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Abstract

Serum amyloid Al (SAA1) is an apolipoprotein that binds to the
high-density lipoprotein (HDL) fraction of the serum and consti-
tutes the fibril precursor protein in systemic AA amyloidosis. We
here show that HDL binding blocks fibril formation from soluble
SAA1 protein, whereas internalization into mononuclear phago-
cytes leads to the formation of amyloid. SAA1 aggregation in the
cell model disturbs the integrity of vesicular membranes and leads
to lysosomal leakage and apoptotic death. The formed amyloid
becomes deposited outside the cell where it can seed the fibrilla-
tion of extracellular SAAL. Our data imply that cells are transiently
required in the amyloidogenic cascade and promote the initial
nucleation of the deposits. This mechanism reconciles previous
evidence for the extracellular location of deposits and amyloid
precursor protein with observations the cells are crucial for the
formation of amyloid.
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Introduction

Amyloid fibrils are filamentous polypeptide aggregates with a cross-f8
structure [1]. They occur inside the human body associated with
neurodegenerative diseases, systemic amyloidosis, type II diabetes
and “normal” ageing [2,3]. Biophysical analysis of the mechanisms
by which chemically pure polypeptide chains self-assemble inside a
test tube provided insights into the kinetics and chemical steps of
protein self-assembly [4,5]. But how fibril formation occurs within a
native cellular environment, which is obviously more complex than
the conditions of dilute polypeptide chains in simple chemically

buffered solutions, is less well understood. To determine the cellular
mechanism of protein misfolding, we here focus on AA amyloidosis,
the prototype of a systemic amyloidosis.

AA amyloidosis shows a worldwide distribution, and it occurs in
humans, mammals and birds [6]. The disease is associated with
massive amyloid deposits that primarily affect spleen, liver and
kidneys. Renal amyloid is the major cause of debilitations in AA
amyloidosis, which frequently develop proteinuria if not an end-
stage kidney disease with sometimes fatal outcome [7]. The pathol-
ogy of systemic amyloidosis also depends to a much greater extent
on fibrils than on the toxic activity of fibrillation intermediates [8],
the major pathogenic culprits in many neurodegenerative diseases
[9]. Human and murine AA amyloid fibrils consist of C-terminally
truncated SAA1 protein, an acute-phase apolipoprotein that is
secreted by the liver in response to a strong inflammatory stimulus
[10].

Acute-phase SAA1 concentrations in the serum can be more than
1 mg/ml compared to about 0.001 mg/ml under normal conditions
[10], indicating that high blood SAAL1 levels are crucial for the onset
of disease. Blood-borne SAA1 is mainly associated with the plasma
HDL fraction, where it has been associated with multiple biological
functions [11]. The protein interacts functionally and physically
with macrophages and modulates the physiological activity and
lipid homeostasis of these cells under inflammatory conditions
[12,13]. Lipid-free SAA1 possesses a random coil-like conformation
at 37°C [14,15], whereas lowering the temperature to 4°C or addi-
tion of sodium dodecyl sulphate (SDS), HDL or lipids may stabilize
the protein in an a-helical conformation [14-16].

AA amyloid deposits develop first within the reticuloendothelial
system [17], suggesting that macrophages are involved in the
biogenesis of amyloid deposits in vivo. Amyloid deposits can be
infiltrated by macrophages [18], and analysis of histological sections
of diseased tissue with transmission electron microscopy revealed
amyloid fibrils within the lysosomes [19]. Extraction of peritoneal
macrophages from AA amyloidotic mice and their injection into
inflamed recipient mice can transfer AA amyloidosis from animal to
animal [20]. Clodronate depletion of splenic macrophages, specifi-
cally within the marginal zone, antagonizes the development of
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murine AA amyloidosis [21,22]. Addition of HDL-SAA1 to cultures
of primary macrophages or macrophage-like cell lines leads to the
internalization of SAA1l into the cells and to the deposition of
amyloid within the culture dish [20,23,24]. The formed amyloid
consists of extracellular fibrils, lipids, glycosaminoglycans and
serum amyloid P component and thus of key components of AA
amyloid deposits in vivo [24-26]. In the present study, we have used
this cell model for analysing the cellular mechanism of amyloid fib-
ril formation from SAA1 protein.

Results
Formation of amyloid deposits in the cell culture model

To induce the formation of amyloid, we incubated murine J774A.1
cells, a widely used model of monocytic activity and macrophage-
like function, with soluble SAA1 protein and HDL (Appendix Fig
S1). SAA1 was added from a stock of the protein in pure water in
which the protein was non-native and exhibited a low o-helical
content of ~10%, as demonstrated by far-ultraviolet (UV) circular
dichroism (CD) spectroscopy (Appendix Fig S2A and C). Addition of
the protein to medium lacking HDL and foetal bovine serum (FBS)
increases the a-helical content to about 25% (Appendix Fig S2A and
C), which is less than the o-helical content of available crystal struc-
ture homologues (70-74%), as defined by the protein data bank
files [27,28]. It is also less than the a-helical content that we and
others obtained by CD with murine SAA1 or its homologues at 4°C
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(Appendix Fig S2B and C) or in the presence of SDS or HDL
[14-16]. Soluble SAAT lacks amyloid structure and interacts only
weakly with amyloid binding dyes, such as thioflavin T (ThT) and
Congo red (CR; Appendix Fig S2D-F). It is polydisperse, specifically
in medium containing HDL and FBS, and forms a range of differently
sized HDL-bound states as well as monomeric protein as indicated
by size exclusion chromatography (SEC) (Appendix Fig S2G).

The formed amyloid deposits, in contrast to soluble SAA1, bind
Congo red (CR) and give rise to green birefringence, the gold stan-
dard of amyloid diagnosis in pathology [29]. Varying the SAA1
concentration from 0.1 to 1.0 mg/ml shows that the amyloid forms
faster and more extensively at higher SAA1 concentrations (Fig 1)
which reproduces the natural requirement of high SAA1 levels for
disease in vivo [6]. It further follows the general laws of mass
action, according to which assembly reactions become favoured if
the protomer concentration is increased.

