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the identified proteins are cell wall components, suggesting 
that amyloids may play important roles in the formation of 
this extracellular protective sheath. Two proteins identified 
in our screen, Gas1 and Ygp1, involved in biogenesis of the 
yeast cell wall, were selected for detailed analysis of amy-
loid properties. We show that Gas1 and Ygp1 demonstrate 
amyloid properties both in vivo in yeast cells and using the 
bacteria-based system C-DAG. Taken together, our data 
show that this proteomic approach is very useful for identi-
fication of novel amyloids.

Keywords  Amyloid · Prion · Yeast · Proteomic screen · 
Gas1 · Ygp1

Introduction

Amyloids are protein fibrils that are composed of stacked 
monomers stabilized by intermolecular β-sheets arranged 
perpendicular to the fibril axis. Functional and pathologi-
cal amyloids are presented in a broad range of organisms, 
from archaea and bacteria to mammals. Increased levels of 
expression or secretion of some proteins as well as specific 
mutations lead to more than 30 human amyloid-associated 
disorders (Sipe et al. 2012; Sarto-Jackson and Tomaska 
2016). Some amyloids called “prions” are infectious and 
can be transmitted between organisms of the same or, in 
some cases, different species. Prion fibrils are fragmented 
into small oligomers that are infectious and incorporate new 
monomers, thus growing into the full-size fibrils that are 
fragmented again providing repeating cycles of prion repli-
cation (Kushnirov and Ter-Avanesyan 1998; Chernoff and 
Kiktev 2016). Formation of prion fibrils causes infectious 
neurodegenerative diseases in mammals (Prusiner 1982) 
and protein-based heritable traits in microorganisms such as 
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Saccharomyces cerevisiae (Wickner 1994). The aggregation-
prone conformational states of prion proteins are inherited 
in yeast, since prion aggregates are replicated and passed 
from mother to daughter cells. Prion conversion, like a muta-
tion, may not only lead to protein inactivation but also to 
the acquisition of novel functions with specific phenotypic 
manifestations (Chernoff 2001).

Some proteins form functional amyloid fibrils in physi-
ological conditions. For instance, spider webs and silkworm 
silk thread consist of amyloid fibrils of spidroin and fibroin 
proteins, respectively (Kenney et al. 2002; Humenik et al. 
2015). Functional amyloids in bacteria contribute to biofilm 
development and can generate toxic oligomers that cause 
damage to lipid membranes (Schwartz and Boles 2013). 
A repeat domain of human Pmel17 protein forms fibrils 
that are essential for melanin deposition and synthesis in 
pigment-specific cells (Fowler et al. 2006). Fibrils of Bgl2 
stabilize the cell wall of Saccharomyces cerevisiae (Bez-
sonov et al. 2013). It is likely that the yeast cell wall may 
contain an ensemble of proteins in amyloid state participat-
ing in the maintenance of its structure. Despite extensive 
study, our knowledge of the prevalence of amyloids in living 
organisms is very fragmentary. The progress in the discovery 
of novel amyloids can be provided by recently developed 
methods of proteomic screening for amyloid-forming pro-
teins (Kryndushkin et al. 2013; Nizhnikov et al. 2014, 2016). 
All of these methods are based on the universal feature of 
amyloids to form detergent-resistant aggregates. The SDS-
resistant aggregates can be separated from other proteins and 
identified by mass spectrometry. Two similar methods, TAPI 
(Kryndushkin et al. 2013) and PSIA (Nizhnikov et al. 2014), 
include the step of protein extraction from the gel. New gel-
free modification of PSIA named PSIA–LC–MALDI is 
much more sensitive and allows to reveal even minor pro-
teins forming SDS-resistant aggregates (Nizhnikov et al. 
2016). Here, we applied this method to identify yeast pro-
teins which form amyloid-like detergent-resistant aggregates 
in different yeast strains under native conditions. Based on 
the results of this proteomic screening, we compiled a list 
of the candidates for amyloid proteins in the yeast proteome. 
We have shown that two of these proteins, Gas1 and Ygp1, 
that participate in the maintenance of the cell wall form amy-
loid aggregates in yeast cells and in the bacterial C-DAG 
system.

