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Abstract

a-synuclein (a-syn) is a small lipid binding protein implicated in several neurodegenerative
diseases, including Parkinson’s disease, whose pathobiology is conserved from yeast to man.
There are no therapies targeting these underlying cellular pathologies, or indeed those of any
major neurodegenerative disease. Using unbiased phenotypic screens as an alternative to target-
based approaches, we discovered an N-aryl benzimidazole (NAB) that strongly and selectively
protected diverse cell-types from a-syn toxicity. Three chemical genetic screens in wild-type yeast
cells established that NAB promoted endosomal transport events dependent on the E3 ubiquitin
ligase, Rsp5/Nedd4. These same steps were perturbed by a-syn itself. Thus, NAB identifies a
druggable node in the biology of a-syn that can correct multiple aspects of its underlying
pathology, including dysfunctional endosomal and ER-to-Golgi vesicle trafficking.

Phenotypic cell-based drug screens are a powerful yet underutilized approach to identify
lead compounds and probe the underlying cellular pathologies that cause human disease (1).
Such unbiased screens may be particularly helpful for neurodegenerative diseases (ND),
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such as Parkinson’s Disease (PD) and Alzheimer’s Disease (AD), where the molecular
underpinnings of disease remain unclear. However, establishing robust neuronal phenotypes
amenable to high-throughput screening and subsequent target identification remains a
challenge. To bridge this gap, we exploit yeast cells that express ND-causing proteins to
recapitulate salient cellular pathologies. a-synuclein, for example, causes derangements in
vesicle trafficking, metal ion homeostasis and mitochondrial function that are associated
with a—synucleinopathies, such as PD (2). The resulting growth inhibition greatly facilitates
robust high throughput screening.

We recently screened ~190,000 compounds for their ability to restore the growth of cells
expressing toxic levels of TDP-43 (3), a protein associated with diverse NDs. A weak hit
from that screen, an N-Aryl Benzimidazole (NAB; Fig. 1A), proved more potent and
effective against a-syn toxicity (Fig. 1B). NAB reversed diverse phenotypes caused by a—
syn (4-7), including the accumulation of vesicular a-syn foci (Fig. 1C) (8, 9), the generation
of reactive oxygen species (Fig. 1D), the block of ER-Golgi trafficking (Fig. 1E), and the
nitration of proteins (6). The toxicity of a—syn is extremely dependent on expression levels
(7, 10); however, NAB did not reduce a-syn accumulation (Fig. 1E).

We next asked if the protective activity of NAB was conserved in neurons. First, we tested a
nematode model where PD-relevant dopaminergic neurons (DA) degenerate in an age-
dependent manner in response to human a-syn expression (5). Second, we tested rat primary
neuronal cultures where adenoviral expression of a familial a.-syn mutation (A53T) causes
selective loss of DA neurons: tyrosine-hydroxylase (TH) positive cells are lost and neuronal
processes retract (4, 5). Third, we tested cortical neurons differentiated from PD-patient
induced pluripotent stem cells (iPSCs) carrying either the A53T a—syn mutation or an a-syn
triplication, both of which caused protein trafficking defects and nitrosative stress (6). In
each case, NAB reversed a—syn toxicity or pathology, suggesting the compound’s target and
mechanisms of action (MOA) were conserved from yeast to human cells (Fig. 1F, 1G, Fig.
S1 (6)).

Yeast screens can reveal the target space for small molecules that suppress growth by
identifying genetic alterations that restore it (11). At concentrations higher than those that
rescued a—syn toxicity, NAB inhibited the growth of WT cells. To test if a-syn rescue and
growth inhibition had related MOA, we synthesized twenty-nine NAB analogs (Fig. S2).
Compounds inactive in rescuing a-syn did not reverse a—syn foci formation or rescue ER-
to-Golgi trafficking (Fig. S3). Compounds that potently rescued a—syn, also more potently
inhibited growth in WT cells (Fig. 2A, Fig. S2, supplementary online text). This empowered
us to use genetic screens in WT cells to investigate NAB’s MOA.. Importantly, though NAB
inhibited growth, cells retained full viability (Fig. 2B).

Using our most potent analog — NAB2 — we selected for genetic alterations that allowed
growth at high concentrations. We used three approaches: (1) a library of over-expression
strains covering most genes in the yeast genome (~5,800 genes), (2) a library of ~ 300,000
random transposon-insertions (12), and (3) spontaneous genomic point mutations arising
from ~2 million cells (fig. S4). A small number of hits were recovered and formed a highly
connected network of functionally related genes (Fig. 2C). These were an E3 ubiquitin

Science. Author manuscript; available in PMC 2014 November 22.