Generation of a fluorescence sensor to monitor SAA1
self-assembly

To follow the fate of SAA1 protein within the cell model, we gener-
ated a Forster resonance energy transfer (FRET) sensor, which
monitors the self-assembly of the protein into fibrils. We produced a
recombinant variant of SAA1 protein in which residue 101 of the
otherwise cysteine (Cys)-free protein was replaced with Cys
(Appendix Fig S3A). The resulting protein, termed SAA1,0,Cys, was
modified at its single thiol group with the maleimide-conjugated
fluorescent dyes Alexa Fluor 488 (AF488) or Alexa Fluor 594

0.1 mg/ml SAA1

Figure 1. Effect of the SAA1 concentration on the kinetics of amyloid formation.
Bright field and dark field polarizing microscopy images of CR-stained J774A.1 cells exposed for 2, 6,9 and 12 days to 1.0, 0.5 or 0.1 mg/ml SAAL and HDL. Scale bar: 50 um.

© 2017 The Authors
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(AF594). The single site labelled proteins will hereafter be referred
to as SAA1,9;Cys-AF488 and SAA1,y;Cys-AF594. Control experi-
ments confirmed that the attachment of a fluorescent group at posi-
tion 101 did not substantially modify the assembly of SAA1 fibrils
in vitro. The fluorescent protein fibrillated similarly in a 1:49
mixture with wild-type SAA1 as the unmodified bulk protein
(Appendix Fig S3B-D). There was no evidence that the incorpora-
tion of fluorescently labelled SAA1 notably alters the morphology of
the formed fibrils (Appendix Fig S3E-H).

Incubation of a 48:1:1 mixture of SAA1, SAA1,(,Cys-AF488 and
SAA1,4,Cys-AF594 for 70 h in vitro and measurement of the fluores-
cence spectra before and after incubation show in the spectra
recorded with the aged samples additional bands arising from FRET
(Appendix Fig S4A and B). FRET depends on dipolar interactions
between nearby fluorophores (closer than 10 nm) and has been
used, for example, to provide information about the assembly of
a-synuclein protein from Parkinson’s disease [30,31]. Following the

A 4h 24 h
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temporal development of FRET shows a similar kinetic behaviour as
bulk fibril formation, which we monitor here by centrifugation and
measurement of the protein content in pellet and supernatant
(Appendix Fig S4D). We conclude that a 48:1:1 mixture of SAAL,
SAA1l,9;Cys-AF488 and SAAl,(,Cys-AF594 represents a FRET
sensor for the fibrillation and aggregation of SAA1 protein.

FRET demonstrates SAA1 self-assembly to start inside of the cell

Addition of the three protein variants together with HDL to J774A.1
cells leads to FRET within a 24-h incubation period as shown by
LSM (Fig 2). All FRET signals seem to be associated with focal spots
within the cytoplasm of the cells, suggesting their presence in a
vesicular compartment. A 4-h incubation period is not sufficient to
produce FRET (Fig 2B) although the signals recorded in the donor
or acceptor channels show that SAA1 is already internalized at this
early time point (Fig 2A). In other words, cells take up the protein
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Figure 2. FRET demonstrates fibril formation to start inside the cell.
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A LSM images of living cells exposed to a 48:1:1 mixture of SAAL, SAAL;o;Cys-AF488, SAAL;; Cys-AF594 (total SAAL concentration 50 puM) and HDL for 4, 24, 48 or 72 h.
Images show autofluorescence, donor, acceptor and sensitized acceptor (s.a.) fluorescence. Scale bar: 10 pm.

B The FRET images were calculated from the s.a. fluorescence images as described in the Materials and Methods. Scale bar: 10 um.
Bright field (left) and dark field polarizing microscopy images (right) of CR-stained cell cultures exposed to 0.5 mg/ml SAAL and HDL for 4 h, 1 day, 2 days or 3 days.

Scale bar: 20 pm.

Data information: In (A and B) the circles represent cells and the dotted line circles represent the nuclei.
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for a long time before the first assemblies can be detected by FRET,
which occurs much earlier than the deposition of CR green birefrin-
gent amyloid, which is not seen within 4 days (Fig 2C), but can
only be observed under comparable conditions from 5 days
onwards (Figs 1 and 4B).

Preventing the internalization of SAA1 protein reduces FRET

Uptake of fluorescently labelled SAA1 is potently blocked by addi-
tion of monodansyl cadaverine (MDC) or chlorpromazine (Fig 3A),
two well-established inhibitors of clathrin-dependent endocytosis as
shown by flow cytometry. By contrast, none of the compounds
targeting phagocytosis (cytochalasin B, latrunculin A), pinocytosis
(colchicine, nocodazole), macropinocytosis (rottlerin, dimethy-
lamiloride) and caveolae-dependent uptake pathways (nystatin,
genistein) discernibly alter cellular uptake (Fig 3A) although we
see a slight, but non-significant reduction with inhibitors of
dynamin-dependent endocytosis (dynasore, dynole) which is
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Figure 3. Fluorescently labelled SAA1 is mainly internalized through

clathrin-dependent endocytosis.

A Flow cytometric analysis of cells exposed to 0.5 mg/ml SAAL, 0.01 mg/ml
SAA1-AF647, HDL and different uptake inhibitors as indicated (n = 4).

B MTT-based cell viability measurement of cells incubated with or without
inhibitors (n = 4).

C LSM images of J774A1 cells incubated with 0.5 mg/ml SAAL, 0.01 mg/ml
fluorescent SAAL, HDL and AF647-labelled transferrin, a fluorescent marker
for clathrin-dependent endocytosis. Scale bar: 10 um.

Data information: In (A and B), data are presented as mean + SD. **P < 0.01
(Student’s t-test). In (C) the circles represent cells.

EMBO reports

consistent with previous observations that dynamin-dependent
uptake is linked to clathrin-dependent endocytosis [32]. The used
inhibitor concentrations and incubation times were not significantly
cell toxic as confirmed with the MTT assay (Fig 3B). LSM shows the
co-localization of fluorescently labelled SAA1 with fluorescently
labelled transferrin, a marker of clathrin-dependent endocytosis
(Fig 3C). Addition of MDC reduces the formation of intracellular
FRET (Appendix Fig S5B). None of the inhibitors affecting the other
internalization pathways reduced the obtained FRET signals in a
statistically significant fashion (Appendix Fig S5B), consistent with
their lack of activity on SAA1 uptake (Fig 3A).