Materials and methods

Yeast and bacterial strains

Strains of S. cerevisiae used in this work are listed in 
Table 1. The strains have different origin and prion status. 
GT409 strain is a derivative of the GT81-1C strain that was 
cured of [PSI+] and [PIN+] by guanidine hydrochloride.

To test the amyloid properties of Ygp1 and Gas1 pro-
teins in the bacterial expression system C-DAG (curli-
dependent amyloid generator), we used the Escherichia coli 
strain VS39 (F−, [araD139]B/r, Δ(argF-lac)169, λ−, e14−, 
flhD5301, Δ(fruK-yeiR)725 (fruA25), relA1, rpsL150 (strR), 
rbsR22, Δ(fimBfimE)632(::IS1), deoC1 and Δ(csgBAC)
(::kanR)) kindly provided by A. Hochschild. This strain is 
a derivative of the strain MC4100 carrying deletions of the 
curli-encoding genes, csgA, csgB, and csgC, generated by 
gene replacement with the neo gene providing resistance 
to kanamycin. VS39 contains a pACYC-derived pVS76 
plasmid that directs the synthesis of the outer-membrane 
curli protein, CsgG, under the control of the IPTG-inducible 
lacUV5 promoter and carries the cat gene providing resist-
ance to chloramphenicol (Sivanathan and Hochschild 2012).

Plasmids

The plasmids YGPM32106 and YGPM4h01 from the yeast 
genomic tiling library YSC4613 (Open Biosystems, USA) 
containing YGP1 and GAS1 genes, respectively, were used 
for PCR amplification of these genes and their fragments.

The pRS316-based plasmid pU-CUP1-YFP (Antonets 
et al. 2016) was used as a vector for obtaining plasmids with 
the hybrid YGP1-YFP and GAS1-YFP genes.

The plasmid pYGP1-YFP contains the chimeric YGP1-
YFP gene under the PYGP1 promoter. To construct this 
plasmid, PCR-generated PYGP1-YGP1 fragment, amplified 
using the primers ForPromYgp1 and RevYgp1 (Table 2), 
was digested with SalI and BamHI and inserted into the 
SalI–BamHI digested pU-CUP1-YFP plasmid.

pGAS1-YFP plasmid contains chimeric GAS1-YFP gene 
that encodes the fragment of Gas1 protein (a/a 1–486) fused 
to YFP, under the PGAS1 promoter. To construct this plasmid, 
PGAS1-GAS1 fragment, PCR-generated using the primers 
ForPromGAS1 and RevGAS1, was digested with HindIII 

Table 1   Strains of S. cerevisiae  Strain Genotype and prion status Source

GT409 MATa ade1-14 his3 leu2 lys2 trp1 ura3 [psi−] [pin−] Allen et al. (2005)
DC5 MATa leu2-3,112 his3-11,15 can1-11 [psi−] [pin−] Broach et al. (1979)
GT81-1C MATa ade1-14 his3 leu2 lys2 trp1 ura3 [PSI+] [PIN+] Chernoff et al. (1999)
BY4742 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 [psi−] [PIN+] Open Biosystems (USA)
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and BamHI and inserted into the HindIII and BamHI-
digested pU-CUP1-YFP plasmid.

The plasmids pExport (pVS72) and pVS105 (Sivana-
than and Hochschild 2013) were kindly provided by A. 
Hochshild. These plasmids contain chimeric genes encoding 
the signal sequence of CsgA protein fused to the M-domain 
(pVS105) or NM-domain (pVS72) of the Sup35 protein of 
S. cerevisiae, under the BAD promoter induced by arabinose. 
The plasmid pVS72 was used as a vector for cloning the 
selected fragments of YGP1 and GAS1 genes.

The plasmids pVS-YGP172 and pVS-GAS1C contain 
chimeric genes encoding CsgA signal sequence fused to 
Ygp1(72–354) and Gas1(291–487) fragments, correspond-
ingly, under the BAD promoter. To obtain these plasmids, 
the fragments of YGP1 and GAS1 genes generated by PCR 
with the pairs of primers YGP1F (72) and YGP1R (354), and 
GAS1F (291) and GAS1R (487), respectively, were digested 
with NotI and XbaI and substituted for the XbaI-NotI frag-
ment containing the SUP35NM in the pVS72 plasmid.

