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The capacity to polymerize into 
amyloid fibrils is common to many 

proteins. While some proteins naturally 
form these fibrils to serve functional 
roles, amyloid is usually associated with 
pathogenic processes in which specific 
proteins aberrantly aggregate within 
cells or tissues. Though the contribution 
of amyloid fibrils to actual disease patho-
genesis is not always clear, one possibility 
is that the titration of essential proteins 
from solution into aggregates contributes 
to the cellular degeneration common to 
many amyloid diseases. Using mamma-
lian and yeast model systems, we recently 
showed that the common biophysical 
properties of amyloid aggregates—
including strong resistance to dissolu-
tion—enable stringent purification and 
identification of both amyloid-forming 
and amyloid-associated proteins directly 
from cells. Strikingly, many proteins that 
were previously implicated in formation 
or clearance of intracellular aggregates, 
including several stress granule compo-
nents, were found to co-aggregate with 
amyloid formed by a polyglutamine-
expanded huntingtin fragment. This 
direct evaluation of proteins within 
aggregates can help identify new amy-
loid-forming proteins, as well as proteins 
that can indirectly contribute to disease 
mechanisms.

Introduction

Amyloid is a filamentous homo-poly-
meric protein aggregate with repetitive 
structural order, much like a one-dimen-
sional crystal.1 Its structure is based on 
the stacking of polypeptide chains that lie 
orthogonal to the long fibril axis, forming 

extended β sheets that run the length of 
the aggregate (cross-β structure). The 
extensive hydrogen bonding network and 
the face-to-face alignment of β sheets 
(steric zippers) result in robust structures 
that can exhibit a very high degree of 
resistance to detergents and proteases.2 
Moreover, individual fibrils can associate 
laterally to form large superstructures with 
low surface-to-volume ratios,3 thus further 
protecting the constitutive proteins from 
denaturants.

Several natural examples exist in 
which the structural properties of amy-
loid are harnessed for specific functions.4 
The quintessential example of a so-called 
beneficial amyloid is the bacterial protein 
CsgA, which assembles into very robust 
extracellular fibers that are a component 
of biofilms.5 Despite numerous reports 
of beneficial amyloid fibrils, amyloid 
continues to be more associated with 
pathogenic processes. This is especially 
due to the huge societal cost of amyloid 
diseases, which increase sharply in preva-
lence in older populations. Alzheimer 
disease, which features the accumulation 
of β-amyloid peptides in the brain, is the 
most notorious of the amyloid disorders, 
though dozens of other diseases are also 
linked to the accumulation of specific pro-
teins into similar aggregates.6

Conversion of a protein into patho-
logical amyloid is generally considered an 
aberrant stochastic event, but once estab-
lished, fibrils grow by template-driven 
addition at their ends, with high speci-
ficity for protein of identical amino-acid 
sequence. However, under rare circum-
stances, two proteins may co-polymerize 
within one fibril,7 usually in cases where 
the sequences of two proteins are closely 
related. Similarly, some amyloid fibrils 
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can “cross-seed,” i.e., potentiate the amy-
loid conversion of a different protein.8 
Consequentially, both co-polymerization 
and cross-seeding can result in protein 
inclusions that contain more than one 
aggregated species; in such cases, recog-
nizing the protein responsible for the pri-
mary aggregation event may be difficult. 
Also, the recruitment and mislocalization 
of secondary proteins to aggregates may 
have implications in disease mechanisms 
(Fig. 1).

Identifying new amyloid-forming and 
amyloid-associated proteins is of funda-
mental interest. However, because amy-
loid is a low-energy conformation that 
can be adopted by many different poly-
peptides of very different amino acid 
composition, predicting which proteins 
will form amyloid can be challenging. 
No particular protein sequence precisely 
determines if a protein will form amyloid 
in its native environment (excluding pro-
teins that form amyloid as part of their 
normal function), so it can be challenging 
to use bioinformatic approaches to predict 
amyloid-forming proteins, especially con-
sidering the many cellular and systemic 
conditions that ultimately influence a pro-
tein’s fate. Even very good bioinformatic 
strategies can have weaknesses, such as 
being limited to glutamine/asparagine-
rich proteins.9 We recently developed a 
new strategy that directly assays for the 
presence of aggregates that possess the 
archetypical properties of amyloid. The 
same biophysical properties that are prob-
lematic from a protein-quality control per-
spective—such as large size, resistance to 
dissolution and ability to self-propagate—
can be exploited for the isolation and iden-
tification of proteins within (or tightly 
attached to) amyloid aggregates. Here we 
overview a strategy we call TAPI (tech-
nique for amyloid protein identification10) 
and discuss its advantages and limitations 
for identifying amyloid-forming and amy-
loid-associating proteins.