Intracellular SAA1 aggregation is toxic to the cells

Following the kinetics of aggregation of fluorescently labelled SAA1
over a period of 6 days reveals the progressive clustering of the cells
(Appendix Fig S6A-D). The clusters often enclose large-sized spots
of fluorescent SAA1 (Appendix Fig S6A), and the cell death marker
propidium iodide (PI) demonstrates inclusion of dead cells in such
clusters (Fig 4A). TEM analysis of ultrathin sections confirms this
conclusion and demonstrates a core of extracellular material that is
surrounded by a cluster of dead cell bodies (Appendix Fig S6D).
Based on the MTT, we obtain the first signs of an altered cellular
metabolism or toxicity as early as on day 1 (Fig 4B), corresponding
to the intracellular accumulation of SAA1 aggregates as revealed by
the FRET assay (Fig 2B). FRET-positive aggregates form much
earlier than CR-positive amyloid deposits that emerge, based on the
amyloid score (Appendix Fig S7), only from day 5 onwards (Fig 4B).
The mechanism of cell death involves apoptosis, as demonstrated
by an enhanced caspase-3/7 activity (Fig 4C) and a positive TUNEL
staining that arises from the apoptotic fragmentation of the cellular
DNA (Fig 4D). Co-localization studies with the lysosomal marker
LysoTracker® Red DND-99 reveal the internalization of SAAI into
the lysosomes (Fig SA). The pH-dependent reporter dye acridine
orange (AO) additionally provides evidence for lysosomal defects
(Fig 5B). AO can be internalized into the lysosomes and shows a
reduced fluorescence when transferred to the cytoplasm. Quantified
by flow cytometry and measurement of the AO fluorescence we find
lysosomal leakage after an incubation period of 24 h but not after
5 h (Fig 5B), indicating that toxicity is triggered by the intracellular
SAAI aggregates (Fig 4B-D).

The intracellular SAA1 becomes released into the extracellular
space as demonstrated by an experiment in which cells were incu-
bated with biotinylated SAA1 for 1 day to induce the formation of
intracellular aggregates. We then removed all extracellular biotin-
SAA1 with trypsin and incubated the cells further with unlabelled
SAAL. Analysis of the resulting deposits with SEM shows extracellu-
lar fibrils that bind gold-conjugated streptavidin (Appendix Fig $8),
indicating that previously intracellular biotin-SAA1 protein is
present in the extracellular fibril. The formed amyloid is able to
grow further even in the absence of living cells, as killing the cells
with methanol fixation did not stop their further growth. However,
this effect was only seen if the cells were preincubated for 6 days
with SAA1 and HDL to generate initial deposits, but not with cells
kept for 6 days in the absence of SAA1 that did not produce any
nascent deposit (Fig 4E and F). These data imply that cells are

fCorrection added on 1 August 2017, after first online publication: the detection method was corrected.

© 2017 The Authors
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Figure 4. Fibril formation leads to the formation of cell clusters and toxicity.

A LSM images of Pl-stained J774A.1 cells exposed to HDL or HDL together with 0.5 mg/ml SAAL and 0.01 mg/ml SAA1-AF488 and HDL for 6 days. Scale bar: 10 pm.

B MTT-based cell viability measurements (black, n = 4) and quantitative estimation of amyloid load by CR staining (green, n = 5) of cells incubated with or without
0.5 mg/ml SAAL and HDL as indicated. The sample incubated only with medium was set to 100%.

C  Caspase-3/7 activity of cells incubated with 0.5 mg/ml SAA1, HDL or the cell toxin staurosporine for up to 2 days (n = 3). a.u.: arbitrary units.

D  LSM images after applying the TUNEL assay to monitor apoptosis in J774A.1 cells incubated for 3 days with 0.5 mg/ml SAA1 and HDL as indicated. Scale bar:
10 pm.

E, F LSM images of cells exposed for 6 days to HDL (F) or 0.5 mg/ml SAA1, 0.01 mg/ml SAA1-AF488 (green) and HDL (E). Afterwards, cells were killed by methanol
fixation and the culture dish was further incubated with 0.5 mg/ml SAAL, 0.01 mg/ml| SAA1-AF647 (red) and HDL for 1 day. Scale bar: 10 pm.

Data information: In (B and C), data are presented as mean =+ SD. *P < 0.05; **P < 0.01; ***P < 0.001 (Student’s t-test). In (D) the circles represent cells and the dotted
line circles represent the nuclei.

transiently involved in amyloid biogenesis and help to form a
deposit nucleus, which then seeds further amyloid growth.

in which we monitored the formation of SAA1 fibrils by the flu-
orescence intensity of the fibril binding dye ThT (Fig 6A). TEM
confirms the absence of fibrils under these conditions, sharply
contrasting to the filamentous morphologies obtained in the
absence of HDL (Fig 6A). Similar observations are made in the
cell model, where we find a retarded amyloid deposition

HDL prevents the fibrillation of SAA1 protein in the absence
of cells

Spontaneous fibrillation of SAA1 protein is blocked in solution
by HDL as we show here by real time fibrillation measurements,

EMBO reports Vol 18 | No 8 | 2017

(Fig 4B) and a reduced uptake of N-fluorescently labelled SAA1
into J774A.1 cells in the presence of HDL (Fig 6B). Taken

© 2017 The Authors
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A LSM images of cells incubated with 0.5 mg/ml SAA1, 0.01 mg/ml| SAA1-AF488 and HDL for 24 h and stained with LysoTracker® Red DND-99 (red), a marker of acidic

organelles. Scale bar: 10 um.

B Cells were incubated with or without 0.5 mg/ml SAA1 and HDL for up to 48 h, stained with pH-sensitive dye AO, analysed by flow cytometry using an EX wavelength
of 488 nm and an EM filter from 673 to 727 nm (n = 3). Data are presented as mean + SD. *P < 0.05 (Student’s t-test).

Data information: In (A) the circles represent cells and the dotted line circles represent the nuclei.

together with the previous observation that HDL helps to fold
SAA1 into an o-helical conformation [15], we conclude that the
lipid particles sequester the protein in a conformation that is not
competent for fibril formation, while internalization of the
protein overcomes this inhibitory activity.