Proteomic screening and identification of proteins 
forming amyloid‑like aggregates

Screening of the S. cerevisiae proteome for poten-
tial amyloid-forming proteins was performed using 
PSIA–LC–MALDI approach (PSIA/Liquid chromatography 
coupled with mass spectrometry) described recently (Nizh-
nikov et al. 2016). This method consists of (1) the previ-
ously described procedure of isolation of detergent-resistant 
protein fractions (Nizhnikov et al. 2014), followed by (2) 
solubilization of proteins with formic acid and by boiling in 
SDS-PAGE loading buffer, (3) purification of proteins from 
detergent, trypsinolysis and (4) separation of tryptic peptides 
by high-performance liquid chromatography coupled with 
matrix-assisted laser desorption/ionization mass spectrom-
etry (LC-MALDI).

Protein analysis

Preparation of protein lysates was performed as described 
previously (Newnam et al. 1999). Semi-denaturing detergent 

agarose gel electrophoresis (SDD-AGE) (Kryndushkin et al. 
2003; Bagriantsev et al. 2006) was performed using 1% aga-
rose gel. Before loading onto a gel, protein extracts were 
treated for 10 min with 1% SDS at room temperature. Then, 
the extract was subjected to SDD-AGE and transferred onto 
Immobilon-P PVDF membrane (GE Healthcare, USA). Pro-
teins fused with YFP were reacted with polyclonal chicken 
primary antibodies against GFP (ab13970) (Abcam, Great 
Britain). Reactions with the secondary antibodies and 
chemiluminescent detection were performed using the 
Amersham ECL Prime Western Blotting Detection Reagent 
kit (GE Healthcare, USA).

Fluorescent microscopy

Fluorescent assay for YFP fusion proteins was performed 
with Leica DM6000B microscope (Leica Microsystems 
GmBH, Germany) and “Leica QWin standart V. 3.2.0.” 
software. The fluorescence was analyzed using YFP cube 
(Leica Microsystems GmBH, Germany) equipped with 535-
nm barrier and 500-nm excitation filters.

Analysis of amyloid fibril formation 
in the bacteria‑based system C‑DAG

All the tests to verify the amyloid properties of Gas1 and 
Ygp1 proteins using bacterial expression system C-DAG 
(curli-dependent amyloid generator) were performed as 
described earlier (Sivanathan and Hochschild 2012, 2013). 
E. coli strain VS39 was transformed with the plasmids pVS-
YGP72 and pVS-GAS1C, encoding the Ygp1(72–354)-and 
Gas1(291–487) fragments fused to CsgA signal sequence. 
VS39 transformants with pVS72 and pVS105 encoding 
the CsgASS-Sup35NM and CsgASS-Sup35M proteins were 
used as positive and negative controls of amyloid generation, 
respectively. To perform the tests for colony color phenotype 
and CR birefringence, spots of the transformants were grown 
for 5 days at 22 °C on the inducing medium with Congo 
Red (LB supplemented with 100 mg/l ampicillin, 25 mg/l 
chloramphenicol, 0.2% w/v L-arabinose, 1 mM IPTG and 
10 mg/l Congo Red). To perform CR birefringence analysis, 

Table 2   Primers used in this 
study

Primer Sequence 5′–3′

ForPromYGP1 CTA​AGT​CGA​CAA​TAG​TTT​ACC​CTT​TAC​GAA​TCG
RevYGP1 ATT​AGG​ATC​CTC​ATG​GGA​AAA​TGC​TTT​CCA​GAG
ForPromGAS1 TGC​ATA​AGC​TTT​TCG​AAG​GAA​TCT​TCC​AAC​CT
RevGAS1 GAA​TGG​ATC​CAT​CAA​CAC​TAC​CTG​ATG​CAG​A
GAS1F (291) TAT​GCG​GCC​GCA​GGT​ATC​GTA​TAC​ATG​TAC​TTCGA
GAS1R (487) CGC​CTC​TAG​ATT​AAG​TTC​CGG​AAC​CCA​AAT​C
YGP1F (72) AAT​GCG​GCC​GCA​CAA​TTA​CAA​ATC​ATT​GTA​ACA​GGT​
YGP1R (354) GGG​CTC​TAG​ATT​ATG​GGA​AAA​TGC​TTTC



