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Abstract

Many proteins that can assemble into higher order structures termed amyloids can also concentrate into
cytoplasmic inclusions via liquid—liquid phase separation. Here, we study the assembly of human Golgi-
Associated plant Pathogenesis Related protein 1 (GAPR-1), an amyloidogenic protein of the Cysteine-rich
secretory proteins, Antigen 5, and Pathogenesis-related 1 proteins (CAP) protein superfamily, into cytoso-
lic inclusions in Saccharomyces cerevisiae. Overexpression of GAPR-1-GFP results in the formation
GAPR-1 oligomers and fluorescent inclusions in yeast cytosol. These cytosolic inclusions are dynamic
and reversible organelles that gradually increase during time of overexpression and decrease after pro-
moter shut-off. Inclusion formation is, however, a regulated process that is influenced by factors other than
protein expression levels. We identified N-myristoylation of GAPR-1 as an important determinant at early
stages of inclusion formation. In addition, mutations in the conserved metal-binding site (His54 and
His103) enhanced inclusion formation, suggesting that these residues prevent uncontrolled protein
sequestration. In agreement with this, we find that addition of Zn®* metal ions enhances inclusion forma-
tion. Furthermore, Zn?* reduces GAPR-1 protein degradation, which indicates stabilization of GAPR-1 in
inclusions. We propose that the properties underlying both the amyloidogenic properties and the reversi-
ble sequestration of GAPR-1 into inclusions play a role in the biological function of GAPR-1 and other CAP
family members.

© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecom-
mons.org/licenses/by/4.0/).

Introduction

The Cysteine-rich secretory proteins, Antigen 5,
and Pathogenesis-related 1 proteins (CAP)
superfamily of proteins are widely spread in a
variety of species and different kingdoms of life."
The highly conserved CAP domain characterises
the CAP family members and forms a distinct core
tertiary structure with a conserved metal-binding
site. Golgi-Associated Plant Pathogenesis Related
protein-1 (GAPR-1) is a unique member of the

CAP superfamily, which branched off early in evolu-
tion and might well be the first mammalian CAP pro-
tein.®® GAPR-1 is the only mammalian CAP protein
that lacks a signal sequence and localises to the
Golgi complex.” By retaining Beclin 1 at the Golgi
complex, GAPR-1 functions as a negative regulator
of autophagy.””” GAPR-1 has a strong tendency to
form homodimers and oligomers.”® We showed
that GAPR-1 can form amyloid-like fibrils and that
this process is induced by the presence of nega-
tively charged lipids or heparin and metal ions.®*'°

0022-2836/© 2021 The Author(s). Published by Elsevier Ltd.This is an open access article under the CC BY license (http://creativecommons.org/
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These results show that different stimuli regulate
amyloid-like oligomerisation of GAPR-1 in vitro,
and we speculated that the amyloidogenic scaffold
contributes to the regulation of GAPR-1 function
in vivo.* "

Structured cross p-sheet fibrils, known as
amyloids, are highly resistant to degradation and
are associated with more than 50 human diseases
known as “amyloidoses”.'*'* Well known exam-
ples include neurodegenerative diseases like
Alzheimer's and Parkinson’s, where misfolding of
AB, tau and a-synuclein is associated with progres-
sion of the disease.'® The ability to form amyloid
structures is, however, not limited to proteins caus-
ing pathology but seems to be a universal property
of proteins.'® Proteins and peptides forming
amyloid-like oligomers with beneficial effects are
often referred to as functional amyloids. The forma-
tion of these oligomers is tightly regulated and is
characterised by their reversibility and plastic-
ity.""">17"19 Functional amyloids are implicated in
a range of different physiological processes, includ-
ing compartmentalisation, regulation of protein
activity, storage and degradation.?®>°

Recently it has become clear that proteins with
amyloidogenic  properties can cluster into
cytoplasmic inclusions.?* 2 Evidence suggests that
liquid—liquid phase separation (LLPS) underlies the
formation of these cellular inclusions.>°*? Although
much remains to be elucidated about the driving
forces and the nature of these biomolecular con-
densates, it has become clear that they represent
distinct membraneless organelles in cells and that
components can reversibly and dynamically associ-
ate with these structures. Transition from dynamic
LLPS-mediated membraneless organelles to more
static ones has been reported for several proteins
associated with neurodegenerative disorders such
as TDP-43, FUS, a-synuclein, tau and also func-
tional amyloid-related proteins, including elastin,
yeast prion-like protein Sup35, Rim4, and yeast
pyruvate kinase Cdc19.283"41:35-40 Thege observa-
tions suggest a link between the assemblies of
membraneless organelles and amyloid-like protein
behaviour in the cell.

Saccharomyces cerevisiae has been
instrumental in the discovery and characterisation
of pathological and functional amyloids.**** Initially,
so-called “humanised yeast” model systems were
developed to study the oligomerisation properties
of proteins involved in human amyloidosis like Ap,
tau and a-synuclein.**>" Expression of amyloido-
genic proteins in yeast has several features in com-
mon such as the partial SDS-resistance of protein
aggregates and the formation of inclusions or pro-
tein aggregates.“®°"? These properties have also
been used to verify amyloid-like oligomerisation of
sequence-predicted amgloid-prompt proteins in
yeast model systems.®'°*">° Saccharomyces cere-
visiae does not express GAPR-1 and we use this
model system to study human GAPR-1 amyloid-

like oligomerisation in vivo. We show that GAPR-1
clusters into inclusions in yeast cytosol resembling
GAPR-1 amyloid-like oligomerisation in vitro. We
discuss the potential implications for the regulation
of GAPR-1 function in autophagy.

