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Abstract

Small molecules with antioxidative properties have been implicated in amyloid disorders. Curcumin is the active ingredient
present in turmeric and known for several biological and medicinal effects. Adequate evidence substantiates the
importance of curcumin in Alzheimer’s disease and recent evidence suggests its role in Prion and Parkinson’s disease.
However, contradictory effects have been suggested for Huntington’s disease. This difference provided a compelling reason
to investigate the effect of curcumin on glutamine-rich (Q-rich) and non-glutamine-rich (non Q-rich) amyloid aggregates in
the well established yeast model system. Curcumin significantly inhibited the formation of htt72Q-GFP (a Q-rich) and Het-s-
GFP (a non Q-rich) aggregates in yeast. We show that curcumin prevents htt72Q-GFP aggregation by down regulating
Vps36, a component of the ESCRT-II (Endosomal sorting complex required for transport). Moreover, curcumin disrupted the
htt72Q-GFP aggregates that were pre-formed in yeast and cured the yeast prion, [PSI+].
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Introduction

Amyloidosis is a group of protein misfolding disorders,

characterized by abnormal accumulation of insoluble fibrous

protein aggregates [1]. Broadly, these amyloid proteins can be

categorized as glutamine-rich (Q-rich) and non glutamine-rich

(non Q-rich). Huntington’s disease (HD) and Spinocerebellar

ataxia [2] have been associated with expansion of Q-rich repeats.

Other amyloid proteins including human prion protein (PrP), Ab
(Alzheimer disease), a-synuclein (Parkinson’s disease) and Trans-

thyretin (Transthyretin amyloidosis) lack these Q-rich regions.

These amyloid proteins exhibit little or no sequence homology and

are associated with a distinct clinical picture, but they share a

common cross-b structure [3] suggesting a common cellular

mechanism underlying the pathology of amyloid disorders.

Yeast has been well established as a successful model to decipher

the molecular basis of amyloid disorders including Parkinson’s

disease, Alzheimer’s disease, and Huntington’s disease [4]–

[][][][8]. Interestingly, yeast has glutamine/asparagine (Q/N)-

rich endogenous prion proteins [9] and was also shown to

propagate Het-s, a non Q-rich fungal prion protein from Podospora

anserina [10]. While a surfeit of research is focusing on uncovering

the molecular mechanism of pathogenesis related to amyloidosis,

several studies are now concentrating on therapeutic develop-

ments. Recently, both research and pharmaceutical industries are

putting forth a huge effort to evaluate small molecules from

natural products for their medicinal properties. Yeast is being

exploited to screen for small molecule inhibitors with therapeutic

potential for amyloid disorders [11], [12]. Furthermore, the ease of

genetic manipulation and available tools in yeast allows dissection

of the molecular pathways targeted by small molecules.

Curcumin, a polyphenol present in the spice turmeric, is known

to have broad biological and medicinal effects including efficient

anti-oxidant, anti-inflammatory and anti-proliferative activities.

Overwhelming evidence now suggest that curcumin can be

exploited for potential drug development for prevention and

treatment of several disorders including cancer, obesity, aging, and

neurodegenerative diseases. The neuroprotective effect of curcu-

min has been extensively studied in Ab amyloid pathology. It

binds and inhibits formation of Ab fibrils in vitro [13] and reverses

amyloid pathology in transgenic Alzheimer’s disease (AD) animal

models [14], [15]. In addition, curcumin has an inhibitory effect

on the aggregation of a-synuclein [16], [17] and in vitro conversion

of prion protein (PrP) together with the inhibition of protease-

resistant PrP formation in cell culture [18]. Hence, it appeared

very likely that curcumin could inhibit aggregation of expanded

polyglutamine repeats in the huntingtin protein. Instead, it has

previously been shown to promote aggregation of expanded

polyglutamine in exon 1 of the huntingtin protein [19]. Thus, the

therapeutic effect of curcumin in Huntington’s disease is still
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questionable. In the present study, we sought to evaluate the anti-

aggregation potential of curcumin for both Q-rich and non Q-rich

amyloid proteins using established yeast models. Here, we find

that curcumin acts through VPS36, which is a component of the

ESCRT-II complex and prevents aggregation of exon 1 of the

huntingtin protein with expanded glutamine repeats.