Discussion

Analysis of the cellular formation of amyloid from SAA1 protein
yielded a mechanism that consists of six steps (Fig 7). The first step
is the internalization of the extracellular protein by clathrin-depen-
dent endocytosis. This result is obtained here by the use of twelve
different pharmacological uptake inhibitors, sampling a total of six
different uptake pathways (Fig 3A). Fluorescence microscopy addi-
tionally demonstrates that SAA1 co-localizes with transferrin, a
marker of clathrin-dependent endocytosis (Fig 3C). Internalized
SAA1 protein may be passed on to neighbouring cells via direct
cell-cell interactions [33] or may be trafficked, unlike transferrin
that enters endocytic recycling compartments, to the lysosomes [34]
where it co-localizes with the lysosomal marker LysoTracker® Red
DND-99 (Fig 5A). Taken together with observations that the lysoso-
mal proteases as cathepsins B and L cleave SAA1 protein [35], these
data suggest that SAA1 is targeted for degradation.

© 2017 The Authors

The second step in the cellular formation of amyloid is the
intracellular accumulation of SAA1 aggregates (Fig 2B). While
amyloid fibrils were previously observed in lysosomes or other
endocytic compartments of amyloidotic tissues [18,19] and of
cell models [34,36,37], it remained unclear whether protein
assembly took place inside the cell or whether the cells had
internalized the preformed fibrils. Indeed, several studies demon-
strated that mononuclear phagocytes can internalize and degrade
amyloid fibrils [26,38,39]. Our FRET assay, which is consider-
ably more sensitive than previous CR-based methods, detects the
first aggregates inside the cell (Fig 2B). These data lend strong
support to the relevance of an intracellular route of fibril forma-
tion in the course of disease. However, amyloid deposition is
only seen if the cells had internalized the protein for more than
20 h (Fig 2); that is, fibril formation occurs under conditions
when the influx of SAA1 into the cells exceeds their proteolytic
capacity. Further support for an intracellular origin of fibril
formation is provided by data showing that the genetic knockout
of lysosomal proteases modulates the development of AA
amyloidosis in mice [35].

The next two steps in the cellular formation of amyloid are
the disruption of lysosomal membranes and the development of
cellular toxicity. Both events are seen after the cells were incu-
bated with SAA1 for 24 h; that is, they appear concomitantly

EMBO reports Vol 18 | No 8 | 2017
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Figure 6. HDL-binding sequesters SAA1 protein and prevents fibril
formation.

A Time-dependent ThT fluorescence measurements of 50 uM SAAL in the
presence or absence of HDL. Seven replicates per condition are shown. The
lag time is 31.5 + 6.8 h in the absence of HDL. TEM images were taken
from samples after 140 h. Scale bar: 100 nm.

B Flow cytometric analysis of cells incubated with 0.5 mg/ml SAAL, 0.01 mg/ml
SAA1-AF488 and HDL as indicated for 5 h (n = 3). Data are presented as
mean =+ SD.*P < 0.05 (Student’s t-test).

with intracellular SAA1 aggregates. Non-degradable lysosomal
cargo in the form of organic nanoparticles was previously shown
to induce lysosomal leakage, mitochondrial disturbances and
apoptotic death in a monocytic cell line [40]. This damage could
be attributed to the surface charge and was only seen with posi-
tively charged, amino-functionalized but not with negatively
charged carboxyl-functionalized nanoparticles [40]. A similar
mechanism might also account for SAA1 protein, which has an
isoelectric point of 5.89 and thus carries a positive net charge in
the lysosomes that possess typical pH values of 4.5-5.0. Other
mechanisms leading to membrane damage could be the forma-
tion of an amyloid pore, which has been demonstrated for
numerous amyloid-forming systems, including human SAA1, with
artificial lipids in vitro [41,42], or the physical disruption of the
vesicular lipid bilayer by the fibrils. The latter mechanism was
found in a cell model of AR amyloid formation, in which intra-
cellular fibrils distorted the compartment structure or pricked
through the membrane to extend into the cytoplasm [43].

The last two steps in the generation of amyloid deposits are the
formation of cellular clusters and the release and further

EMBO reports Vol 18 | No 8 | 2017
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extracellular growth of the initial deposits. The clusters frequently
contain cells that are affected by cell death, as shown by PI staining
(Fig 4A) and TEM (Appendix Fig S6D). They often enclose a core of
extracellular material or SAA1 protein, as indicated by TEM and flu-
orescence microscopy (Fig 4A and Appendix Fig S6D). Cell clusters
may thus represent sites where amyloid becomes released to the
extracellular space due to cell death. Once the deposits are able to
grow further even in the absence of living cells, as SAA1 protein
directly enters an already existing deposit even if the cells are killed
by methanol fixation (Fig 4E). This extracellular growth is only
seen, however, if living cells were there initially and had sparked off
the process of amyloid deposition, as cultures preincubated without
SAA1 could not form initial deposits and did not promote the aggre-
gation of SAA1 (Fig 4F). We conclude that cells need to be present
at least transiently to support the nucleation of nascent deposits,
which are then able to grow further even without the participation
of cells.

This mechanism explains previous observations that amyloid
deposits and fibril precursor protein are extracellular in systemic AA
amyloidosis and that macrophages are required for the formation of
amyloid deposits in vivo [21,22] and in cell culture [23,24,26]. Fibril
formation is known to be a nucleation-dependent process [44] that
is kinetically controlled by the slow and thermodynamically unfa-
vourable step of nucleus formation. This step is in the case of SAA1
protein additionally retarded by binding to HDL, as we show here
both in the absence (Fig 6A) and in the presence of cells (Fig 4B).
HDL sequesters SAA1 protein in an o-helical conformation [15] that
is not competent for amyloid formation, as the hydrogen bond
donor and acceptor groups of the backbone are no longer available
to form an intermolecular B-sheet. Internalization of SAA1 protein
into living cells helps to overcome this barrier, and possible expla-
nations for this effect include relatively high local concentrations of
intracellular SAA1, the exposure of SAA1 to glycans or confined
space conditions [45,46] or a disruption of the interactions between
SAA1 and HDL as the protein becomes degraded [23]. It will thus be
interesting to learn how fibrils or amyloid-enhancing factor, which
was shown to promote fibril formation in vivo and in the cell model
[23,47], modulate the encountered cellular mechanism. One possi-
ble effect could be the uptake of AEF such that it encounters SAA1
protein inside the cell.