Results

GAPR-1 clusters into fluorescent inclusions in
yeast cytosol

To study the oligomerisation process of GAPR-1
in vivo, C-terminally tagged GAPR-1 with either
GFP (GAPR-1-GFP) or mCherry (GAPR-1-
mCherry) was expressed from 2u plasmid in yeast
under the control of the galactose-inducible
promoter (GAL1). Overexpression of both GAPR-
1-tagged variants did not affect yeast growth
(Supplementary Figure 1(A)). Live-cell
fluorescence microscopy was performed with
GAPR-1-GFP and representative images were
taken 3 h, 6 h and 24 h post-induction of protein
expression. After 3 h, the majority of expressed
protein was detected in the cytosol, with ~ 30% of
all fluorescent cells displaying formation of
cytosolic inclusions (Figure 1(A) and (B)). The
number of inclusions significantly increased over
time, affecting both the number of inclusion-
positive cells (Figure 1(B)) and the number of
inclusions per cell (Figure 1(C)). At 24 h post
induction, about 94% of all cells contained multiple
inclusions (Figure 1(B)) with an average of > 5
inclusions per cell (Figure 1(C)). The intracellular
distribution of fluorescent inclusions also changed
over time from being in close proximity to the
plasma membrane at early stages and a more
central cellular location at later stages. After 24 h,
almost 60% of the yeast cells contained more
than 6 inclusions per cell (Figure 1(C)). GAPR-1-
GFP and GAPR-1-mCherry fusions displayed
similar  behaviour in live-cell fluorescence
microscopy (Supplementary Figure 1(B)). To
address whether the formation of inclusions is
related to the level of protein expression, we
assessed GAPR-1-GFP levels in cell lysates by
Western blot analysis using an anti-GAPR-1
antibody. Although we observe a modest increase
in expression levels between 3 h and 24 h
(Figure 1(D)), it seems likely that additional factors
affect the observed changes in inclusion formation
(Figure 1(A)—(C)).

GAPR-1-GFP forms oligomeric structures in
yeast

To investigate the oligomeric properties of
GAPR-1-GFP after expression in yeast, we
performed chemical cross-linking experiments
using the amine-to-amine crosslinker BS®.
Expression of GAPR-1-GFP was induced for 6 h
or 24 h, and the crosslinker was added for 30 min
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Figure 1. GAPR-1 clusters into fluorescent inclusions. (A) Representative live-cell fluorescence microscopy images
of yeast cells expressing GAPR-1-GFP from 2u plasmid (3 h, 6 h and 24 h after induction of protein expression); (B)
Quantification of cells displaying GAPR-1-GFP inclusions. For each time point, the number of cells displaying
cytoplasmic inclusions is quantified as described in Materials and Methods and presented as a percentage of the total
number of the cells. Results are expressed as mean + SD, n = 5; C) Quantification of the number of inclusions per cell.
The number of inclusions per cell were categorised into three groups (1-2, 3-5 and >6 per cell). At least 100 cells
were counted per experiment. Results are expressed as mean + SD, n = 3. Significance of differences was calculated
with two-tailed unpaired t-test (*p < 0.05, **p < 0.01 and ***p < 0.001); (D) WB analysis of GAPR-1-GFP expressing
cells at 3 h, 6 h and 24 h post-induction. Equal amounts of yeast homogenate (20 pg total protein) were separated by
SDS-PAGE and analysed by WB for the presence of GAPR-1-GFP and GAPDH (loading control).

at room temperature after mechanical disruption of
the cells. Western blot analysis revealed that at
early time points (6 h), the majority of
overexpressed protein is in a monomeric state
(Figure 2(A)). In contrast, at 24 h post-induction,
higher-molecular weight species are observed in
the BS®-treated sample. A hallmark of amyloid-
like oligomerisation in vivo is the partial protein
resistance to solubilisation by SDS. To determine
the amyloid-like characteristics of GAPR-1-GFP
oligomerisation in yeast, a protein homogenate
was separated into a detergent-soluble and
detergent-insoluble  fraction using a mild
zwitterionic detergent. The detergent-insoluble
fraction was then treated with 2% SDS and
separated into a SDS-soluble and SDS-insoluble
fraction. Western blot analysis showed that
GAPR-1-GFP is partially soluble in mild detergent
(Figure 2(B)). After subsequent SDS treatment of
the detergent-insoluble fraction, about 50% of
GAPR-1-GFP remained insoluble (Figure 2(B);
Supplementary  Figure  2(A)). Under these
conditions, expression of GFP alone did not result
in any detergent-insoluble material, even in the
presence of only mild detergent (Figure 2(B)).

To obtain additional evidence for the
amyloidogenic behaviour of GAPR-1-GFP, we
performed Thioflavin T (ThT) fluorescence
imaging of yeast cells. The ThT reagent becomes

fluorescent upon intercalation into pB-sheet
structures of amyloid-like oligomers in vivo and
in vitro.>®>” Empty vector p423, GFP and GAPR-
1-GFP expression was induced for 24 h and after
staining of cells with ThT, total fluorescent intensity
of cells was measured using 96 well plate reader.
As it is shown in Figure 2(C), there was a significant
increase in total ThT signal in the presence of
GAPR-1-GFP comparing with empty vector and
GFP. Live-cell microscopy of the ThT stained cells
showed ThT labeling of GAPR-1-GFP and
GAPR-1-mCherry inclusions (Figure 2(D)). The
ThT signal was no due to spectral overlap with
GFP as in the absence of ThT, no ThT-positive
inclusions could be observed (Supplementary
Figure 2(B)).

N-myristoylation of GAPR-1-GFP promotes
inclusion formation

Membrane binding of numerous amyloidogenic
proteins has been shown to promote amyloid
nucleation and subsequent fibril formation in vivo
and in vitro.""**°" The membrane association of
GAPR-1-GFP with yeast membranes was investi-
gated by isopycnic density-gradient centrifugation
of yeast homogenates obtained by mechanical
homogenisation. GAPR-1-GFP was found mainly
enriched in the high-density fractions 10-14
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Figure 2. GAPR-1-GFP has oligomeric properties in vivo. A) Equal number of GAPR-1-GFP expressing cells were

collected 6 h and 24 h post-induction of protein expression. Yeast homogenates (20 ng protein) were treated without
(Control) or with 2.5 mM BS?® (final concentration) for 30 min at room temperature. Proteins were separated by SDS-
PAGE and analysed by WB using an anti-GAPR-1 antibody. High molecular weight species (12% of total, based on
densitometric analysis, see Supplementary Figure 1(C)) with a mass of 80—130 kDa are indicated; (B) GAPR-1-GFP
or GFP expression was induced for 24 h. Cells (10 ODgq) Were collected, homogenised and homogenates were
prepared using Y-PER™ reagent. After centrifugation, the pellet was treated with 2% SDS and separated into a SDS-
soluble and SDS-insoluble fraction as described in Materials and Methods. The same volume (20 pl) of each sample
was separated by SDS-PAGE and analysed by WB using an anti-GFP antibody; C) Total fluorescence intensity of
Thioflavin T-stained cells after 24 h empty vector, GFP and GAPR-1-GFP expression. The results are expressed as
the mean + SEM, n= 4. Significance of differences was calculated with Welch t-test, corrected for multiple testing with
Benjamini/Hochberg ( p < 0.01); (D) Representative microscopic images of cells carrying empty vector, GFP, GAPR-

1-GFP and GAPR-1-mCherry proteins after 24 h expression and stained with 5 uM Thioflavin T.