Non-Targeted Identification  
of Yeast Prions Using TAPI

The yeast Saccharomyces cerevisiae 
naturally encodes at least 7 different 
intracellular proteins that can adopt 

self-propagating amyloid forms.11 These 
proteins are collectively known as prions 
(infectious proteins) because their amy-
loid conformations can be transmitted 
to other cells during cellular division or 
mating. The three best studied examples 
are: the [PSI+] prion formed by the Sup35 
protein, [URE3] formed by Ure2, and 
[RNQ+] formed by Rnq1. These prions 
have proven to be an excellent model for 
both amyloid and prion diseases11 since 
yeast cells can often harbor them with lit-
tle physiological detriment.12 Importantly, 
yeast prion aggregates, despite being 
formed by different proteins, share certain 
biophysical properties typical of amyloid. 
For example, the protein-protein interac-
tions within Sup35 prion aggregates have 
unusual resistance to protease digestion, 
urea, and sodium dodecyl sulfate (SDS).13-

16 While most proteins are denatured by 
2% SDS, especially at higher tempera-
tures, the integrity of Sup35 amyloid 

aggregates resist prolonged SDS treat-
ment, even under conditions where most 
yeast protein complexes are destroyed.10,16

With TAPI, we exploited this SDS-
resistance and also employed a novel 
method for separating the high molecular 
weight amyloid species from other protein 
complexes.10 Since low abundance and 
extreme heterogeneity of yeast prion amy-
loid precludes its separation by standard 
chromatography methods (our unpub-
lished observation), we separated and 
enriched aggregates by trapping them at 
the top of gradient acrylamide gels using 
standard SDS-PAGE, followed by elution 
under denaturing conditions.10 During 
electrophoresis, the migration of SDS-
coated aggregates is retarded, while solu-
bilized proteins will migrate further into 
the gel. After electrophoresis, the region 
containing the trapped high molecular 
weight SDS-resistant aggregates is excised 
and subjected to prolonged incubation 

Figure 1. cartoon representation of an isogenic pair of yeast cells. the cell on the right harbors an 
amyloid aggregate. tAPi (technique for amyloid purification and identification) couples a novel 
purification scheme with tandem mass spectrometry to identify proteins that form amyloid or are 
tightly associated with amyloid aggregates.
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with SDS at near-boiling temperatures. 
The eluted proteins are then concentrated, 
purified from salts and SDS, digested with 
specific proteases (Trypsin), and analyzed 
by tandem mass-spectrometry.

By comparing mass spectrometry 
results with negative controls (e.g., iso-
genic strains without amyloid aggregates), 
we successfully identified the three most-
studied yeast prions from both laboratory 
and wild strains, as well as aggregates 
formed by huntingtin exon 1 fragment 
(discussed below). The amyloid-forming 
proteins scored highly (i.e. many iden-
tifiable peptides by mass spectrometry) 
among all identified proteins, likely due 
to the abundance of peptides generated 
from amyloid polymer. An important 
advantage of this strategy is the abil-
ity to analyze amyloid material from a 
variety of sources with high stringency 
and specificity (Fig. 1). Only the largest, 
most resistant complexes survive the iso-
lation procedure, thus greatly reducing 
the number of irrelevant hits. Moreover, 
this approach is non-targeted, requiring 
no specific antibodies. Neither does it 
require subjective comparisons between 
stained gels, accompanied by individual 
gel-band dissection and analysis. A limita-
tion of TAPI is its bias for aggregates with 
specific properties: aggregates should be 
high molecular weight and resistant (at 
least partially) to detergent treatment. For 
example, amyloid oligomers may escape 
detection if they fall below a certain size 
threshold and migrate further into the gel. 
Likewise, not all amyloid fibrils exhibit 
the same degree of resistance to chaotropic 
agents, thus SDS-sensitive aggregates will 
also escape identification.

Application of TAPI for New 
Amyloid Discovery

The discovery of new fungal prions 
was our initial impetus for developing 
a non-targeted method for identifica-
tion of amyloid-forming proteins. Our 
methodology is well suited to expand the 
study of prion/amyloid-based epigenetics 
beyond laboratory strains of S. cerevisiae. 
Prions are unique epigenetic phenom-
ena because the activity levels of prion 
proteins switch with their physical state; 
two genetically-identical cells can differ 

phenotypically depending on the status of 
any given prion protein. With the excep-
tion of mammalian prion protein and the  
[Het-s] prion of Podospora anserina,17 the 
ubiquity of prions in other organisms 
remains unknown. Despite some limita-
tions (see next paragraph), TAPI offers an 
unbiased amyloid identification strategy for 
less tractable organisms. Several intriguing  
non-Mendelian phenomena have been 
described in fungi, including phenotypic 
switching and dimorphism.18,19 It would 
be attractive to test whether amyloid-
based prion mechanisms underlie some of 
these observed phenotypes.