Several other types of systemic and localized amyloidosis have
previously been reported to involve either mononuclear phago-
cytes, endocytotic uptake or a proteolytic processing of the
amyloid precursor protein during fibril formation. Examples
hereof are the misfolding of light chains in systemic AL amyloido-
sis [48,49], the formation of pancreatic amyloid deposits from
islet amyloid polypeptide in type II diabetes mellitus [50], the
misfolding of P2-microglobulin in dialysis-related amyloidosis
[51], the formation of apolipoprotein A-I amyloid deposits in
ApoA-I amyloidosis [52] and the deposition of amyloid plaques
from AP peptide or prion protein in Alzheimer’s disease or trans-
missible spongiform encephalopathy [41,42,46,53,54]. Further-
more, several amyloid precursor proteins are known to aggregate
in vitro under acidic conditions, resembling the pH conditions of
lysosomal compartments. Examples hereof are light chains, trans-
thyretin and P2-microglobin [4,55,56]. Hence, elements of the
presently described mechanism may be relevant for other protein
misfolding diseases as well.

© 2017 The Authors
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Figure 7. Schematic view of the mechanism of fibril formation.
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According to our data cellular amyloid formation consists of six steps: (1) Uptake of SAAL protein into the cells, (2) intracellular fibril nucleation, (3) leakage of intracellular
compartments, (4) formation of cellular clusters, (5) release of intracellular SAAL into the extracellular space and (6) further extracellular growth of the nucleated deposit.

Materials and Methods
Generation of SAA1 and SAA1,,,Cys proteins

Murine full-length SAA1.1 protein (Appendix Fig S3A) was recombi-
nantly expressed in Escherichia coli RV308 cells as described else-
where [25]. In brief, the coding region of SAA1 was cloned to the
5’-end of the gene of maltose-binding protein in the pMAL-c2X
vector (New England Biolabs). A His-tag and a tobacco etch virus
cleavage site were inserted in between the genes for maltose binding
protein and SAAI to aid in purification. Protein purification from
the cell lysate was based on column chromatography and consisted
of the following steps: (i) chromatography via amylose high flow
(New England Biolabs) resin, (ii) chromatography via fast flow
nickel-Sepharose (GE Healthcare) medium, (iii) cleavage of the
fusion protein with tobacco etch virus protease (overnight incuba-
tion at 34°C), (iv) a second nickel chelate chromatography step to
separate SAA1l from the His-tagged maltose binding protein, (v)
reversed-phase chromatography (RPC) with Source 15 RPC (GE
Healthcare) medium. The purified protein was finally lyophilized
with an Alpha 2-4 LD plus freeze dryer (Christ) and stored at
—80°C. The gene for SAA1;0;Cys was generated by site-directed
mutagenesis from that of SAA1 using a QuikChange XL Site-Directed
Mutagenesis Kit (Agilent Technologies) according to the manufac-
turer’s protocol. Recombinant expression and purification of
SAA1,4,Cys were performed as described above for SAA1.

Generation of SAA1-AF488 and SAA1-AF647
2 mg of recombinant SAA1 was dissolved in 500 pl 100 mM sodium

carbonate buffer pH 8. 50 pl of Alexa Fluor® 488 (AF488) or Alexa
Fluor® 647 (AF647) succinimidyl ester (4 mg/ml, in dimethyl
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sulfoxide (DMSO), Thermo Fisher Scientific) was added to the solu-
tion and incubated in a thermostated mixer (Eppendorf) under
continuous shaking (300 rpm) at room temperature (RT) for 1 h.
The labelling reaction was stopped by addition of 100 pl 1.5 M
hydroxyl amine pH 8.5. The solution was centrifuged (16,900 x g,
30 min), and the pellet was dissolved in 7.5 M guanidine hydrochlo-
ride and 25 mM sodium phosphate buffer pH 7.4. The supernatant
and the pellet were purified separately with a 3 ml Resource RPC
column (GE Healthcare) using a linear gradient from 0 to 86% (v/v)
acetonitrile in 0.1% (v/v) trifluoroacetate. The concentration of fluo-
rescently labelled SAA1 protein in the eluted fraction was determined
by absorbance at 500 nm (SAAI-AF488, &= 71,000 M~} cm™})
or 653 nm (SAAI-AF647, &= 239,000 M ' cm™'). The protein
purified from supernatant and pellet was lyophilized and stored
separately at —80°C. The fluorescently labelled SAA1 variants
were dissolved in DMSO and added to the medium without any
filtration.

Generation of SAA1,,,Cys-AF488 and SAA1;,,Cys-AF594

Lyophilized SAA1;¢,Cys protein was dissolved at a concentration of
0.4 mg/ml in 1 mM tris(2-carboxyethyl)phosphine to prevent the
formation of disulphide bonds. The pH was adjusted to a value of
5-6 with 1 M NaOH, and the sample was incubated for 45 min. The
labelling reaction was started by the addition of 150 pl 60 mM
sodium phosphate buffer pH 7.6 and 20 pl of AF488 or AF594 malei-
mide (Thermo Fisher Scientific) dyes that were dissolved in DMSO
at a concentration of 10 mg/ml. After an incubation period of 2.5 h
at RT, in which the sample was agitated continuously at 300 rpm,
the reaction was stopped by the addition of 13 pl 0.1 M glutathione.
The sample was centrifuged (16,900 x g, 30 min), and the pellet
was dissolved in 7.5 M guanidinium chloride, 25 mM sodium
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phosphate buffer pH 7.4. The supernatant and the pellet were puri-
fied separately with a 3 ml Resource RPC column (GE Healthcare)
using a linear gradient from 0 to 86% (v/v) acetonitrile in 0.1%
(v/v) trifluoroacetate. The labelled protein concentration in the
eluted fraction was estimated by absorbance at 500 nm (SAA1,¢,Cys-
AF488, £=71,000 M ' cm™") or 594 nm (SAAl,;yCys-AF594,
92,000 M~ cm™!). The protein purified from supernatant and pellet
was lyophilized and stored separately at —80°C. The protein identity
was verified by mass spectrometry using a Bruker REFLEX mass
spectrometer (Bruker Daltonik). For SAA1,y,Cys-AF488, the calcu-
lated mass/charge (m/z) ratio was 12,337 Da, while the observed
m/z was 12,339 Da. For SAA1,(;Cys-AF594, the calculated m/z
ratio was 12,526 Da, while the observed m/z was 12,527 Da. All
solutions were thoroughly degassed by purging them with argon for
30 min. The fluorescently labelled SAA1 variants were dissolved in
DMSO and added to the medium without any filtration.