(837—41% sucrose density) (Figure 3(A)). About 20%
of GAPR-1-GFP migrated with the low-density
sucrose fractions 1-9 (25-36% sucrose density),
suggesting that GAPR-1 is partially associated with
membranes. When 1% Triton X-100 was added to
the homogenate prior to the flotation, GAPR-1-
GFP disappeared from the membrane fractions
(1-9) (Figure 3(A)), supporting the conclusion that
GAPR-GFP is partially associated with mem-
branes. To assess the role of N-myristoylation in
membrane association of GAPR-1-GFP and in the
formation of protein inclusions, a GAPR-1 mutant
lacking the N-terminal myristoylation consensus
sequence (G2A; Amyr-GAPR-1-GFP) was con-
structed by site-directed mutagenesis. Isopycnic
density-gradient centrifugation showed that Amyr-
GAPR-1-GFP is found only in the high-density frac-
tions (10-14), both in the presence and absence of
1% TX-100, suggesting that Amyr-GAPR-1-GFP
does not associate with membranes (Figure 3(B);
Supplementary Figure 2(C)). The cellular distribu-

tion of Amyr-GAPR-1-GFP was studied in time by
live-cell fluorescence microscopy and representa-
tive images were taken at 3 h, 6 h and 24 h post-
induction (Figure 3(C)). At early time points (3 h
and 6 h), Amyr-GAPR-1-GFP remained cytosolic
and only after 24 h single inclusions were found in
about 36% of the cells (Figure 3(D)). Under these
conditions, the protein levels of Amyr-GAPR-1-
GFP are similar to the expression levels of GAPR-
1-GFP (Supplementary Figure 2(D)) and they did
not significantly change between the different time
points (Figure 3(E)). These results indicate that
the inclusion formation is subject to regulation by
myristoylation of GAPR-1. To exclude the possibility
that the myr-sequence itself plays a role in the
aggregation process, independent of myristoyla-
tion, we overexpressed GAPR-1-GFP and Amyr-
GAPR-1-GFP in a yeast strain deficient in
N-myristoyl transferase (ANMT1). The phenotype
of both GAPR-1-GFP and Amyr-GAPR-1-GFP
in ANMT1 cells (Supplementary Figure 2(E))
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Figure 3. N-myristoylation of GAPR-1-GFP promotes formation of inclusions. (A) GAPR-1-GFP expressing cells
(24 h) were collected, homogenised and treated without or with 1% TX-100 for 30 min on ice, followed by isopycnic
density-gradient centrifugation. Fractions were collected from top to bottom and proteins in each fraction were
separated by SDS-PAGE and analysed by WB using an anti-GAPR-1 antibody; (B) Amyr-GAPR-1-GFP expressing
cells (24 h) were collected and analysed by isopycnic density-gradient centrifugation and WB analysis as described
for panel A; (C) Representative live-cell fluorescence microscopy images of cells after induction of Amyr-GAPR-1-
GFP expression (3 h, 6 h and 24 h); (D) Quantification of cells displaying Amyr-GAPR-1-GFP fluorescent inclusions
as described in Materials and Methods. Results are expressed as mean + SD, n = 5; (E) Amyr-GAPR-1-GFP
expressing cells were collected at 3 h, 6 h and 24 h post-induction and total homogenates were prepared. Equal
amounts of homogenate (20 pg protein) were separated by SDS-PAGE and analysed by WB for the presence of
GAPR-1 and GAPDH (loading control); (F) Representative images of cells carrying Amyr-GAPR-1-GFP protein after
24 h expression and stained with 5 uM Thioflavin T; (G) Amyr-GAPR-1-GFP or GFP expression was induced for 24 h.
Total homogenates were prepared using Y-PER™ reagent. After centrifugation, the pellet was treated with 2% SDS
and separated into a SDS-soluble and SDS-insoluble fraction as described in Materials and Methods. The same
volume (20 pl) of each sample was separated by SDS-PAGE and analysed by WB using an anti-GFP antibody.

resembled the phenotype of Amyr-GAPR-1-GFP in
wildtype yeast cells (Figure 3(C)). These results
suggest that i) the myr-sequence itself does not play
a role in the aggregation process, and ii) GAPR-1-

for the assembly of GAPR-1 into oligomers and
protein inclusions.

Metal-ions affect the formation of GAPR-1-GFP

GFP is myristoylated in wildtype yeast cells.
Interestingly, Amyr-GAPR-1-GFP had similar
amyloid-like characteristics as compared to
GAPR-1-GFP based on its ThT staining
(Figure 3(F), cf. Figure 2(D)) and SDS-insoluble
characteristics (Figure 3(E), cf. Figure 2(B) and
Supplementary Figure 2(A)). Despite these
similar amyloid-like characteristics, Amyr-GAPR-
1-GFP is hampered in the formation of
inclusions. Myristoylation likely accelerates the
formation of protein inclusions by promoting
membranes to function as a seeding platform