In the case of known amyloid-forming 
proteins, the effectiveness of TAPI can 
be verified by standard immuno-blotting 
of trapped protein species using specific 
antibodies prior to mass spectrometry 
analysis. However, in the pursuit of dis-
covering novel amyloid proteins, specific 
antibodies are not an option, and amyloid 
enrichment conditions cannot be easily 
optimized. Therefore, TAPI may deliver 
many potential candidates. This is par-
tially due to the inherent complexity of 
mass spectrometry, but proper negative 
controls will help eliminate contaminant 
species that are frequently present in 
SDS-resistant fractions. Negative controls 
might include cells or organisms treated 
with prion-eliminating agents, or simply 
isogenic organisms with distinct pheno-
types. By repeating control samples sev-
eral times, a reliable list of contaminant 
proteins can be generated, which enables 
stringent discrimination when analyzing 
potential amyloid-containing samples. 
However, amyloid-forming proteins could 
escape identification if they are only in a 
minority of the sample population—due 
to inherent instability of some amyloid-
based prions—or for reasons previously 
discussed. Once strong candidate proteins 
are identified, established secondary assays 
are necessary to determine if the proteins 
are indeed forming amyloid in vivo. Such 
assays generally involve monitoring a pro-
tein for a transition into a high molecular-
weight species with distinct biophysical 
properties.20 Examples include sedimenta-
tion analysis, semi-denaturing detergent 
agarose electrophoreses (SDD-AGE), 
fluorescence microscopy localization, and 
filter-retardation assays. The capacity of 

a candidate protein to form amyloid can 
also be determined in vitro with recombi-
nant protein.

Wild cerevisiae strains may possess 
uncharacterized amyloid-based prions that 
are responsible for inherited phenotypic 
variations.21 Using TAPI, we evaluated a 
portion (about 10 strains; published10 and 
unpublished results) from a large collec-
tion of wild yeast strains that was reported 
to likely contain unknown prions21 (based 
on the observation that some strains devel-
oped new phenotypes following exposure 
to guanidine hydrochloride, a compound 
that inhibits the passage of prion amyloid 
to progeny cells). We found the published 
phenotypic differences to be very subtle or 
below detection limits. Furthermore, of 
the stains we analyzed by TAPI, we did 
not identify promising candidates that 
were unique to those strains while absent 
from control strains. We cannot exclude 
the possibility of prions existing in these 
tested strains because they could possess 
non-classical properties (SDS-sensitivity, 
non-amyloid-based, hyper-instability), 
and thus escape detection. Nevertheless 
we have identified ~10–15 proteins that 
are consistently present in SDS-resistant 
fractions prepared from several unre-
lated yeast strains10 (and our unpublished 
results). It would be interesting to know 
if these proteins are forming intracellular 
amyloid, and if the formation of stable 
structural assemblies is important for 
their biological functions. For example, 
the protein Ygr130c was identified from 
several strains. This protein contains 
extended intrinsically disordered regions 
and is part of the eisosome,22 a very large 
hetero-complex at the plasma membrane 
that facilitates endocytosis.23 Conceivably, 
Ygr130c—and other proteins that  
form macromolecular structures—could 
employ amyloid-like interactions for self-
assembly or scaffolding.

There has been controversy about 
whether or not prions may provide a util-
ity for yeast cells.24 It was proposed that 
the presence of prions, being mildly toxic 
under normal growth conditions, can pro-
vide benefits to cells during various stresses. 
In particular, rapid and reversible prion 
conversion might serve as an evolution-
ary mechanism that promotes short-term 
survival under fluctuating environmental 
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conditions.25,26 Prion induction under 
stress would be promoted by increased 
protein misfolding and decreased protein 
quality-control efficiency, or by increased 
expression of chaperones that facilitate 
prion conversion.27 Utilizing this mecha-
nism, cells could temporarily alter their 
functional proteome without underly-
ing genomic changes. In support of this 
hypothesis, it was reported that severe stress 
conditions increased the rate of de novo 
[PSI+] generation,25 although we could not 
independently confirm this observation.28 
If this hypothesis is true, prions should arise 
and be stabilized under stress conditions. 
TAPI offers an opportunity to test whether 
yeast strains subjected to selective pressures 
could generate specific SDS-resistant pro-
tein profiles. Established secondary assays 
could then be used for the validation of 
prion/amyloid-forming candidates.