1duosnuep Joyiny |INHH

I
I
=
>
=
=3
=
<
o
5
c
@
Q
=
—+

1duosnue Joyiny |INHH

Tardiff et al.

Page 3

ligase that promotes endosomal transport (RSP5), endocytic proteins (SLA1, VRP1), a
multivesicular body sorting deubiquitinase (DOA4), an Rsp5 adaptor (BUL1), two proteins
that can deubiquitinate Rsp5 substrates (UBP7, UBP11), known and potential Rsp5
substrates (BAP2, BAP3, MMP1) and VPS23, which directs Rsp5 substrates for degradation
in the vacuole (Fig. 2C). Analogs ineffective against a—syn did not exhibit dosage
sensitivity with NAB network genes (Fig. S5), thus supporting a related MOA between a—
syn rescue and growth inhibition of WT cells.

The network topology of screen hits, and the nature of their altered dosage-sensitivity to
NAB2 (Fig. S6-S8), suggested that NAB acts on Rsp5 to promote ubiquitin-mediated
endosomal transport. With the exception of RSP5, which is essential, every other gene in our
network could be deleted. But no deletion (including a double deletion of UBP7 and
UBP11) conferred more than partial resistance to NAB2. Thus, while these other proteins
are involved in NAB2 activity, they cannot themselves be its target. Indeed, the effects of
altering RSP5 gene dosage indicate it is the central node: increased RSP5 dosage increased
sensitivity to NAB2 and decreased RSP5 dosage decreased sensitivity to NAB2 (Fig. 2D).
Furthermore, in otherwise isogenic cells, a single amino acid substitution in the ~1000
amino acid protein (rsp5g747g) conferred resistance to NAB2 (Fig. 2D, Fig. S7).

Rsp5 is the single yeast member of the highly conserved mammalian family of HECT
domain Nedd4 E3 ligases. These proteins catalyze K63 linkages of ubiquitin to diverse
membrane proteins and thereby regulate endosomal trafficking, not proteasomal degradation
(13, 14). HECT domain ubiquitin ligases contain multiple protein-protein interaction
domains that bind diverse adaptor proteins and substrates. Calcium, lipid binding, and
autoinhibitory conformations regulate substrate specificity and endosomal transport from
either the plasma membrane or Golgi to the vacuole/lysosome. Most aspects of these
complex modes of Rsp5 regulation have not been recapitulated in vitro.

Therefore, to further investigate NAB2 activities, we monitored, in WT cells, its effects on
three proteins whose trafficking depends on Rsp5: Mupl (15), Sna3 (16) and Bap2 (17).
NAB2 (1) promoted the Rsp5-dependent endocytosis and vacuolar delivery of the
methionine permease, Mupl (Fig. 2E, Fig. S9), (2) promoted the Rsp5-dependent Golgi-to-
vacuole trafficking of the adaptor protein, Sna3 (Fig. 2F, Fig. S9), and (3) promoted the
Rsp5-dependent degradation of the leucine permease, Bap2 (Fig. S10). (This affected
leucine-dependent growth explaining its recovery in our overexpression screen.)

We further established the relevance of the NAB/Rsp5 network by genetically altering
screen hits in the context of a—syn. Indeed, most but not all genetic manipulations that
antagonized NAB2 activities in WT cells antagonized its activities against a—syn toxicity.
For example, deleting Aslal and Avps23, or overexpressing the deubiquitinases UBP7 and
UBP11, all partially compromised the ability of NAB2 to rescue a—syn toxicity (Fig. 3A,
Fig. S11). Deleting Aubp7 and Aubp11, either singly or in combination, had no effect
NAB2’s rescue of a—syn toxicity (Fig. S11).

The spontaneous point mutation recovered in our screen, rsp5g747g, Which compromised
Rsp5 activity (Fig. 2E, 2F, Fig. S7) and conferred resistance to NAB2 in WT cells, shifted

Science. Author manuscript; available in PMC 2014 November 22.



1duosnuep Joyiny |INHH

I
I
=
>
=
=3
=
<
o
5
c
@
Q
=
—+

1duosnue Joyiny |INHH

Tardiff et al.