inclusions

We previously showed that zinc and copper ions
induce GAPR-1 amyloid-like ag%regation in vitro in
the presence of heparin.®'® Therefore, we
assessed the role of zinc in the formation of
GAPR-1-GFP inclusions in yeast. Concentrations
up to 10 mM ZnCl, are well tolerated by yeast cells
(Supplementary Figure 3(A6), in agreement with
results obtained by others.” We conducted live-
cell fluorescence microscopy of cells in the absence
and presence of 5 mM zinc ions and quantified the
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number of inclusion forming cells at three time
points (3 h, 6 h and 24 h). The percentage of fluo-
rescent inclusions forming cells at 3 h post-
induction almost doubled in the presence of zinc,
reaching about 60% of the cells carrying fluorescent
inclusions (Figure 4(A)). Representative images
after 3 h post-induction are shown in Figure 4(B).
The number of inclusions per cell also significantly
changed at this early time point and showed a pre-
dominance of the “> 6 inclusions pool” in compar-
ison to the control cells (Figure 4(C)). These
alterations were not triggered by different protein
levels, as shown by Western blot analysis (Figure 4
(D)). Preliminary evidence shows similar effects in
the presence of 2 mM Cu?" (Supplementary
Figure 3(B) and (C)). The data reveal that GAPR-
1-GFP amyloid-like oligomerisation in vivo is
influenced by zinc, similar to GAPR-1 amyloid
aggregation in vitro.’

Zn?* stabilises GAPR-1 protein inclusions

Next, we performed pulse-chase experiments to
study the dynamics of GAPR-1 inclusions. To this
end, GAPR1-GFP expression was first induced for
24 h in galactose-containing medium to generate
GAPR-1 inclusions. Subsequently, the cells were
shifted to glucose-containing medium to repress
the promoter and to decrease the concentration of
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GAPR-1. Yeast cells were imaged at different time
points after promoter shut-off and the percentage
of cells with inclusions was determined. After
promoter shut-off, both GAPR-1-GFP inclusions
(Figure 5(B) and (E) control) and total GAPR-1
concentrations (Figure 5(B)) gradually decreased
over time, which was accompanied by an
increased cytosolic signal (Figure 5(A)). To
investigate the dynamics of GAPR-1 protein
inclusions in more detail, Fluorescence Recovery
After Photo-bleaching (FRAP) analysis was
performed on single fluorescent inclusions. After
bleaching, GAPR-1-GFP inclusions were partially
recovered in less than 2 min, indicating a dynamic
association of GAPR-1-GFP with  protein
inclusions  (Figure 5(C), top panel and
Supplementary Movie 1). The fluorescence
recovery in the presence of zinc ions was slightly
faster as compared to the control cells (F|gure 5
(C), bottom panel), suggesting that Zn?** tweaks
the equilibbrium and stabilises GAPR-1 in
inclusions. Indeed, the kinetics of protein
degradation was much slower in the presence of

*, resulting in significantly higher GAPR-1-GFP
levels at 6 h post-shut-off (Flgure 5(D), left panel).
Under these conditions, Zn=" did not affect the
degradation of GFP (Figure 5(D) (right panel),
showing that the presence of Zn“* does not affect
the protein degradation machinery itself. These
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Figure 4. Metal-ions affect the formation of GAPR-1-GFP inclusions. Cells were incubated in the absence or
presence of 5 mM Zn?* for 3 h, 6 h, and 24 h after induction of GAPR-1-GFP expression. (A) Quantification of the
percentage of cells displaying GAPR-1-GFP inclusions at 3 h, 6 h and 24 h post-induction. For each time point, the
number of cells displaying cytoplasmic inclusions is quantified as described in Materials and Methods and presented
as percentage of the total number of the cells. The results are expressed as mean + SD, n = 5. Significance of
differences was calculated with two-tailed unpaired t-test ( p < 0.001); (B) Representative live-cell fluorescence
microscopy images of cells, 3 h after expressing GAPR1-GFP in the absence or presence of 5 mM ZnCly; (C) Number
of fluorescence inclusions per cell were quantified as described in Materials and Methods and plotted in three groups
(1-2, 3-5 and > 6 inclusions per cell). The results are expressed as mean + SD, n = 3. Significance of differences was
calculated with two-tailed unpaired t-test ( p < 0.05); (D) WB analysis of homogenates (20 pg total protein) from
GAPR-1-GFP expressing cells (3 h) in the absence or presence of 5 mM ZnCl, using an anti-GAPR-1 antibody. Anti-
GAPDH antibody served as a loading control.
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Figure 5. Zn®" stabilises dynamic GAPR-1 protein inclusions. Pulse-chase analysis of protein expression. (A) Live-
cell fluorescence microscopy of yeast cells expressing GAPR-1-GFP after 24 h induction (time point 0 h) and after
promoter shut-off (1 h, 2 h, 3 h, 6 h and 8 h; (B) WB analysis of GAPR-1-GFP levels. Equal amounts of homogenates
(20 ug total protein) were separated by SDS-PAGE and analysed by WB (top panel). Densitometric analysis of the
immuno-detection of GAPR-1-GFP was determined relative to the intensity of GAPDH (bottom panel). Results are
shown as one representative experiment from a total of three independent experiments; (C) Fluorescence Recovery
After Photo-bleaching (FRAP) time lapse recording of a GAPR-1-GFP inclusion, and FRAP recovery curves of cells
expressing GAPR-1-GFP in SC-galactose medium in the absence (control) and presence of 5 mM ZnCl,, at the
indicated time points. At least 15 inclusions in different cells were analysed. Each plot represents mean + SD for each
time point for all FRAP experiments; (D) Pulse-chase analysis in absence or presence of zinc ions. Protein expression
of GAPR-1-GFP (left panel) or GFP (right panel) was induced for 24 h (time point 0 h), followed by promoter shut-off.
Cells from 0 h, 3 h and at 6 h post-shut-off were collected and analysed by WB for the presence of GAPR-1-GFP and
GAPDH (loading control). Densitometric analysis of the immuno-detection of GAPR-1-GFP and GFP were
determined relative to the intensity of GAPDH ( p < 0.05; n = 3); (E) Cells expressing GAPR-1-GFP from (B) were
analysed by live-cell fluorescence microscopy and percentage of cells displaying fluorescence inclusions at 0 h, 3 h
and 6 h post-shut-off GAPR-1-GFP expression in*Ehe absengg* or presence of Zn®* were quantified in at least 200
cells. The results are expressed as means + SD ( p <0.01, p <0.001; n = 3). Differences between groups were
statistically determined by using two-tailed unpaired t-test; (F) Quantification of the number of fluorescence inclusions
per cell after 6 h promoter shut-off. Number of fluorescence inclusions per cell (from condition E) were categorised
into three groups (1—2, 3-5 and >6 inclusions). At least 100 cells were counted per experiment. The results are
expressed as mean + SD, n = 3.