Generation of biotinylated SAA1

2 mg of recombinant SAA1l was dissolved in 500 pl of 100 mM
sodium carbonate buffer (pH 8) and supplemented with 50 pl of
32 mg/ml EZ-Link™ NHS-Biotin (Thermo Scientific) in DMSO. This
solution was incubated for 30 min at RT in a thermostated mixer
under continuous shaking (250 rpm). The solution was centrifuged
(16,900 x g, 30 min), and the pellet was dissolved in 500 pl 7.5 M
guanidinium chloride, 25 mM sodium phosphate buffer pH 7.4. The
supernatant and the pellet were purified separately with a 3 ml
Resource RPC column (GE Healthcare) using a linear gradient from
0 to 86% (v/v) acetonitrile in 0.1% (v/v) trifluoroacetate. The
protein purified from supernatant and pellet were lyophilized and
stored separately at —80°C. The biotinylated SAA1 was dissolved in
water and added to the medium without any filtration.

General cell culture methods

J774A.1 cells (Sigma-Aldrich) were plated out at a density of
350,000 cells/ml in 96-well plates (Greiner Bio-One) unless indi-
cated otherwise. Cells were grown on glass cover slips (Thermo
Fisher Scientific) or sapphire discs (diameter: 3 mm; Engineering
Office Wohlwend) depending on whether they were further anal-
ysed by light microscopy or electron microscopy. Sapphire discs
were coated with a 20-nm carbon layer using a Balzers BAF 300
instrument (Bal-Tec), incubated overnight in an oven (120°C) and
sterilized by UV irradiation at 320 nm for 10 min immediately prior
to use. Cells dedicated for flow cytometry were plated out in 24-well
plates (Greiner Bio-One) and at a density of 400,000 cell/ml, while
cells dedicated for LSM experiments were incubated in 8-well
Nunc™ Lab-Tek™ 1II slides (Thermo Fisher Scientific). All cells were
cultured at 37°C in an atmosphere of 5% (v/v) CO, using
Dulbecco’s modified Eagle’s medium (Life Technologies) which we
supplemented with 10% (v/v) heat-inactivated FBS (Life Technolo-
gies) and 1% (v/v) antibiotic-antimycotic solution (Life Technolo-
gies). After plating out the cells, they were incubated without SAA1
and HDL for 24 h unless stated otherwise, before the medium was
replaced with fresh medium containing soluble SAA1 and HDL that
were added from the stock solutions as indicated in the respective
experiments. Medium and supplements were generally replenished
every 2-3 days until the end of an experiment.
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Preparation of the SAA1 stock

The SAAL1 stock was prepared by dissolving the recombinant protein
at a concentration of 10 mg/ml in pure water. Residual trifluoroac-
etate from the purification was removed by two filtration steps
through a 3-kDa membrane filter (Amicon Ultra-0.5 ml 3K, Merck
Millipore) and centrifugation at 14,000 x g for 10 min at 4°C. The
retentate was filled up with water to the original volume, and the
protein was eluted from the membrane by inversion of the filter and
centrifugation step at 1,000 x g for 1 min at 4°C. The stock solution
was stored in frozen aliquots that were thawed immediately prior to
addition to the cell culture medium. The added amount was
adjusted to reach the desired final SAA1 concentration.

Preparation of the HDL stock

The HDL stock was obtained commercially (Applichem) and stored
in frozen aliquots. Its concentration was estimated based on the
triglyceride content provided by the vendor. The aliquots were
thawed immediately prior to their addition to the medium. The
added amount was adjusted such that the final triglyceride concen-
tration (in mg/ml) in the medium corresponded to 9% (w/w) of the
SAALI protein concentration also expressed in mg/ml.

General flow cytometry methods

After plating out the cells, we kept them without SAA1 and HDL for
42 h, before the medium was replaced with 350 pl medium contain-
ing 0.5 mg/ml SAA1, 0.01 mg/ml SAA1-AF647 and HDL as indi-
cated in the experiment. At the end of each experiment, the medium
was removed and the cells were trypsinized. Afterwards, the cells
were scraped off from each well with a cell scraper (TPP) and trans-
ferred into a separate 1.5-ml tube. The cell suspension was centri-
fuged at 200 x g for 5 min at 4°C, and the supernatant was
discarded. The cell pellet was resuspended in 1 ml flow cytometry
buffer containing 0.5% (w/v) bovine serum albumin, 0.1% (w/v)
sodium azide and PBS (137 mM NaCl, 2.7 mM KCl, 8 mM
di-sodium hydrogen phosphate, 2 mM potassium dihydrogen
phosphate-buffered saline pH 7.4; Thermo Fisher Scientific) and
centrifuged once more for 5 min at 200 x g and 4°C. The cell pellet
was resuspended in 200 ul flow cytometry buffer containing 2%
(w/v) paraformaldehyde (Carl Roth) and incubated for 15 min at
RT to fix the cells. Afterwards, the cells were centrifuged again and
resuspended in 200 pl flow cytometry buffer. They were stored at
4°C overnight and transferred on the next day into flow cytometry
tubes (Sarstedt) for analysis in a BD FACSVerse™ flow cytometer
(BD Biosciences) using an excitation (EX) wavelength of 633 nm
and an emission (EM) filter with a range of 655-665 nm. For each
sample, 10,000 events were measured if not indicated otherwise.
The data were analysed using FlowJo (FlowJo, LLC) software.

General laser scanning microscopy (LSM) methods

After plating out the cells, we kept them without SAA1 and HDL for
42 h, before the medium was replaced with 200 pl fresh medium
containing 0.5 mg/ml SAA1, 0.01 mg/ml SAA1-AF488 and HDL as
indicated in each experiment. Immediately before LSM analysis, the
medium was removed and the extracellular proteins were degraded
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by trypsinization. After addition of 200 ul PBS, we imaged the cells
at 37°C in an atmosphere of 5% (v/v) CO, using a LSM710 confocal
microscope (Carl Zeiss) using an EX wavelength of 405 nm and an
EM filter range from 410 to 460 nm to monitor autofluorescence
and an EX wavelength of 488 nm and an EM filter range from 494
to 553 nm to monitor SAA1-AF488, or using an Eclipse Ti-E LSM
(Nikon) and an EX wavelength of 488 and an EM filter range from
500 to 550 nm to monitor SAA1-AF488. Bright field images were
recorded using a transmission detector. Uptake of fluorescently
labelled SAAT into cells was quantified by using ImageJ software
(National Institutes of Health).