Materials and Methods

Yeast strains, Plasmids and Chemical compounds
VL2, a [psi2][pin2] and a weak [PSI+] [pin2] strain in 74-D694

background (ade1-14, ura3-52, leu2-3, 112 trp1-289, his3-200) was a

gift from Susan Liebman. Yeast deletion strains and BY4741 were

purchased from Invitrogen. The TAP (Tandem Affinity Purifica-

tion)-tagged strains for VPS36 (Cat# YSC1178-7501934) and

VPS4 (Cat# YSC1178-7503327). were procured from Open

Biosystems. Deletion of VPS36 was created in the VL2 strain by

short flanking homology primers [20]. The sequences of primers

used for deletion are:

Forward:ATGGAGTACTGGCATTATGTGGAAAC-

TACGTCATCGGGCCCGAGGAGAACTTCTAG-

TATATC

Reverse:TCCCACTCAGTTGCTTGTCTATCAG-

T A A A T C G C C T T C A T C G T G C G T A T A -

TAGTTTCGTCTACCC

The exon 1 of human HTT gene cloned in the p426-GAL1

vector with expanded polyglutamine (htt72Q-GFP) was a gift from

Susan Lindquist. The C-terminal prion domain of the Het-s gene

fused with GFP is cloned under a galactose promoter in a 2 micron

vector [10]. The plasmids were transformed into yeast by standard

Lithium Acetate protocol [21].

Curcumin (Cat# C1386) , morin hydrate (Cat# M4008) and

ascorbic acid (Cat# A4403) were all procured from Sigma. a-

Tocopherol was procured from INTAS Pharmaceuticals. Curcu-

min and a-tocopherol were dissolved in Dimethyl sulfoxide

(DMSO), morin was dissolved in methanol and ascorbic acid in

sterile water.

IC50 of compounds
The 50% inhibitory concentration (IC50) of the chemical

compounds was calculated by adding different concentrations of

molecules to yeast culture in early log phase (0.2 OD). The

treatment was done for 14 hours at 30uC and OD600 was taken.

The IC50 (curcuminIC50 = 62.5 mM, morinIC50 = 475 mM, a-

tocopherolIC50 = 650 mM, ascorbic acidIC50 = 5 mM) was deter-

mined by plotting percentage survival versus concentration. The

concentrations below IC50 for each compound were used in all

the experiments.

Quantification of amyloid aggregates in yeast by
fluorescent microscopy

A [psi2][pin2] strain transformed with htt72Q-GFP or Het-s-

GFP was grown in Synthetic media lacking uracil and tryptophan,

respectively. Cells were then re-inoculated in Synthetic Raffinose

+2% Galactose (SRaf+Gal) and grown till early log phase. Cells

were transiently treated (8 hours) with different concentrations of

compounds. Cell growth becomes slow during this period but the

cells are then replenished with fresh inducing media and incubated

for 16 hours at 30uC. After replenishment, there was no difference

in growth in the treated and untreated cultures. Cells with

aggregates were analyzed using a Nikon Ti-E inverted fluorescent

microscope and manually counted. The percentage of cells with

aggregates was calculated by counting more than 300 cells for each

treatment per transformant.

To calculate the percentage of cells with htt72Q-GFP aggre-

gates in deletion strains and BY4741 (wild type, WT), cells were

grown for 48 hours in inducing media (SRaf+Gal) at 30uC and

analyzed under the fluorescent microscope.

Analysis of htt72Q-GFP aggregates by sedimentation and
centrifugation assays

In the sedimentation assay, yeast cells with htt72Q-GFP

aggregates were harvested and lysed using 16 lysis buffer

(50 mM TrisCl, 50 mM KCl, 10 mM MgCl2, 5% glycerol).

150 ml of cell lysate normalized for total protein was loaded on

20% to 70% sucrose step-gradient and centrifuged for one hour at

14000 rpm. 150 ml of different fractions were carefully taken out,

boiled at 95uC and run on 12% SDS-PAGE. The blot was probed

with anti-GFP antibody (Cat # G6795, Sigma).