results indicate that Zn®* reduces the protein residues (H54 and H103).° To investigate the
dynamics and stabilises GAPR-1-GFP inclusions, requirement of these histidines for the formation
thus preventing it from degradation. In agreement  of GAPR-1 inclusions, GAPR-1-GFP mutants
with this, we find that after promotor shut-off, the = were constructed using site-directed mutagenesis
amount of fluorescent inclusions positive cells (H54V, H103V, and H54V/H103V). Spotting
(Figure 5(E)) as well as the number of inclusions  assays revealed unperturbed growth of yeast cells
per cell (Figure 5(F)) is significantly increased in  expressing either of these mutants GAPR-1-GFP
the presence of Zn®*. (Supplementary Figure 1(A)). The expressed his-
tidine GAPR-1-GFP mutant proteins remained sol-
uble after 100.000g centrifugation of yeast
homogenates, indicating that the mutations did
not disrupt protein folding (Supplementary Figure 4

Zinc-dependent amyloid-like oligomerisation of (A)). Live fluorescence microscopy of yeast cells
GAPR-1 in vitro requires two conserved histidine  after expression of H103V and H54V/H103V

The conserved metal-binding pocket of GAPR-
1 affects the formation of inclusions



N. Sirati, B. Popova, M.R. Molenaar, et al.

Journal of Molecular Biology 433 (2021) 167162

mutants showed that both mutants reached more
than 80% inclusion-positive cells within 3 h
(Figure 6(A) and (B); Control). These mutants did
not show an additional sensitivity to zinc treatment
anymore. Only the H54V mutant showed a moder-
ate effect on inclusion formation in comparison to
wild type GAPR-1-GFP and still showed a small
but significant zinc effect on inclusion formation
(Figure 6(A) and (B)). The steady-state protein
levels of all expressed mutants were comparable
in absence and presence of zinc (Figure 6(C)),
showing that the observed phenotypes are not
due to different levels of protein expression. To
exclude a valine-specific effect on the phenotype
of GAPR-1 histidine mutations, we found that the
formation of protein inclusions and the sensitivity
to zinc were similarly affected after replacement
of histidine by alanine (H54A, H103A, and H54A/
H103A) (Supplementary Figure 4(B)).

To explore whether myristoylation is still required
for the enhanced inclusion formation in GAPR-1
His54V or His103V mutants, mutants lacking both
the consensus sequence for myristoylation (Amyr)

A Control +5mM Zn2* B

GFP

GAPR-1
* Y

H54V
Cells with inclusions(%)

H103V

g > >
e ° : 8
s s 85,383
iy £ 2 e 52 8

maﬂ——————_

oSS GapoH

+5mM Zn?*

and the metal-binding pocket (H54V/H103V) were
created. As shown in Figure 6(D), all three
mutants (AmyrH54V, AmyrH103V and AmyrH54V/
H103V) remained predominantly soluble and
insensitive to zinc treatment (Figure 6(D) and (F))
under conditions of similar levels of protein
expression (Figure 6(E)). Thus, myristoylation
remains a strong determinant for inclusion
formation.

Discussion

GAPR-1 possesses amyloidogenic properties
in vitro that are regulated by various factors such
as ne atively charged membranes and metal
ions.®”?1% Here, we used the yeast S. cerevisiae
to mvestlgate the amyloid-like oligomerisation prop-
erties of GAPR-1-GFP in vivo. The involvement of
the metal-binding site (His54 and His103) in the for-
mation of GAPR-1 inclusions in vivo is strikingly
similar to their involvement in Zn®*- degendent
GAPR-1 amyloid-like aggregation in vitro.*

Amyr-

H103V

H54V/H103V

H54VIH103V

>
8
z
>
=
2

Amy-

H54V
H103V
H54V
H103V

-l GAPR-1-GFP “"D“I"' R ——— | GAPR-1-GFP

37kDa—I__ — |GAPDH

+5mM Zn?*

Figure 6. The conserved metal-binding pocket of GAPR-1 affects the formation of inclusions. Cells were
transformed with GFP, GAPR-1-GFP, H54V, H103V and H54V/H103V (zinc ion binding sites-mutants) plasmids and
protein expression was induced for 3 h in the absence and presence of 5 mM ZnCl,. (A) Live-cell fluorescence
microscopy images of representative cells; (B) Quantification of fluorescent inclusions in cells that were incubated as
described for panel A as described in Materials and Methods; (C) Homogenates (20 nug protein) from each condition
(A) were separated by SDS-PAGE and analysed by WB for the presence of GAPR-1-GFP and GAPDH (loading
control); (D) Representative live-cell fluorescence microscopy images of cells expressing myristoylation mutants of
GAPR-1 (Amyr-GAPR-1, Amyr-H54V, Amyr-H103V and Amyr-H54V/H103V). Protein expression was induced for 3 h
in the absence or presence of 5 mM ZnCl,; (E) Homogenates (20 ng protein) from each condition (D) was analysed by
WB using an anti-GAPR-1 and anti-GAPDH (loading control) antibodies; (F) Quantification of cells displaying
fluorescent inclusion as described in Materials and Methods. The results from B and F are expressed as mean + SD,
n = 3. Significance of differences was calculated with two-tailed unpaired t-test ( p <0.01; p<0.001).
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Hallmarks for the amyloidogenic behaviour of
proteins overexpressed in yeast include SDS-
resistance, ThT fluorescence, and formation of
protein inclusions.”®°?7°>6357 |n the current study,
we show that GAPR-1-GFP expression in yeast ful-
fils these criteria and results in the formation of
SDS-resistant aggregates, elevated ThT fluores-
cence and formation of intracellular protein inclu-
sions. In contrast to pathological
amyloids*®#8°1 6871 gnd similar to functional amy-
loids,?>">"® GAPR-1-GFP expression is not toxic
for the cells. These observations support the con-
cept that in vivo amyloid-like oligomerisation of
GAPR-1 may have functional relevance.'’ GAPR-
1 is bound to Golgi membranes and multiple factors
may control its oligomeric status, such as the bio-
physical properties of the membranes that provide
a specific surface catalysing structural changes
(discussed below), specific negatively charged
lipids interacting with GAPR-1,* and specific metal
ions in the cytosol.”'® The oligomeric status of
GAPR-1 could control GAPR-1 function and/or
affect protein—protein interactions. GAPR-1 was
identified as a negative regulator of the autophagic
pathway. In agreement with our current findings, we
recently suggested that GAPR-1 oligomerisation
could be involved in the interaction with other com-
ponents of the autophagic machinery and thus be
essential for the GAPR-1 dependent autophagy
regulation. "