472	 Curr Genet (2018) 64:469–478

1 3

suspensions of the cells grown on CR-containing medium 
were spotted on a glass slide and analyzed between cross 
polarizers on the inverted microscope Leica DMI6000 B 
fitted with cross polarizers. Images were acquired using the 
Leica Application Suite software. To perform transmission 
electron microscopy analysis, spots of the transformants 
were grown for 5 days at 22 °C on the inducing medium 
without Congo Red (LB supplemented with 100 mg/l ampi-
cillin, 25 mg/l chloramphenicol, 0.2% w/v L-arabinose and 
1 mM IPTG). Cell suspensions were then analyzed on the 
transmission electron microscope Jeol JEM-2100 (“JEOL 
Ltd”, Japan).

Results

Proteomic screening for proteins forming 
detergent‑resistant aggregates in yeast

To identify the proteins forming amyloid-like SDS-resistant 
aggregates in yeast, we used the strains of different origin 
GT81-1C [PSI+][PIN+], BY4742 [psi−][PIN+], GT409 

[psi−] [pin−] and DC5 [psi−][pin−]. The isolation of the frac-
tion containing the proteins forming SDS-resistant aggre-
gates was performed as described earlier (Nizhnikov et al. 
2014; see also “Materials and methods”). The proteins pre-
sented in this fraction were solubilized, treated with trypsin, 
separated by HPLC and identified by mass spectrometry 
(Nizhnikov et al. 2016).

Thirty-three proteins identified in each strain with the 
highest score (see Table S1–S4) were selected for further 
analysis. The lists of proteins revealed in all strains were 
very similar. Proteins identified by mass spectrometry 
in all four analyzed strains are presented in Table 3. We 
identified Rnq1 protein in both BY4742 [psi−][PIN+] and 
GT81-1C [PSI+][PIN+] strains and Sup35 protein in the 
GT81-1C [PSI+][PIN+] strain (Table 3). Identification of 
Pub1 in [PSI+] strain and Sis1 in both [psi−][PIN+] and 
[PSI+][PIN+] strains is fully consistent with previously 
obtained results, according to which the Pub1 protein 
forms aggregates in the presence of prion polymers of 
Sup35 (Urakov et al. 2010), whereas Sis1 coaggregates 
with different Q/N-rich amyloids (Bardill et  al. 2009; 
Kryndushkin et al. 2013; Saarikangas and Barral 2016; 

Table 3   The proteins forming SDS-resistant aggregates in Saccharomyces cerevisiae 

Proteins forming 
SDS-resistant aggre-
gates

Strains Protein function and location

GT409 
[psi−] 
[pin−]

DC5 [psi−]
[pin−]

GT81-
1C 
[PSI+]
[PIN+]

BY4742
[psi−] [PIN+]

Bgl2 + + + + Endo-beta-1,3-glucanase; major protein of the cell wall
Gas1 + + + + Beta-1,3-glucanosyltransferase; cell wall, nuclear periphery, plasma 

membrane
Toh1 + + + + GPI-anchored cell wall protein of unknown function; endoplasmic 

reticulum, mitochondrion, plasma membrane
Gas5 + + + + Beta-1,3-glucanosyltransferase; cell wall, endoplasmic reticulum, 

plasma membrane
Gas3 + + + + Putative beta-1,3-glucanosyltransferase; cell wall, plasma membrane, 

vacuole
Ygp1 + + + + Cell wall-related secretory glycoprotein
Rim1 + + + + Mitochondrion ssDNA-binding protein
Ape1 + + + + Vacuolar zinc metalloproteinase; vacuole, cytoplasm
Nop1 + + + + Histone glutamine methyltransferase; nucleus
Nsr1 + + + + Nucleolar protein that binds nuclear localization sequences; nucleus, 