Measurement of cellular FRET levels with LSM

After plating out the cells, we kept them without SAA1 and HDL for
24 h, before the medium was replaced with 200 ul medium contain-
ing 48 uM SAAI, 1 uM SAAl,y,Cys-AF488, 1 uM SAAl,q,Cys-
AF594 and HDL. The medium was removed after 4, 24, 48 or 72 h.
Extracellular proteins were removed by trypsinization. Cells were
analysed at 37°C in 200 pl fresh medium and in an atmosphere of
5% (v/v) CO,. A LSM710 confocal microscope (Carl Zeiss) was used
to subsequently scan a given area of the culture using an EX wave-
length of 488 nm and an EM filter range from 500 to 545 nm
(donor; I,*%%), an EX wavelength of 488 nm and an EM filter range
from 610 to 645 nm (s.a. sensitized acceptor; 1,%%%), an EX wave-
length of 561 nm and an EM filter range from 610 to 645 nm (accep-
tor; 1,°°1) or an EX wavelength of 405 nm and an EM filter range
from 410 to 460 nm (autofluorescence). The original magnification
was 63-fold. The FRET efficiency E was calculated pixel by pixel
from the I,**® image according to following formula (1) using IGOR
Pro (Wavemetrics):

E=1Ia/(Is + yI;®) 1)

In this equation, y is a correction factor, while I, was calculated
from the images I3, I}3¢ and I3%! according to formula (2).

IA = Iﬁ88 — CCTIgSS — CAEIZ61 (2)

In this equation, ccr accounts for the donor fluorescence cross
talk, while c,f corrects for the direct acceptor excitation at 488 nm.
To obtain ¢y, we prepared fibrils in vitro by incubation of 49 uM
SAA1 and 1 pM SAA1,4,;Cys-AF488 in 10 mM Tris pH 8 for 6 days
at 300 rpm and at 37°C. We then recorded LSM images of this
sample using the four EX/EM settings described above. The factor
cer represents the ratio of I4% and If#® as determined from the
in vitro fibrils:

cor = 1355 /135° 3)

To calculate this ratio, we excluded all pixels where either I#$® or
1338 was below 2% of the dynamic range of the detector. The ratios
of the intensities of the remaining pixels were averaged. To obtain
cap, We prepared fibrils in vitro by incubation of 49 pM SAA1 and
1 uM SAA1,4,Cys-AF594 in 10 mM Tris pH 8 for 6 days at 300 rpm
and at 37°C and recorded LSM images using the above EX and EM
channel settings. The factor c,x represents the ratio of 3% and 3!
as determined from the second sample of in vitro fibrils:
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Cap = 1188/11%61 (4)

To calculate ¢4, we excluded all pixels where either I3% or 3%
was below 2% of the dynamic range of the detector. The ratios of
the intensities of the remaining pixels were averaged. The correction
factor y was calculated according to the following equation:

7= (daTacpet)/(¢pTD) 5)

In this formula, ¢p and ¢4 represent the quantum yields of donor
and acceptor. Tp and T4 represent the spectral transmission of the
donor and acceptor channel, while cp,, accounts for the different
detection efficiencies in both channels. The quantum yields of donor
(¢p = 0.38) and acceptor (¢4 = 0.48) were determined by compar-
ison with the quantum vyield of the standard Rhodamine 6G in
ethanol (preg = 0.95) [57]. Tp and T, were calculated from the fluo-
rescence emission spectra of 1 pM freshly dissolved SAA1;9;Cys-
AF488 and SAAl,y;Cys-AF594, respectively. The spectra were
measured within a LS55 fluorescence spectrometer (Perkin Elmer)
at RT and normalized such that the area integral intensity below the
spectrum becomes 1. The normalized spectrum of SAA1l;o;Cys-
AF488 was integrated between 500 and 545 nm to obtain Tp and of
SAA1,9,Cys-AF594 between 610 and 645 nm to obtain T,. The
factor cpe; was calculated using the following formula:

Cpet = CcT TD/ TﬁT (6)

TST represents the area integral between 610 and 645 nm of the
normalized spectrum of SAA1,(,Cys-AF488.

To analyse the effects of uptake inhibitors on the intracellular
formation of fibrils as determined by FRET, the medium was
replaced 24 h after plating the cells with 200 pl medium containing
48 pM SAA1, 1 pM SAA1,(;Cys-AF488, 1 uM SAA1l,,,Cys-AF594
and HDL. This medium was replaced after 24 h with 200 pl fresh
medium containing the respective uptake inhibitors without SAA1
and HDL according to the concentration and incubation time as
described in the section “Use of pharmacological inhibitors to block
SAA1 uptake”. The medium was replaced with 200 pl fresh medium
containing 48 uM  SAA1l, 1 puM SAAl1;0;Cys-AF488, 1 uM
SAA1,9;Cys-AF594, HDL and the respective inhibitor. After 5 h, the
medium was exchanged with 200 pl fresh medium containing SAA1
and HDL and incubated for another 17 h. The medium was
discarded. The extracellular proteins were removed by trypsiniza-
tion, and cells were analysed in 200 pl fresh medium at 37°C in an
atmosphere containing 5% (v/v) CO, using a LSM710 confocal
microscope (Carl Zeiss).

Measurement of in vitro fibril assembly by FRET
and centrifugation

A 48:1:1 uM mixture of SAA1, SAA1,(,Cys-AF488 and SAA1,4,Cys-
AF594 in 10 mM Tris pH 8.0 was incubated at 37°C in a thermo-
static mixer (Eppendorf) with continuous agitation (300 rpm). At
different time points, aliquots (160 ul) were withdrawn from this
mixture and analysed using a LS55 fluorescence spectrometer
(Perkin Elmer). All EX spectra from 350 to 625 nm were recorded at
an EM wavelength of 630 nm, and all EM spectra were recorded
from 490 to 730 nm using an EX wavelength of 480 nm in a
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microcell cuvette at 37°C. Subsequently, 120 pl of each aliquot was
centrifuged (16,000 x g, 30 min), and the supernatant was removed
and diluted with 180 ul 10 mM Tris pH 8.0. The pellet was
dissolved in 300 pl 9 M urea, 10 mM Tris pH 8.0. Afterwards,
absorbance spectra at 280 nm of the supernatant and pellet sample
were recorded between 200 and 800 nm using a Lambda 35
spectrometer (Perkin Elmer).