In the centrifugation assay, cell lysate normalized for total

protein was centrifuged at 17,500 rpm for 1 hour at 4uC.

Supernatant fraction was aspirated and the pellet was resuspended

in the same volume of 16 lysis buffer. The total, supernatant and

pellet fractions were resolved on 12% SDS-PAGE and analyzed by

immunoblotting using anti-GFP antibody. b-actin, a housekeeping

protein was used as loading control.

Expression levels of VPS36 and VPS4 in the presence of
curcumin

For protein levels, TAP tagged yeast strains for VPS36 and VPS4

were grown in rich media, re-inoculated in Synthetic complete

media. Cells were treated with 20 mM and 40 mM of curcumin at

0.2 OD and incubated for 16 hours at 30uC. Protein was isolated,

normalized, immunoblotted and probed with anti-TAP antibody.

b-actin was used as loading control. Anti-Tap antibody was from

Open Biosystems.

For mRNA levels, [psi2][pin2] cells were treated with 20 mM

and 40 mM of curcumin and incubated for 16 hours at 30uC. Cells

were lysed by lyticase and RNA was isolated by the Guanidinium

thiocynate-phenol-chloroform extraction protocol (TRIzol meth-

od) using TRI reagent from Sigma (Cat#T9424) [22]. cDNA was

prepared using High Capacity cDNA kit (Applied Biosystems) and

real time PCR was carried out using SYBR Green (Fast SYBR

from Applied Biosystems). ACT1 was used as an endogenous

control.

Analyzing the effect of curcumin on yeast prion by
antibiogram assay

Yeast cells contain an endogenous prion protein, Sup35, a

translational termination factor. When Sup35 is functional (non-

prion form), it terminates at the premature stop codon on the ade1-

14 allele. This inhibits adenine biosynthesis and results in

accumulation of red pigment in the cell which gives red color to

yeast cells on rich media. When Sup35 is non-functional (prion

form), it no longer terminates at the stop codon on the ade1-14

allele, adenine biosynthesis takes place and cells appear pink (weak

[PSI+]) to white in color (strong [PSI+]) on rich media [23].

Log phase culture of a weak [PSI+] strain was grown in YPD

broth and uniformly spread on YPD plates. Plates were allowed to

air dry for 30 minutes and sterile filter paper discs soaked with

different concentrations of curcumin were placed on it. A sterile

filter soaked with DMSO and 10 mM guanidine hydrochloride

was used as negative and positive controls, respectively. These

plates were incubated for 2 days at 30uC and then kept at 4uC for
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2–3 days. Curing of weak [PSI+] was monitored by change in

coloration of the colonies.

Results

Curcumin inhibits both Q-rich (htt72Q-GFP) and non Q-
rich (Het-s-GFP) aggregate formation in yeast

The inhibitory effect of curcumin has been well established for

non Q-rich amyloid proteins including Alzheimer’s [13] but has

been shown to promote aggregation of mutant huntingtin [19].

The difference in action of curcumin on two different types of

amyloid proteins prompted us to re-examine the effect of

curcumin on existing yeast models for both Q-rich and non Q-

rich amyloid proteins. The effect of curcumin was analyzed on

htt72Q-GFP and Het-s-GFP aggregation by fluorescent micros-

copy in a [psi2][pin2] strain (Figure S1). More than 2-fold decrease

at 20 mM and .3-fold decrease at 40 mM of curcumin were

consistently observed for cells with htt72Q-GFP aggregates

(Figure 1A). In case of Het-s-GFP aggregates, 1.7-fold inhibition

at 20 mM and ,2-fold at 40 mM was observed (Figure 1B). Thus,

we observed a significant dose-dependent inhibitory effect on both

htt72Q-GFP and Het-s-GFP aggregates.