Membranes can serve as catalytic sites that
promote the (mis)folding and aggregation of
bound amyloidogenic proteins.”*"* In the past, we
showed that GAPR-1 is stably bound to Golgi mem-
branes by a mechanism which involves myristoyla-
tion of the N-terminus.? The myristoyl-group is,
however, not essential for the formation of GAPR-
1 amyloid-like fibrils in vitro, as recombinant non-
myristoylated GAPR-1 aggregates to amyloid-like
fibrils in the presence of a seeding platform.®%1°7¢
In agreement with this, we now show that expres-
sion of Amyr-GAPR-1-GFP in yeast cells also
results in the formation of inclusions, albeit at much
reduced efficiency as compared to GAPR-1-GFP.
Myristoylation, together with relatively strong elec-
trostatic interactions (GAPR-1 has an IP of 9.4),
causes efficient interaction with membranes in
mammalian cells.”” In yeast cells, the partial distri-
bution of overexpressed GAPR-1 between mem-
branes and cytosol may be the result of
suboptimal N-myristoylation due to high overex-
pression levels of GAPR-1-GFP or differences in
substrate specificity of orthologous N-myristoyl-
transferases.”®

Protein binding to membranes results in
increased local concentrations and hence
improved conditions for seed formation, which in
turn accelerates amyloid-like oligomerisation and
the formation of protein inclusions. Interestingly,
there is no difference in SDS-solubility between
Amyr-GAPR-1-GFP (Figure 3) and GAPR-1-GFP

(Figure 2), suggesting that the amyloidogenic
properties are an intrinsic property of the GAPR-1
protein. In agreement with this, we previously
reported that GAPR-1 possesses intrinsic
amyloidogenic properties based on the finding that
purified recombinant GAPR-1 binds to an A11
antibody that recognises the common fold of pre-
fibrillar oligomers.® The difference in efficiency of
inclusion formation between Amyr-GAPR-1-GFP
and GAPR-1-GFP strongly suggests that myristoy-
lation catalyses the slowest step in inclusion forma-
tion, namely the clustering of GAPR-1 monomers
and/or oligomers into protein inclusions. In addition,
myristoylation acts upstream of the formation of
protein inclusions as the effects of mutations to
the metal-binding site on inclusion formation are lar-
gely prevented when myristoylation of GAPR-1 is
prohibited (Figure 6). Of course, this does not
exclude a potential role for myristoylation in the pro-
tein folding process itself, affecting the seeding pro-
cess independent of membranes.

The process of in vitro amyloid-like aggregation of
GAPR-1 requires small structural changes at early
stages and large structural rearrangements for the
formation of amyloid-like fibrils at later stages in
the process.”'® The small structural changes can
be induced by metal-ion-binding to the highly con-
served metal-binding site that involves His54 and
His103, resulting in enhanced sensitivity of pro-
teases and the specific cleavage of a C-terminal
fragment.®'° In vivo, we now confirm the sensitivity
to zinc and show that the addition of zinc ions as
well as a mutation of the GAPR-1 metal-binding site
leads to an increase of inclusions (Figure 6).
Together, these results suggest that small confor-
mational changes in the GAPR-1 structure
enhances protein clustering in inclusions and that
inclusion formation resembles the early stages of
GAPR-1 amyloid-like aggregation in vitro (Supple-
mentary Figure 5). The enhanced accumulation of
GAPR-1 in inclusions indicates stabilization of
GAPR-1 in inclusions, resulting in reduced GAPR-
1 dynamics into (FRAP) and from (protein degrada-
tion) inclusions (Figure 5). Stabilization of these
structures that resemble early stages in amyloid-
like aggregation formation are then predicted to
inhibit amyloid-like fibril formation that occurs later
during the process.'®'*'® Indeed, a reduced
amyloid-like fibril formation of GAPR-1 was
observed upon mutations in the GAPR-1 metal-
binding site.”'°

In summary, our results suggest a sequence of
events that results in the formation of amyloid-like
oligomers and fibrils summarised in
Supplementary Figure 3: i) myristoylation acts
early in the formation of protein inclusions as the
effects of Zn** and mutations to the metal-binding
site are largely prevented by mutations to the
myristoylation site; ii) the metal-binding site is
involved in the induction of small structural
changes resulting in the formation of protein
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inclusions; iii) large structural changes required for
the formation of GAPR-1 amyloids occur at later
stages and that have (so far) only been observed
in vitro with non-myristoylated GAPR-1. GAPR-1
consists almost exclusively of a CAP domain
without additional extensions."*® We propose that
metal-binding, in combination with a specific seed-
ing platform, triggers oligomerisation to regulate
the biological functions of various CAP family mem-
bers. The yeast system may provide a beneficial
model to elucidate the molecular mechanisms
underlying protein oligomerisation of other CAP
family members as well.

Materials and methods

Yeast strain and plasmids

Wild type yeast strain W303 was transformed by
Frozen-EZ yeast kit from Zymo research (Zymo
Research, Orange, CA, USA) with a high copy
(2u) plasmid p423 carrying different constructs
with C-terminally-tagged GFP (Table 1). Yeast
strains BY4741 (wild type and ANMT1-181 were
obtained from EUROSCARF (Oberursel,
Germany).