ribosome
Ape4 + + + + Cytoplasmic aspartyl aminopeptidase with possible vacuole function; 

vacuole, cytoplasm
Tef1 + + + + Translational elongation factor EF-1 alpha; cytoplasm
Nop58 + + + + Protein involved in producing mature rRNAs and snoRNAs; nucleo-

lus, ribosome
Sup35 − − + − Translation termination factor eRF3; cytoplasm
Rnq1 − − + + Protein of unknown function; cytoplasm
Sis1 − − + + Type II HSP40 co-chaperone; shuttles between cytosol and nucleus
Pub1 − − + − Poly (A)+ RNA-binding protein; cytoplasm
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Park et al. 2017). Importantly, the Bgl2 protein that is a 
functional yeast amyloid (Kalebina et al. 2008) was identi-
fied in all the strains analyzed (Table 3).

The list of proteins forming SDS-resistant aggregates in 
different yeast strains includes six cell wall proteins (Bgl2, 
Toh1, Ygp1, Gas1, Gas3, and Gas5), four RNA-binding 
proteins (Nop58, Nsr1, Nop1 and Tef1), the ssDNA bind-
ing protein Rim1, and also the vacuolar proteins Ape1 and 
Ape4. Note, all these proteins, except for Sup35 and Rnq1, 
form SDS-resistant aggregates in all the strains analyzed 
and do not exhibit prion-like conformational changes.

To determine whether the identified proteins are bona 
fide amyloids, analysis of their characteristics in vivo and 
in vitro is required. The ability of the cell wall proteins 
Gas1 and Ygp1 to form SDS-resistant aggregates in vivo 
and without overproduction has been shown previously 
(Nizhnikov et al. 2016). Moreover, Gas1 is functionally 
related to the Bgl2 amyloid-forming protein (Plotnikova 
et al. 2006). Only simultaneous deletions of the genes 
encoding Gas1 and Bgl2 cause significant impairment of 
the cell wall structure (Plotnikova et al. 2006). Ygp1 pro-
duction is enhanced in the response to the cell wall damage 
(Brennan et al. 2013), and this protein may be involved 
in biofilm formation (Vandenbosch et al. 2013; Moreno-
García et al. 2017). Based on these data, we selected Gas1 
and Ygp1 proteins as the most promising candidates for 
amyloid-forming proteins.

The amyloid properties of the Gas1 and Ygp1 proteins 
in yeast cells

To verify that the Gas1 and Ygp1 proteins demonstrate 
amyloid properties in yeast cells, we constructed centro-
meric plasmids carrying the chimeric genes GAS1-YFP and 
YGP1-YFP under control of the GAS1 and YGP1 promoter, 
respectively. The BY4742 strain was transformed by these 
plasmids (see “Materials and methods”) and transformants 
were selected on the selective medium. Both Gas1-YFP and 
Ygp1-YFP proteins formed visible fluorescent aggregates 
(Fig. 1a) in about 38 and 47% of the cells, respectively. The 
Gas1-YFP protein typically forms from five to ten fluores-
cent granules per cell, whereas most cells producing the 
Ygp1-YFP protein contain only one visible aggregate.

Next, we analyzed Gas1-YFP and Ygp1-YFP aggregation 
in the BY4742 strain using the semi-denaturing detergent 
agarose gel electrophoresis (SDD-AGE) assay (see “Materi-
als and methods”). The BY4742 strain was also transformed 
by he pU-CUP1-YFP plasmid encoding the monomeric YFP 
protein for control. Both Gas1-YFP and Ygp1-YFP formed 
SDS-resistant aggregates in yeast cells (Fig. 1b), while the 
control protein YFP was detected in the monomeric frac-
tion only.