The inhibitory effect of curcumin treatment on htt72Q-GFP

aggregation was validated by sedimentation profile of htt72Q-GFP

aggregates on sucrose step-gradient. Cells over expressing htt72Q-

GFP were transiently (8 hours) treated with curcumin, lysed and

loaded on sucrose gradient. In absence of curcumin, higher

molecular weight htt72Q-GFP aggregates penetrated deeper into

the higher fractions of sucrose gradient. In cells treated with

20 mM curcumin, higher molecular weight aggregates decreased

significantly (fractions 4–6) and lower molecular weight aggregates

increased (fractions 2 and 3) (Figure 1C). Centrifugation assay also

showed a clear decrease in the pellet fraction, which again

validates the inhibition of aggregation after curcumin treatment

(Figure 1D).

We also analyzed the effect of three other known antioxidants

on htt72Q-GFP and Het-s- GFP aggregation. Morin showed a

significant dose-dependent decrease (2-fold at 150 mM and 4-fold

at 300 mM) and a-tocopherol showed ,2-fold decrease but at

much higher dosage (400 mM) in htt72Q-GFP aggregates.

Ascorbic acid did not show any effect on htt72Q-GFP aggregates

(Figure 1A). No significant effect of morin, a-tocopherol and

ascorbic acid on Het-s aggregation was observed (Figure 1B).

Curcumin downregulates Vps36, a component of the
ESCRT-II complex

As curcumin exhibited an appreciable inhibition of appearance

of both Q-rich and non Q-rich aggregates, we were curious to

decipher the mechanism of action of curcumin. To identify the

cellular target of curcumin, we utilized the information provided

by the chemogenomics profiling fitness database (http://fitdb.

stanford.edu/fitdb.cgi) that lists heterozygous or homozygous

deletion mutants with increased sensitivity to compounds [24].

We examined htt72Q-GFP aggregation in eight homozygous yeast

deletion strains (cc2D, ypk1D, atx1D, vps36D, sip3D, pho86D, vam7D
and fet3D) shown to exhibit the maximum growth defect in the

presence of curcumin. The growth defect in these deletion strains

Figure 1. Effect of curcumin, morin, a-tochopherol and ascorbic acid on Q-rich and non Q-rich aggregates htt72Q-GFP (A) and Het-
s-GFP (B) aggregation in the VL2 strain was analyzed by fluorescent microscopy. Percentage of cells with aggregates was analyzed after
transient treatment with different concentrations of compounds. Aggregation counting was done for three independent transformants for each
treatment. Error bars represent standard errors of the mean of triplicates. To assess the significance between treated and untreated samples, t-test
was performed (* depicts p value,0.01). Validation of the effect of 20 mM curcumin on htt72Q-GFP by C) sucrose density gradient (0% to 70%) and D)
centrifugation assay. ‘Sup’ represents the supernatant fraction. For both assays, cell lysate was normalized for total protein and processed. DMSO was
used as control (0 mM) and blots were probed with anti-GFP antibody.
doi:10.1371/journal.pone.0042923.g001
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was confirmed in the presence of curcumin (data not shown). Out

of eight, seven strains showed aggregation similar to BY4741. The

vps36D strain showed a significant decrease in the percentage of

cells with htt72Q-GFP aggregates (Figure 2A). We confirmed that

this decrease in aggregation is not due to growth inhibition as no

appreciable decrease in growth rate was observed between

BY4741 and vps36D. To analyze the effect of Vps36 on htt72Q-

GFP aggregation in another yeast strain background, deletion of

VPS36 was recreated in the VL2 strain and confirmed by PCR

(data not shown). A similar decrease in aggregation was observed

in this strain and validated by a shift towards lower fractions on

sucrose density gradient (Figure 2B) and a significant decrease in

pellet fraction (Figure 2C).

VPS36 is a component of the ESCRT-II complex and encodes

Vacuolar Protein Sorting protein 36. To validate if the inhibiton of

aggregation after curcumin treatment is through Vps36, the effect

of curcumin on expression levels of Vps36 was analyzed. A dose

and time-dependent decrease in mRNA levels of Vps36 was

observed by real time PCR. VL2 strain was treated with curcumin

for 16 hours, a 1.5-fold and .4-fold decrease in levels of Vps36

mRNA was observed for 20 mM and 40 mM, respectively

(Figure 3A). The time-dependent effect was monitored at 20 mM

curcumin after 17, 24 and 40 hours of treatment. A significant

decrease in Vps36 mRNA levels at 17 hours and further decrease

at 24 hours was observed. However, after 40 hours, the levels of

Vps36 mRNA increased a little compared to the untreated sample

(Figure 3B). A moderate decrease in the protein levels of Vps36

was also observed after curcumin treatment (Figure 3C) by

probing for TAP-tagged Vps36 in BY4741 strain background. The

levels of Vps4, which is involved in disassembly of ESCRT–III

complex, showed no change after curcumin treatment (Figure 3A

and 3D). Deletion of vps4 did not show any change in percentage

of cells with aggregation compared to BY4741 (Figure 2A). Hence,

curcumin significantly downregulates Vps36 levels in yeast.