To construct PGAL1-GAPR-1-GFP and PGAL1-
GAPR-1-mCherry fragments, GAPR-1, GFP and
mCherry sequences (Supplementary Table 1 for
primers) were amplified by PCR and were inserted
into the plasmid p423, previously linearised at
Smal restriction site, by using Geneart® seamless
cloning assembly kit (Invitrogen, California, USA).
All mutants were constructed by using Phusion™
site-directed mutagenesis kit (Thermo Scientific,
Massachusetts, USA). The primers are listed in
Supplementary Table 1.

Yeast culture media

Cells were pre-grown overnight in synthetic
complete medium lacking the corresponding
marker (SC-His) and supplemented with either 2%
glucose or 2% galactose at 30 °C with orbital
agitation (200 rpm) for 18 h (overnight). The next

Table 1 Plasmids used in this study

day, optical density at 600 nm (ODggo NM) was
measured, and the cells were placed in selective
SC medium (ODggo = 0.1) supplemented with 2%
galactose to induce protein expression. After 3, 6
and 24 h, cells were collected to obtain total cell
homogenates or were observed under live-cell
microscope Nikon Eclipse Ti-E (Nikon).

Spotting assay

All spotting assays were performed under the
same conditions. Ten-fold serial dilutions starting
with an equal number of cells (ODggg = 0.1) were
performed in sterile water. Drops of 10 pl were
then spotted on SC plates lacking the
corresponding marker (SC-His) and supplemented
with either 2% glucose or 2% galactose. Three
independent experiments from fresh transformants
were performed, followed by a 3 days incubation
at 30 °C, after which the plates were scanned.

Fluorescence microscopy

Cells were visualised at different time points after
induction (3 h, 6 h, and 24 h) using Nikon Eclipse Ti-
E microscope (Nikon) equipped with the Perfect
Focus System (Nikon) Nikon Apo TIRF 100x N.A.
1.49 oil objective (Nikon), a spinning disk-based
confocal scanner unit (CSU-X1-A1, Yokogawa),
and the ET-GFP filter set (49002, Chroma). For
quantification, at least 300 cells were counted per
condition and per experiment. For each condition,
the number of cells displaying cytoplasmic
inclusions were calculated relative to the total
number of cells counted (with inclusions or
cytoplasmic distribution). The number of inclusions
per cell was determined by counting 100 cells and
the inclusion positive cells were categorised in 3
groups: 1) 1-2 inclusions per cell, 2) 3-5
inclusions per cell, and 3) 6 or more than 6
inclusions per cell. At least three independent
experiments with freshly transformed constructs
were performed.

Plasmid Description Source
p423-GAL1 2 um; HIS3; GAL1pr; CYC1term; AmpR 79
pME3759 p426-GAL1-GFP 80

pNS 1000 p423-GAL1-GAPR-1-GFP This study
pNS 1001 p423-GAL1-Amyr GAPR-1-GFP This study
pNS 1002 p423-GAL1-H54V GAPR-1-GFP This study
pNS 1003 p423-GAL1-H103V GAPR-1-GFP This study
pNS 1004 p423-GAL1-H54V/H103V This study

GAPR-1-GFP

pNS 1016 p423-GAL1-Amyr H54V GAPR-1-GFP This study
pNS 1017 p423-GAL1-Amyr H103V GAPR-1-GFP This study
pNS 1018 p423-GAL1-Amyr H54V/H103V This study

GAPR-1-GFP
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Protein extraction and Western blotting

10 OD units of cells were collected by
centrifugation, washed with sterile water and lysed
with 200 pl of Y-PER™ reagent (Thermo Scientific,
Massachusetts, USA) containing fresh protease
inhibitors (Aprotinin, Leupeptin, Pepstatin, PMSF)
(Sigma Aldrich, St. Louis, USA). Lysed cells were
incubated for 20 min at room temperature,
followed by a 15 min centrifugation at 13,000 rpm.
The supernatant containing total yeast
homogenates were collected for further analysis.
Yeast homogenates (20 pg protein) was mixed
with Laemmli sample buffer, incubated for 5 min at
100 °C and separated by SDS-PAGE (12%
polyacrylamide). Proteins were transferred onto
0.45 pm nitrocellulose membranes (Amersham
Protran GE Healthcare) by Western blot at 90 V
for 1 h. The presence of GAPR-1 was analysed
using a rabbit polyclonal anti-GAPR-1 antibody.” A
monoclonal anti-GAPDH antibody (Thermo Scien-
tific, Massachusetts, USA) was used as a loading
control. Peroxidase-conjugated goat anti-rabbit
antibody (Nordic-Mubio, Susteren, The Nether-
lands) was used as a secondary antibody. Western
blot analysis was performed using the SuperSig-
nal™ reagents (Thermo Scientific, Massachusetts,
USA) and ChemiDoc™ MP Imaging system
(BioRad, Hercules, California, USA). For quantifica-
tion of Western blots, pixel density values from TIFF
files were analysed with Image Lab Software™.
Sample density values were normalised to the cor-
responding GAPDH loading control. The statistical
significance was calculated using two-tailed
unpaired t-test.

SDS solubility test

10 OD unites of cells were collected after 24 h
induction, homogenised and total protein
homogenate was prepared using Y-PER™
reagent. 1/10 of the homogenate was collected as
input. 9/10 of the sample was centrifuged at
100,000g for 30 min and the detergent-soluble
supernatant was collected. The detergent-
insoluble pellet was treated with 2% SDS (180 pl
for 30 min at 4 °C) and separated by
centrifugation (100,000g for 30 min) into a SDS-
soluble and SDS-insoluble fraction. The same
volume (20 pl) of each sample was separated by
SDS-PAGE and analysed by Western blot using
an anti-GFP antibody.

For the dot blot analyses, 50 ul (30 pg) of each
sample was loaded directly onto 0.45 pum
nitrocellulose membranes (Amersham Protran GE
Healthcare) and analysed by an anti-GAPR-1 and
anti-GFP antibodies.