Page 4

the dose of NAB2 required for a-syn rescue in a complementary fashion (Fig. 3A).
Consistent with this, rsp5g747e prevented NAB2 from fully reverting the formation of a-syn
foci (Fig. 3B) and from restoring ER-to-Golgi trafficking (Fig. 3C) phenotypes. Together,
these analyses established Rsp5 as the central node and only potential protein target within
the NAB network.

Rsp5’s importance in modifying a-syn toxicity was highlighted by integrating the NAB/
Rsp5 and a—syn genetic networks ((4, 18) and Table S3). These interactions connected our
NAB network to nearly 30% of the previously established genetic modifiers of a-syn
toxicity, including those that function in Golgi/vesicular transport, endosomal transport,
lipid metabolism, protein catabolism, and tubulin assembly (Fig. 3D, Fig. S12).

Next we tested a—syn’s effect on Mupl-GFP and Sna3-GFP trafficking. Indeed, a—syn
expression impeded both the methionine-induced transport of Mup1-GFP from the plasma
membrane to the vacuole (Fig. 4A) and the constitutive trafficking of Sna3-GFP from the
Golgi and the vacuole (Fig. 4B). Further, in the presence of a-syn, NAB2 restored
trafficking of both substrates (Fig. 4A, 4B).

In addition to specific substrates, bulk endosomal transport from the plasma membrane to
the vacuole was perturbed by a—syn (Fig.4C) (7-9, 19). When FM4-64 was used to pulse-
label the endosomal pathway, after prolonged a—syn expression, the dye strongly co-
localized with a-syn inclusions and failed to reach the vacuole (Fig. 4C). NAB2 fully
restored endocytosis and concomitantly reduced a—syn inclusions (Fig. 4C, bottom panel).
Thus, the ability of NAB to promote Rsp5-dependent processes directly restored diverse
cellular pathologies caused by a—syn, including both ER-to-Golgi and endosomal trafficking
(Fig. 4D, Fig. S8).

Rsp5/Nedd4 can ubiquitinate a—syn and Nedd4 localizes to Lewy Bodies in brain samples
from PD patients (20). However, a—syn levels were not altered by NAB2 in vivo (Fig. 1E).
And, when tested in vitro, NAB2 did not affect the ubiquitination of a-syn and Sna3 by
Rsp5 (Fig. S13). As noted, however, most of the complexities of Rsp5 in vivo activities have
yet to be recapitulated in vitro. Thus, NAB2 exemplifies the ability of unbiased in vivo
phenotypic screens to uncover chemical probes that cannot be discovered through simple
target-based in vitro approaches. Likewise, NAB2 chemical genetics identify a deeply
rooted biological node, Rsp5 that had not been identified previous overexpression or
deletion screens. Notably, despite their central role in protein homeostasis and several
human diseases, to date E3 ubiquitin ligases are virtually untouched by biological probes, let
alone therapeutics.

The vesicular trafficking processes perturbed by a—syn and promoted by NAB are
fundamental to all eukaryotic cells, yet are particularly important to neurons that rely
heavily on efficient synaptic vesicle dynamics and regulated neurotransmitter release.
Indeed, dysfunctional endosomal transport is emerging as contributing factor in a-syn
pathology in human neurons. Altered cell biology, post-mortem pathology, and human
genetic risk factors all implicate altered vesicular trafficking (4, 7-9, 19, 21-25). The ability
of NAB to promote endosomal trafficking through Rsp5/Nedd4 and thus “reset’ vesicle
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trafficking homeostasis, in turn, rescued several other, seemingly disparate, a—syn
phenotypes. Identifying such deeply rooted pathways that ramify to affect multiple aspects
of protein folding pathology may be critical for developing disease-modifying therapies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. NAB protects yeast and neurons from a.-syn toxicity
(A) NAB structure. (B) Dose-response curves for NAB in yeast proteinopathy models. (C) a—syn-GFP localization in NoTox,