Potential for Structural 
Characterization of Natural 

Amyloid Fibrils

One surprising observation during the 
development of the TAPI approach was 
the large amount of pure Sup35 amyloid 
that could be isolated from [PSI+] cells. 
After elution under denaturing conditions, 
the amyloid preparation from [PSI+] cells 
yielded almost exclusively Sup35 protein.10 

We calculated that milligram quantities 
of amyloid were extractable from a few 
liters of culture. This material could be 
used for direct structural characterization, 
eliminating the need to produce amyloid 
from recombinant protein, since in vitro 
preparation of fibrils tends to give mor-
phologically heterogeneous mixtures with 
unknown resemblance to in vivo species. 
Thus far, solid-state NMR has proven an 
exceptional method for studying the struc-
ture of recombinant isotope-labeled yeast 
prion amyloid.29 Similar regimens used for 
isotope labeling in bacterial culture can be 
applied to yeast cells, followed by the TAPI 
isolation protocol to produce ex vivo amy-
loid samples for solid-state NMR studies.

Isolation and Identification  
of Proteins Strongly Associated 

with Human Amyloids

In addition to new amyloid identifi-
cation, perhaps the greatest potential of 
TAPI lies in discovery or confirmation 
of amyloid-associated proteins. Our pre-
liminary results suggest we can identify 
proteins that are uniquely recruited to 
specific types of protein aggregates. We 
first observed this with Sis1—a protein 
known to interact with the Rnq1 prion 
protein30,31—when we identified it with 
Rnq1 from [PIN+] cells using TAPI.10 
While the interaction between Sis1 and 
Rnq1 may be particularly strong, other 
amyloid-interacting proteins may have 
weaker affinities. Also, co-polymerized/
co-aggregated species might be present 
in lower concentrations. Therefore, opti-
mization must be considered when work-
ing with a model amyloid. Stringency of 
the detergent treatment (detergent type 
and concentration) during TAPI may be 
adjusted to provide some flexibility for less 
tightly-associated proteins.

Co-aggregating species were identi-
fied by TAPI from yeast cells expressing 
HttQ103-GFP, a model protein that con-
tains exon 1 of human huntingtin protein 
with an expanded polyglutamine tract. 
This protein readily forms amyloid dur-
ing both yeast and mammalian expression 
with properties that resemble yeast prion 
aggregates, particularly SDS resistance. 
We identified a specific set of proteins 
present in the SDS-resistant fractions from 
cells expressing HttQ103-GFP, but not in 
control cells.10 Interestingly, we found the 
stress-granule protein Pub1 was tightly 
associated with polyglutamine aggregates. 
Further analysis by fluorescence micros-
copy found that some yeast stress granule 
proteins were specifically recruited to poly-
glutamine aggregates, while others were 
not. Aberrant recruitment of certain stress 
granule components to aggregates may dis-
turb RNA homeostasis and contribute to 
the pathological cellular mechanisms that 
underlie Huntington disease.32 As a contin-
uation of this work, we recently completed 
a comprehensive comparison of proteins 
associated specifically with HttQ74-GFP 
amyloid isolated from mammalian PC12 
cells (undifferentiated cells of neuronal 
origin). We found four cellular pathways 
to be overrepresented in the results (pub-
lished10 and unpublished results): RNA 
processing, intracellular trafficking, 

mitochondrial and protein quality control. 
Intriguingly, specific amyotrophic lateral 
sclerosis (ALS)-associated proteins (FUS 
and TDP-43) were also found by TAPI to 
co-aggregate with polyglutamine. Overall, 
we observed a reduced total number of hits 
compared with other published studies,32,33 
while also identifying several proteins that 
were not previously known to interact with 
polyglutamine aggregates, including other 
ALS-linked proteins (unpublished data).

We are confident about the quality and 
stringency of initial TAPI data sets. The 
method was developed to achieve mass 
spectrometry results without rigorous dif-
ferential band staining or band excision. 
Further, extensive detergent treatment and 
filtration of high molecular weight species 
ensures survival of only the strongest inter-
actors. As a result, we achieve a tight group 
of candidates that simplifies subsequent 
data analysis by reducing the burden of 
validating several hundred hits. We suggest 
that some of the identified co-aggregated 
proteins, observed in mammalian cells, 
may contribute to Huntington disease 
pathology, similar to the observed recruit-
ment of glutamine-rich transcriptional fac-
tors to polyglutamine aggregates.34,35

A further direction for these studies 
is to analyze different types of amyloid 
aggregates, either extracellular or intracel-
lular, from various cell and tissue sources. 
Comparative proteomic profiles gener-
ated by TAPI can show which proteins are 
commonly recruited to aggregates across 
several disease models, and which are 
unique to specific types of aggregates. This 
approach can identify cellular machinery 
that is typically involved in amyloid forma-
tion or clearance. Validation of interesting 
candidates may help elucidate pathologi-
cal mechanisms, or conversely, identify 
specific factors involved in elimination 
of aggregates. Ultimately, the unbiased 
nature of TAPI lends itself to studying 
many disorders and phenomena associ-
ated with protein aggregation and amyloid 
formation.
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