Analysis of the amyloid properties of the Gas1 
and Ygp1 proteins in the bacterial expression system 
C‑DAG

To verify the amyloid properties of Gas1 and Ygp1 pro-
teins, we used the bacterial export system for generating 
extracellular amyloid aggregates, which has been described 
recently (Sivanathan and Hochschild 2012, 2013). This sys-
tem called the Curli-dependent amyloid generator (C-DAG) 
relies on the ability of E. coli cells to generate surface-
associated amyloid fibrils (curli) composed of the CsgA 
and CsgB proteins. These proteins contain the N-terminal 
bipartite signal sequence (CsgASS) that directs them to the 
cell surface through the general Sec translocon and curli-
specific pore-like structure in the outer membrane formed 
by the CsgG protein (Chapman et al. 2002; Robinson et al. 
2006). Joining of the CsgASS fragment to the heterologous 
amyloidogenic proteins similarly directs their export to the 
cell surface where they form amyloid fibrils. The C-DAG 
approach represents a convenient cell-based alternative to 
the widely used in vitro methods for the study of protein’s 
amyloid properties, because it does not require purification 
of the protein of interest in soluble form, nor optimization of 
conditions for amyloid fibril assembly in vitro. Extracellular 
amyloids that are formed when using C-DAG can be easily 
detected in vivo using a colony color assay and studied by 
diverse methods including CR birefringence analysis and 
transmission electron microscopy.

Taking into consideration that C-DAG is used for the 
study of fragments 150–250 amino acid residues long, we 

Fig. 1   Gas1-YFP and Ygp1-YFP proteins form detergent-resistant 
aggregates in yeast cells. a Localization of Gas1-YFP and Ygp1-YFP 
aggregates in yeast cells. Transformants bearing the plasmids encod-
ing Gas1-YFP and Ygp1-YFP were grown on -Ura selective media 
for 48 h prior to fluorescence microscopy. Transformants containing 
the control pU-CUP1-YFP plasmid were incubated on -Ura selec-
tive media supplemented with 150 µM CuSO4. b SDD-AGE of pro-
tein lysates extracted from BY4742 cells expressing the proteins YFP 
(lines 1 and 3), Gas1-YFP (line 2) and Ygp1-YFP (line 4). Protein 
lysates were treated with 1% SDS at room temperature. The SDS-
resistant aggregates of Gas1-YFP and Ygp1-YFP and monomers 
of YFP were detected using monoclonal rabbit primary antibod-
ies ab32146 (Abcam, Great Britain) and the Amersham ECL Prime 
Western Blotting Detection Reagent kit (GE Healthcare, USA)
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constructed plasmids encoding almost all of the Ygp1 pro-
tein (residues 72–354) and central region of Gas1 protein 
(291–487). Both of these fragments contain the amyloido-
genic sequences predicted by “Amylpred” (Table S5) (Tsolis 
et al. 2013). We studied the amyloid properties of chimeric 
proteins CsgASS-Ygp1(72–354) and CsgASS-Gas1(291–487) 
in the E.coli VS39 strain transformed with the plasmids pVS-
YGP172 and pVS-GAS1C, respectively. As positive and 
negative controls for amyloid aggregation, we used VS39 
transformants with pVS72 and pVS105 plasmids providing 
the expression of CsgASS-Sup35NM and CsgASS-Sup35M 
proteins, respectively. Firstly, we performed colony color 
phenotype tests and showed that expression of both 
CsgASS-Ygp1(72–354) and CsgASS-Gas1(291–487) resulted 
in red colonies of transformants on inducing medium con-
taining Congo Red, although it was not as intense as in trans-
formants expressing CsgASS-Sup35NM. The transformants 

with the pVS105 plasmid expressing CsgASS-Sup35M pro-
tein were pale on this medium (Fig. 2a). These data suggest 
that the CsgASS-Ygp1(72–354) and CsgASS-Gas1(291–487) 
proteins probably assemble into extracellular amyloid fibrils, 
which results in the red color of colonies due to Congo Red 
binding. To confirm this, we performed the test for CR bire-
fringence by polarization microscopy as well as transmission 
electron microscopy of the transformants.