HiTox, and HiTox/10 uM NAB. (D) Percent of ROS-positive cells under same conditions as (C). Values are mean +/- SD, N =
3. (E) Immunoblot of Cpy showing ER-Golgi trafficking defect and a.-syn protein levels in WT and HiTox cells treated with
NAB. (F) Fluorescence microscopy of the six anterior DA neurons in representative C. elegans expressing either GFP or human
a-syn and GFP after treatment with DMSO or NAB. Arrows indicate intact DA neuron cell bodies and arrowheads indicate
regions where these cells have degenerated. Inlaid values reflect mean +/- SD, N = 3. (G) Representative images of DA-
enriched cultures established from embryonic rat midbrains. ‘Control’, untransduced. ‘A53T’, transduced with A53T a-syn
virus. Red, MAP2 (neuronal tubulin). Green, TH-positive neurons. Inlaid values reflect mean with control set to 100% and +/-
SD, N = 3 for % TH-positive neurons and mean +/— SEM, N = ~75 neurons for neurite length. For all data: *, P<0.05. **,
P<0.01. *** P<0.001 using one-way ANOVA and a Tukey’s test.
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Fig. 2. Chemical genetic screens of NAB2 reveal a network centered on the E3 ligase, Rsp5
(A) Efficacy (EC40) in a-syn cells versus growth inhibition (IC40) in WT cells for active analogs. NABL1 is the screen hit and

NAB?2 the most potent analog. (B) Viable cells recovered after prolonged NAB2 treatment. (C) NAB2 interaction network.
Node color reflects screen of origin indicated below. Edges are interactions (see legend) according to String database and
literature. VPS23 was deleted after identification of other hits. (D) Heat map of RSP5 variant cell growth in response to
increasing NAB2 compared to untreated cells. Mutants include rsp5g747e and the hypomorphic allele, Ap.rsp5. (E) (Top)
Methionine- and Rsp5-dependent Mup1-GFP endocytosis. (Bottom) Mup1-GFP localization in WT and rsp5g747g Strains under
indicated conditions. (F) (Left) Schematic of Sna3-GFP endosomal trafficking to the vacuole, where GFP is cleaved. (Right)
Immunoblot analysis of Sna3-GFP in WT and rsp5g747¢ cells treated with NAB2.
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Fig. 3. NAB/Rsp5 network directly impacts rescue of a—syn toxicity
(A) Heat map of NAB2 dose-response in WT and modified a—syn strains. Rescue is relative to EC1gg for NAB2 in WT a-syn

cells. (B) a-syn-GFP localization in WT or rsp5g747g a-syn cells under indicated conditions. Inlaid values indicate “% of cells
with large a—syn foci” (mean +/- SD, N = 3). (C) Immunoblot of Cpy trafficking defect a—syn cells with DMSO or NAB2.
*,P<0.05 using one-way ANOVA. (D) Interaction network of a-syn and NAB2 genetic modifiers. a-syn nodes, purple; NAB2
nodes are color coded according to screen of origin (Fig. 2C). RSP5, UBP7, and UBP11 are larger because they both suppress
NAB?2 growth inhibition and enhance a—syn toxicity (4). Edges between nodes depict physical or genetic interactions. Thicker
lines indicate both genetic and physical interactions. Red edges link node interactions between a—syn and NAB2 networks.
Remaining a-syn edges are blue.

Science. Author manuscript; available in PMC 2014 November 22.



1duosnuep Joyiny |INHH

I
I
=
>
=
=3
=
<
o
5
c
@
Q
=
—+

1duosnue Joyiny |INHH

Tardiff et al. Page 11

+ Methionine

No Met

MERGE
P .

dekk Kok

-
o
o

% Mislocalized Mup1-GFP
A
o

3 0
g - - +NAB2
&
&
a-syn
B _NAB2 _ __+NAB2 D Core pathology Secondary pathology
3 50 sk ek NAB/Rsp5 l—l_l_ DS/Mito
& —» Endosomal : s ct'on.
2 Transport 1 > -
5 NAB/ ! 1
25 |
.g a-syn RSpE 1 DY
§ ER-Golgi : —
g Transport
2 o-syn NAB] |
— Sna3-GFP = - - +NAB2
o _Q
| GFP = &2

Fig. 4. NAB2 directly antagonizes a—syn-induced endosomal defects
(A) Methionine-stimulated Mup1-GFP endocytosis in WT or untagged a—syn strains with DMSO or NAB2. Pulse-labeling cells

with FM4-64 during the first hour of a—syn expression marked the vacuole. (B) Effects of a-syn on Sna3-GFP localization.
Immunoblot shows Sna3-GFP cleavage in response to a—syn and NAB. FM4-64 labeling as in (B). (C) Pulse-labeling of
FM4-64 of a-syn cells after 4 hours of expression in the presence or absence of NAB2. (D) Schematic of NAB2 mechanism in
antagonizing core and secondary a—syn pathologies.
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