Curcumin destabilizes Q-rich aggregates pre-formed in
yeast

As curcumin is known to destabilize pre-formed Ab fibrils [25],

we asked if curcumin also acts on pre-formed htt72Q-GFP

aggregates. Cells with htt72Q-GFP were grown in inducing media

for 48 hours, analyzed for aggregates and lysed. Cell lysate

containing the pre-formed aggregates was treated in vitro with

100 mM curcumin at 37uC for 16 hours and analyzed by

sedimentation profiling. The aggregates from untreated lysate

penetrated into higher fractions of sucrose gradient, which

diminished considerably after treatment (Figure 4A). The aggre-

gates appeared more concentrated in supernatant and lower

fractions of sucrose gradient. This shows that curcumin destabi-

lizes htt72Q-GFP aggregates that are pre-formed in yeast.

The effect of curcumin was also analyzed on the endogenous

yeast prion. A dose-dependent effect of curcumin on weak [PSI+]

was observed on rich media plates as an increase in red coloration

of colonies around the discs soaked with increasing concentration

of curcumin (Figure 4B). These red colonies were picked and

Figure 2. Deletion of VPS36 decreases htt72Q-GFP aggregation induced in yeast cells. A) htt72Q-GFP aggregation was quantified in
BY4741 and nine deletion strains by calculating percentage of cells with aggregates for each strain. Three independent transformants were analyzed
for each strain. Only vps36D showed a significant decrease in aggregation. Error bars represent standard errors of the mean for triplicates. The
significant difference in aggregation between BY4741 and vps36D was calculated by t-test (* depicts p value,0.05). The inhibitory effect due to VPS36
deletion was validated by B) sucrose density gradient and C) centrifugation analysis in the VL2 background. Cells expressing htt72Q-GFP were lysed,
normalized for total protein and processed. Blots were probed with anti-GFP antibody. In centrifugation assay, b-actin was used as loading control.
doi:10.1371/journal.pone.0042923.g002
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restreaked on rich media lacking curcumin, which propagated as

red color [psi2] colonies as shown in figure 4B. The control discs

soaked in DMSO did not cause any color change. No effect of

curcumin was visible on strong [PSI+] strain (data not shown).

Discussion

Emerging evidence suggest a neuroprotective role of curcumin

in Alzheimer’s disease and several clinical trials have been initiated

to examine the effect of curcumin in AD patients. Contrary to this,

curcumin has been shown to increase the aggregation of mutant

huntingtin and also enhance toxicity associated in PC12 cells by

augmenting the proteasomal dysfunction [19]. Impairment of

proteasomal machinery is implicated in other amyloid disorders

including AD and HD [26]–[][28], therefore, if curcumin

enhances a proteasomal defect, a similar increase in aggregation

is expected on treatment for other amyloid proteins. Though Ab
peptide and mutant huntingtin protein form similar cross b-sheet

structures, the major difference lies in their sequence. While Ab
lacks glutamine repeats, huntingtin protein is glutamine rich. This

intrigued us and we investigated aggregation of mutant huntingtin

with expanded glutamine repeats and Het-s, a non Q-rich fungal

prion protein, after curcumin treatment in yeast. In accordance

with a protective effect of curcumin for neurodegenerative

disorders, we demonstrate an inhibitory effect of curcumin on

both Q-rich and non Q-rich protein aggregation in yeast and

describe the likely mechanisms of inhibition.