Crosslinking assay

10 OD units of cells were collected at 6 and 24 h
post-induction of GAPR-1-GFP protein expression.
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A homogenate was prepared by mechanical
homogenisation with glass beads (0.25-0.5 mm,
Carl Roth, Kalrsruhe, Germany). The homogenate
(100 pg) was divided equally into two groups. Bis
(sulfosuccinimidyl)  suberate  (BS®)  (Pierce
Biotechnology, Rockford, IL, USA) was added in a
30-fold molar excess to the protein concentration
to one of the groups and both groups were
incubated for 30 min at room temperature. 0.5 M
Tris pH 7.4 was added to quench the reaction.
The proteins and cross-linked products were
analysed by SDS-PAGE and Western blot.

Promoter shut-off study

Yeast cells containing GAPR-1-GFP constructs
were cultured in SC selective medium
supplemented with 2% raffinose overnight. The
medium was changed to SC selective medium
supplemented with 2% galactose to induce the
GAPR-1-GFP expression for 24 h. The cells were
pelleted, washed two times with water and shifted
to SC medium supplemented with 2% glucose to
shut-off the GAL 1 promoter.° Cells were visualised
at different time points after promoter shut-off by flu-
orescence microscopy. The number of cells dis-
playing GAPR-1-GFP inclusions were counted.
Western blot analysis was performed as described
above with homogenates prepared from cells col-
lected at different time points after promoter shut-
off.

Thioflavin T staining

Yeast cells were stained with Thioflavin T
according to a protocol adapted from Johnson
et al.®" with minor modifications. Briefly, yeast cells
were pre-grown overnight in SC-2% raffinose and
then induced for 24 h in SC-2% galactose. Cells
were harvested with a final OD of 0.25-1.0 and
washed in 5 ml of PM [0.1 M KPO, (pH 7.5) and
1 mM MgCl,], then re-suspended in PMST [0.1 M
KPO, (pH 7.5), 1 mM MgCl,, 1 M Sorbitol and
0.1% Tween 20] to a final OD of 10. To make
spheroplasts, 100 pl of the cell suspension was
incubated with 0.6 pl of 2-mercaptoethanol and
1 mg/ml Zymolyase (Zymo Research, Orange,
CA, USA) for 15 min. Spheroplasted cells were
washed once in PMST and re-suspended in
100 pl of PMST. Cells were then incubated 30 min
at room temperature with 5 uM Thioflavin T (Sigma
Aldrich, St. Louis, USA), followed by washing 3
times with PMST for 30 min. Cells were observed
using Nikon Eclipse Ti-E microscope (Nikon)
equipped with the Perfect Focus System (Nikon)
Nikon Apo TIRF 100x N.A. 1.49 oil objective (Nikon)
and a spinning disk-based confocal scanner unit
(CSU-X1-A1, Yokogawa). GFP, mCherry and Thio-
flavin T signals were detected in GFP, mCherry and
CFP channels, respectively. For measuring total
ThT fluorescence intensity by a microplate reader,
100 pl of cells was pipetted into a 96-well plate
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(black plastic plate with glass bottom, Greiner Bio-
One, Frickenhausen, Germany). ThT (excitation at
380420 nm, emission between 471 and 569, step
size 5 nm) was measured with a microplate reader
(CLARIOstar, BMG Labtech, Offenburg, Germany)
using preset filter settings. Data were visualised and
analysed in RStudio (v1.0.153, R v3.4.4) using R-
package ggplot2 (v2.2.1). Total fluorescence per
sample was calculated by integrating the areas
under the curve between 480-510 nm (ThT).

Isopychic sucrose density gradients and TX-
100 treatment

Expressions of GAPR-1-GFP, Amyr-GAPR-1-
GFP and GFP (as control) were induced for 24 h
in SC selective medium supplemented with 2%
galactose. Cells were mechanically lysed with
glass beads (0.25-0.5 mm, Carl Roth, Kalrsruhe,
Germany). After centrifugation (13,000 rpm for 15
min at 4 °C), supernatants were collected and
treated with or without 1% TX-100 for 30 min on
ice. A sucrose gradient (37-35-29% sucrose in
PBS buffer) was layered on top of 500 ul samples
(adjusted to 37% sucrose and 50 pg total protein)
in SW60-2 tubes (Beckman Coulter, Brea,
California, USA). The samples were centrifuged at
60,000 rpm for 18 h in an ultracentrifuge.
Fractions (350 pl) were collected from top to
bottom of the gradients and were precipitated with
Chloroform/Methanol  (1/2). Samples  were
analysed by SDS-PAGE and Western blotting for
the presence of GAPR-1 using specific antibodies
(anti-GAPR-1 polyclonal antibody).

Fluorescence recovery after photo-bleaching
(FRAP) analysis

Yeast cells harbouring GAPR-1-GFP were pre-
grown overnight in SC selective medium
containing 2% raffinose followed by 24 h induction
in SC medium containing 2% galactose
supplemented with or without 5 mM ZnCl, (Sigma
Aldrich (St. Louis, USA). Cells were collected by
centrifugation and re-suspended in PBS
containing 0.5% low melting agarose on a
microscope slide. FRAP experiments were
performed using a Nikon A1Rsi microscope
(Nikon) at room temperature. Images were
acquired using a PlanApochromat 63x/1.4 gNA
objective with frame size 256 x 256, pixel width
91 nm and pixel time 4.44 pus at intervals of 1 s
with pinhole set to 1.5 Airy unit. In each FRAP
experiment, a single focus at the central focal
plane was bleached using the 488 nm laser line at
100% laser transmission on a circular region of
interest (ROI) with a diameter of 8 pixels (0.7 um
radius) for 30 min. For imaging, the transmission
of the 488 nm laser was set to 1% of the bleach
intensity. Regions of interests (ROI) were defined
for bleached spots, as well as for non-bleached
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spots. Mean fluorescence intensities for all ROls
were quantified over time using Imaged (v1.50b).
For every time point, signals from bleached spots
were normalised to the signals from non-bleached
spots to correct for fluorophore fading caused by
image acquisition.

Statistical analysis

Data were analysed using GraphPad Prism 8
(San Diego, CA, USA) Software. The significance
of differences was calculated using two-tailed
unpaired t-test or Welch t-test. P-values lower
than 0.05 were considered to indicate a significant
difference.
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