
chronized young adults expressing indicated
proteins. Arrows, normal muscle sarcomeres;
arrowheads, abnormal paramyosin(ts) assem-
blies. Green color is Q40m-YFP. Scale bar is
10 pum. (C) Differential sensitivity of para-
myosin(ts) protein to endogenous proteases
(lane 1) and chymotrypsin (lane 2).

Thus, the effect of polyQ expansions on mutant
ts proteins reflects specific genetic interactions
within the same cell type and does not result
from decreased fitness of the organism.

To understand the nature of this interaction,
we examined the localization of paramyosin(ts)
protein coexpressed with Q40m. The L799F mu-
tation affects coiled-coil interactions in para-
myosin and at restrictive temperature results in
mislocalization to paracrystalline assemblies
instead of muscle sarcomeres (Fig. 2A) (23).
Paramyosin(ts) protein coexpressed with Q40m
at permissive conditions assembled into ab-
normal paracrystalline structures, distinct from
the Q40m aggregates (Fig. 2B), and exhibited
altered protease sensitivity (Fig. 2C). Thus, ex-
pression of Q40m uncovers the protein fold-
ing defect in paramyosin(ts) mutant. In view
of this, the differential penetrance of ts pheno-
types (Table 1) may reflect the sensitivity of
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each ts mutation to disruption of the folding
environment.

Aggregation-prone proteins may thus exert
their destabilizing effects by placing a stress on
the folding capacity of the cell. If so, the elevated
temperature and the presence of aggregation-
prone protein may synergize in their destabiliz-
ing effects on ts mutants. Expression of an
intermediate length (Q35m) expansion shifted
the temperature at which paramyosin(ts) was
fully inactivated (Fig. 1F). Next, we asked wheth-
er the difference in penetrance from 48% to
100% Let/Lva phenotype of ras(ts) animals
in the heterozygous and homozygous Q40m
backgrounds (Table 1 and Fig. 1E) could be ex-
plained by differences in aggregation of Q40m.
Heterozygous Q40m animals consistently showed
later onset of aggregation and lower numbers of
aggregates than homozygous animals (Fig. 3, A,
B, and E). If the levels of polyQ affect the

the ts protein, in turn, intensify misfolding of
polyQ? Q40m aggregation in paramyosin(ts) and
ras(ts) backgrounds was enhanced dramatically
(Fig. 3, C to E). In contrast, loss of function
mutations not associated with expression of ts
proteins (for example in paramyosin or perlecan)
did not enhance aggregation (24). From a genetic
perspective, temperature-sensitive mutations in
proteins unrelated to cellular folding or clearance
pathways behaved as modifiers of polyQ aggre-
gation. Thus, a positive feedback mechanism
exists to enhance the disruption of cellular
folding homeostasis.

The appearance of misfolded protein in the
cell normally activates a stress response that in-
creases protein refolding and turnover and thus
rebalances the folding environment (28, 29). In
contrast, our results point to the unexpected
sensitivity of cellular folding homeostasis to the
chronic expression of misfolded proteins under
physiological conditions. It is possible that the
low flux of misfolded protein in conformational
diseases may alone lack the capacity to activate
the homeostatic stress response. This suggests
that the stress response fails to compensate for
the chronic expression of misfolded proteins in
human disease.

One potential interpretation of our results is
that the protein folding capacity of the cell,
integrated at a systems level, is a reflection of
expressed protein polymorphisms and random
mutations (/6), which in themselves do not lead
to disease because of the balance achieved by
folding and clearance mechanisms. However,
these proteins may misfold and in turn con-
tribute to the progressive disruption of the fold-
ing environment when this balance becomes
overwhelmed, e.g., by the expression of an
aggregation-prone protein in conformational dis-
eases. Our data identify the presence of mar-
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Fig. 3. Progressive disruption of cellular folding capacity by misfolded proteins. (A to D) Fluorescent
images of representative L2 larvae at the permissive temperature of heterozygous (A) or homozygous
(B) Q40m, ras(ts)-+Q40m (C), and paramyosin(ts)+Q40m (D) strains. (E) Number of visible aggregates
in L2 larvae expressing indicated proteins. ras(ts)+Q40m in (C) and (E) denotes the fluorescent progeny
of an F2 ras(ts) animal expressing Q40m; these progeny could be either homozygous or heterozygous

for Q40m.

ginally stable or folding-defective proteins in the
genetic background of conformational diseases
as potent extrinsic factors that modify aggrega-
tion and toxicity. Given the prevalence of poly-
morphisms in the human genome (30), they
could contribute to variability of disease onset
and progression (3/). This interpretation also
provides a mechanistic basis to the notion that
the late onset of protein misfolding diseases may
be due to gradual accumulation of damaged pro-
teins (32), resulting in a compromise in folding
capacity. Indeed, in a screen for regulators of
polyQ aggregation in C. elegans, we identified
nearly 200 genes whose diverse functions have
the potential to affect protein homeostasis (21).
Cellular degeneration in diseases of protein
conformation is unlikely to be due to a single
defect. Thus, the many toxic effects on various
cellular processes attributed to misfolded pro-
teins (6—15) could in fact be an integral part of
the global disruption of protein homeostasis
identified in this work.
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The Global Impact of Scaling Up
HIV/AIDS Prevention Programs in
Low- and Middle-Income Countries

John Stover,® Stefano Bertozzi,? Juan-Pablo Gutierrez,> Neff Walker,® Karen A. Stanecki,*
Robert Greener,* Eleanor Gouws,* Catherine Hankins,* Geoff P. Garnett,” Joshua A. Salomon,®

]. Ties Boerma,” Paul De Lay,* Peter D. Ghys**

A strong, global commitment to expanded prevention programs targeted at sexual transmission
and transmission among injecting drug users, started now, could avert 28 million new HIV
infections between 2005 and 2015. This figure is more than half of the new infections that
might otherwise occur during that period in 125 low- and middle-income countries. Although
preventing these new infections would require investing about U.S.$122 billion over this period,
it would reduce future needs for treatment and care. Our analysis suggests that it will cost about
U.S.$3900 to prevent each new infection, but that this will produce a savings of U.5.$4700 in
forgone treatment and care costs. Thus, greater spending on prevention now would not only
prevent more than half the new infections that would occur from 2005 to 2015 but would
actually produce a net financial saving as future costs for treatment and care are averted.

uch has changed in the global re-
sponse to the AIDS epidemic since
the late 1990s. Access to treatment
and care in the developing world was limited
by costs, by the complexity of early treatment

regimens, and by a perceived lack of capacity
to implement treatment programs even if drug
costs were greatly reduced. The pioneering
work of Brazil in providing broad access to
antiretroviral therapy proved that, with political
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