The molecular mechanism of action of curcumin is complex and

multiple molecular targets have been proposed by several indepen-

dent studies [29]. Curcumin has been shown to have a therapeutic

effect on AD by reducing oxidative damage [30], decreasing b-

amyloid formation by inhibiting GSK-3b-mediated presenilin-1

levels [31] and Wnt/b-catenin signaling pathway activation [32]

and also inhibiting trafficking and maturation of Amyloid Precursor

Protein (APP) into Ab peptide [33]. We scored aggregation in eight

homozygous deletion strains hypersensitive to curcumin and only

deletion of VPS36 caused significant inhibition of formation of

aggregates of mutant huntingtin. Vps36, a component of the

ESCRT-II complex, appeared to be a functional target of curcumin

as it was downregulated in a dose and time-dependent manner.

Vps36 is involved in trafficking soluble and integral membrane

proteins from the trans-golgi network to the perivacuolar region and

finally to the vacuole [34]. As misfolded proteins including mutant

huntingtin are known to localize in the perivacuolar region [35], we

propose that in vivo deletion or downregulation of Vps36 caused by

curcumin treatment prevents recruitment of misfolded protein to

the perivacuolar compartment and thus inhibits formation of visible

large aggregates. The importance of protein trafficking pathways in

aggregation of amyloid proteins has been demonstrated previously.

Several genes from endocytic pathway and vacuolar protein sorting

Figure 3. Effect of curcumin on the expression levels of Vps36 and Vps4. A) mRNA levels of Vps36 and Vps4 after 16 hours of curcumin
treatment (20 mM and 40 mM) in the VL2 strain was quantified by real time PCR using SYBR green. B) Time-dependent effect of 20 mM curcumin on
mRNA levels of Vps36 was determined at 17 hours, 24 hours and 40 hours in the VL2 strain. The genes were considered to be upregulated if the fold
change was above 1 and downregulated if below 1. The untreated sample was normalized to 1. Each bar represents the standard error of mean of
triplicates. Protein levels of C) Vps36 and D) Vps4 in respective TAP-tagged strains were determined after curcumin treatment (20 mM and 40 mM) by
immunoblotting with anti-GFP antibody. The intensity of Vps36 and Vps4 (untreated and treated) protein levels was quantified by densitometer and
normalized with b-actin. Error bars represent standard errors of the mean of triplicates.
doi:10.1371/journal.pone.0042923.g003
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are known to affect aggregation of amyloid proteins including

mutant huntingtin [36] and prion proteins [37]. In compliance with

previous work, our work further strengthens that protein trafficking

pathways can be exploited for developing small molecule inhibitors

of amyloid disorders.

Curcumin has been shown to destabilize Ab fibrils but

disassembly of mutant huntingtin by curcumin has not been

described earlier. In vitro, disruption or remodelling of mutant

huntingtin aggregates pre-formed in yeast clearly supports anti-

aggregation potential of curcumin. Furthermore, our findings are

supported by a very recent report that shows a clear decrease in

number of aggregates in the striatum of knock-in HD mouse

model [38]. Curcumin is known to cross the blood-brain barrier

but bioavailibity is still poor. Hence, analogs of curcumin or

combination of small molecules that increase the bioavailability of

the active molecule need to be evaluated.

Morin, a polyphenol, present in red wine, has been suggested to

have potential for developing therapies for AD and tauopathies by

inhibiting GSK-3b [39], [40]. Recently, it has been reported to

inhibit amyloid formation of Islet Amyloid Polypeptide (IAPP)

[41]. We show that morin is an effective inhibitor of mutant

huntingtin aggregates. Morin treatment also led to slight inhibition

of non-Q rich aggregates. Further work is required to understand

the mechanism of action of morin.

The key findings of our study are that curcumin is a more

potent inhibitor of both Q-rich and non Q-rich aggregates than

morin and a-tocopherol. Furthermore, it inhibits mutant hunting-

tin aggregation by acting through protein trafficking pathways and

also destabilizes pre-formed aggregates. Based on our data and

previous studies, curcumin is a promising compound for develop-

ment of preventives and therapeutics for both Q-rich and non Q-

rich amyloid disorders.

Supporting Information

Figure S1 Microscopic image of cells showing the effect
of curcumin on htt72Q-GFP aggregates in yeast.
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