Using polarization microscopy, we showed that the 
CsgASS-Ygp1(72–354), CsgASS-Gas1(291–487), and 
CsgASS-Sup35NM proteins, but not CsgASS-Sup35M, 
bind Congo Red and manifest “apple-green” bire-
fringence when examined between crossed polarizers 
(Fig.  2b). This property is characteristic of amyloid 
fibrils (Teng and Eisenberg 2009). Furthermore, we per-
formed transmission electron microscopy analysis of the 
cell suspension of transformants scraped from inducing 

Fig. 2   Analysis of the amyloid properties of the CsgAss-Gas1 
(291–487), CsgAss-Ygp1 (72–385), CsgAss-Sup35NM and CsgAss-
Sup35M proteins in the bacterial system C-DAG. a Colony color 
assay of the cells when plated on agar containing CR. b Micro-
graphs of CsgAss-Gas1 (291–487), CsgAss-Ygp1 (72–385), CsgAss-
Sup35NM and CsgAss-Sup35M scraped cell samples harvested 

from CR-containing agar. Extracellular material binds CR (left) and 
displays apple-green birefringence when viewed between crossed 
polarizers (right). The cultures producing the CsgAss-Sup35NM and 
CsgAss-Sup35M proteins were taken as positive and negative control, 
respectively
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medium. The analysis revealed extracellular fibrils of 
the CsgASS-Ygp1(72–354), CsgASS-Gas1(291–487), and 
CsgASS-Sup35NM proteins, but not of the negative con-
trol protein CsgASS-Sup35M (Fig. 3).

Taken together, these data show that Ygp1 and Gas1 
proteins possess amyloid properties in yeast cells, and 
their fragments form amyloid fibrils in the bacterial-based 
system C-DAG.

Discussion

Novel proteomic approaches open promising opportunities 
for identification of the landscapes of amyloids in different 
organisms. Here, using the PSIA–LC–MALDI proteomic 
approach, we identified proteins that form SDS-resistant 
aggregates in yeast and may thus be considered as candi-
dates for amyloid-forming proteins. Comparative analysis 
was performed in four yeast strains of different origins. 
One of these strains, BY4742, contained prion [PIN+], 
while another strain GT81-1C had two prions, [PSI+] and 

Fig. 3   Electron micrographs of amyloid fibrils formed by secreted CsgAss-Gas1 (291–487), CsgAss-YGP1 (72–385) and CsgAss-Sup35NM 
proteins
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[PIN+]. As expected, the Rnq1 protein was detected in the 
SDS-resistant fractions of both BY4742 [psi−][PIN+] and 
GT81-1C [PSI+][PIN+] strains, whereas the Sup35 protein 
was identified only in the GT81-1C [PSI+][PIN+] strain. 
Moreover, the Sis1 chaperone that binds to Q/N rich prion 
polymers (Bardill et al. 2009; Park et al. 2017) was detected 
only in the BY4742 [psi−][PIN+] and GT81-1C [PSI+]
[PIN+] strains, but not in the GT409 [psi−] [pin−] and DC5 
[psi−][pin−] strains. We also showed that the Pub1 protein, 
which was previously demonstrated to co-aggregate with the 
[PSI+] prion (Urakov et al. 2010), was present in the SDS-
resistant fraction exclusively in the [PSI+] GT81-1C strain. 
(see Table 3). All these data show that PSIA–LC–MALDI 
represents an adequate and very sensitive method for reveal-
ing amyloids at the proteome level. The lists of the proteins 
identified in all the strains were very similar. The proteins 
forming SDS-resistant aggregates in all four strains are pre-
sented in Table 3. We suggest that some of these proteins 
may function or be stored in yeast cells in an amyloid state. 
The aggregated state of the Ape1 aspartyl aminopeptidase, 
detected in our screen, was previously shown to be important 
for incorporation into the vesicles (Yuga et al. 2011). Based 
on our data, we may speculate that the Ape1 aggregates are 
possibly of an amyloid nature. Another interesting candi-
date for novel amyloid is the mitochondrial single-stranded 
DNA-binding protein Rim1. It was shown that Rim1 forms 
homotetramers in a solution (Ramanagoudr-Bhojappa et al. 
2013). Our data show that in vivo in yeast cells this protein 
forms large aggregates that are resistant to SDS treatment 
like typical amyloids.

Six of the 13 proteins identified in our proteomic screen 
in all the analyzed strains are cell wall proteins. These data 
are in agreement with the hypothesis that an ensemble of 
proteins in an amyloid state participates in the maintenance 
of cell wall. One of the proteins identified in our work is the 
1,3-beta-glucanosyltransferase Bgl2, whose amyloid prop-
erties in vivo have been well proven previously (Kalebina 
et al. 2008). Gas1, Gas3, and Gas5, detected in the prot-
eomic screen are members of the beta-1,3-glucanosyltrans-
ferase family required for cell wall assembly (Ragni et al. 
2007). Gas1 is also implicated in transcriptional silencing 
and is found at the nuclear periphery (Burgess et al. 2009; 
Koch and Pillus 2009). Notably, Gas1 and Bgl2 are func-
tionally related and participate in the incorporation of the 
GPI-anchored proteins into the cell wall (Plotnikova et al. 
2006). Only simultaneous deletion of the genes encoding 
Gas1 and Bgl2 causes significant disruption of the cell wall 
structure (Plotnikova et al. 2006). Considering that Gas1 
was detected in the SDS-resistant fraction (see Table 3) and 
is functionally related to the Bgl2 amyloid, we selected this 
protein as a promising amyloid-forming candidate. Another 
interesting candidate detected in the proteomic screen was 
Ygp1, which is a cell wall-related secretory glycoprotein. 

The expression of YGP1 gene is drastically enhanced in the 
response to nutrient deprivation-associated growth arrest 
and cell wall damage (Destruelle et al. 1994; Brennan et al. 
2013). Moreover, Ygp1 may be involved in biofilm forma-
tion (Vandenbosch et al. 2013; Moreno-García et al. 2017).

The proteomic screen performed in this study revealed 
amyloid candidates, but we cannot claim that all these 
proteins really form amyloid fibrils in vivo. For example, 
we cannot exclude that the pre-rRNA-binding proteins 
Nop58, Nsr1, and Nop1 presented in Table 3 form heavy 
non-amyloid ribonucleoprotein RNP complexes that do not 
completely dissociate even after RNAse and SDS treatment. 
Alternatively, some yeast RNA-binding proteins identified 
by PSIA–LC–MALDI may form amyloid-like oligomers, 
similarly to SDS-resistant RNA-binding oligomers of CPEB 
in Aplysia californica and its ortholog, Orb2, in Drosophila 
melanogaster (Si et al. 2003; Majumdar et al. 2012). The 
conclusion about the amyloid nature of the candidates identi-
fied in our screen can be made only after detailed analysis of 
the amyloid properties of each particular protein. Two pro-
teins, Gas1 and Ygp1, identified by PSIA–LC–MALDI, were 
selected for such an analysis. Using immunoblotting analysis 
and fluorescent microscopy we showed that Gas1 and Ygp1 
tagged with YFP formed SDS-resistant aggregates in yeast 
cells under native conditions (Fig. 1). The fragments of Gas1 
and Ygp1 in the bacterial C-DAG system form extracellular 
amyloid fibrils which bind CR and demonstrate apple-green 
birefringence that is diagnostic of an amyloid state (Fig. 2). 
All these data allowed us to conclude that Gas1 and Ygp1 
exhibit amyloid properties in vivo.

To conclude, in this work we performed proteomic 
screening and identified the proteins demonstrating amy-
loid properties in the yeast proteome. Resistance to treat-
ment with ionic detergents is the universal feature of amyloid 
fibrils, but the levels of this resistance may vary (Nizhnikov 
et al. 2014). Thus, we cannot claim that our list includes 
all proteins that form amyloids in yeast. At the same time, 
PSIA–LC–MALDI yields very reproducible results and 
allowed us to identify Bgl2 that is the only bona fide amy-
loid of S. cerevisiae cell wall, well-known prions, and even 
prion-associated proteins, Sis1 and Pub1. Moreover, we 
showed that cell wall proteins, Gas1 and Ygp1, identified by 
PSIA–LC–MALDI, demonstrate amyloid properties in vivo. 
These data show that the list of proteins revealed in this work 
includes the most probable candidates for yeast amyloids. 
We suggest that the new proteomic methodology used here 
may provide significant progress in the discovery of prions 
and non-infectious amyloids in various organisms.
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