Lysosomal co-localization

To test for lysosomal co-localization, cells were incubated for 1 day
with 200 pl fresh medium containing 0.5 mg/ml SAA1, 0.01 mg/ml
SAA1-AF488 and HDL. Extracellular proteins were removed by
trypsinization. Afterwards, the cells were fixed and stained for 1 h
at RT with 50 nM LysoTracker® Red DND-99 (Life Technologies) in
PBS. The staining solution was removed, and the cells were imaged
in 200 pl PBS using a LSM710 confocal microscope (Carl Zeiss) and
an EX wavelength of 405 nm and an EM filter range from 410 to
460 nm to monitor autofluorescence, an EX wavelength of 488 nm
and an EM filter range from 494 to 553 nm to monitor SAA1-AF488
as well as an EX wavelength of 561 nm and EM filter range from
574 to 620 nm to monitor LysoTracker® Red DND-99 fluorescence.

Removal of extracellular protein by trypsinization

The medium of the cells was replaced with 100 pl of a commercial
available trypsin—ethylenediaminetetraacetic acid (trypsin—-EDTA)
solution (Invitrogen). After 10 s, the trypsin-EDTA solution was
removed, and the cells were incubated for 5 min at 37°C. The
trypsinization reaction was stopped by the addition of 200 pl
medium.

Use of pharmacological inhibitors to block SAA1 uptake

After plating out the cells, we kept them in the absence of SAAI,
HDL and inhibitors. After 42 h, the cells were further incubated with
fresh medium containing inhibitors as detailed here: 9 pg/ml chlor-
promazine for 30 min [58], 100 pg/ml colchicine for 2 h [59], 3 pg/ml
cytochalasin B for 2 h [60], 10 uM dimethylamiloride for 30 min
[61], 80 pM dynasore for 30 min [59], 10 pM dynole® 34-2 for
30 min [62], 100 uM genistein for 30 min [63], 25 ng/ml latrun-
culin A for 30 min [64], 100 uM MDC for 10 min [65], 10 pg/ml
nocodazole for 1 h [66], 50 pg/ml nystatin for 15 min [59] and
2 uM rottlerin for 30 min [59]. All inhibitors were purchased from
Sigma, Applichem or Abcam and initially dissolved in DMSO as
200-fold concentrated stocks. After this initial incubation step with
the inhibitors that varied in length, we replaced the medium with
fresh medium containing the respective inhibitors as well as
0.5 mg/ml SAA1, 0.01 mg/ml SAA1-AF488 and HDL and incubated
the cells for another 5 h.

Co-localization of SAA1 with endocytic uptake pathway

After plating out the cells, we kept them without SAA1 and HDL
for 24 h, before the medium was replaced with 200 pl medium
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containing 0.5 mg/ml SAA1, 0.01 mg/ml SAA1-AF488, HDL and
25 pg/ml AF647 labelled transferrin (Life Technologies) for 30 min.
Afterwards the cells were washed with 200 pl PBS and imaged in
200 pl fresh PBS using an Eclipse Ti-E LSM (Nikon) and EX wave-
length of 488 nm and an EM filter range from 500 to 550 nm to
monitor SAA1-AF488 and an EX wavelength of 640 nm and an EM
filter range from 650 to 1,000 nm to monitor transferrin. Bright field
images were recorded using a transmission detector.

Terminal deoxynucleotidyl transferase-mediated deoxyuridine
5'-triphosphate nick end labelling (TUNEL) assay

After plating out the cells, we kept them without SAA1 and HDL for
24 h, before the medium was replaced with 200 pl medium containing
0.5 mg/ml SAA1 and HDL for 3 days. The TUNEL assay was
performed using the Cell Meter™ TUNEL Apoptosis Assay Kit (ATT
Bioquest®) according to the manufacturer’s protocol. Samples were
imaged using a LSM710 confocal microscope (Carl Zeiss) and using an
EX wavelength of 405 nm and an EM filter range from 410 to 460 nm
to monitor autofluorescence and an EX wavelength of 461 nm and EM
filter range of 574-608 nm to monitor the TUNEL fluorescence.

Lysosomal leakage assay

After plating out the cells, we kept them without SAA1 and HDL for
24 h, before the medium was replaced with 100 pl fresh medium
supplemented with 0.5 mg/ml SAA1 and HDL. This medium was
removed after 3, 5, 24 and 48 h and replaced with 40 pl fresh
medium containing no FBS but 5 pg/ml AO (Sigma-Aldrich). After a
15-min incubation step at RT, the medium was discarded and the
cells were washed twice with 100 pul PBS for 5 s, trypsinized,
scraped off and transferred into flow cytometry tubes. AO fluores-
cence was analysed by using the BD VACSVerse™ flow cytometer
(10,000 events) and an EX wavelength of 488 nm and an EM filter
with a range of 673-727 nm. Cells exhibiting lysosomal leakage
show low AO fluorescence (AOjoy)-

Propidium iodide (PI) staining

After plating out the cells, we kept them without SAA1 and HDL for
24 h, before the medium was replaced with 200 pl fresh medium
containing 0.5 mg/ml SAA1, 0.01 mg/ml SAA1-AF488 and HDL.
After 6 days of incubation, 4 ul of a 1 mg/ml PI stock solution was
added to the medium to reach a final concentration of 20 pg/ml.
Fluorescence images were captured immediately after addition of PI
for a maximum of 5 min. Images were gathered at 37°C in an atmo-
sphere of 5% (v/v) CO, using an Eclipse Ti-E LSM (Nikon) and an EX
wavelength of 488 nm and EM filters with a range of 500-550 nm to
monitor SAA1-AF488 and 570-620 nm to monitor PI fluorescence.
Bright field images were recorded using a transmission detector.

Caspase-3/7 activity assay

After plating out the cells, we kept them without SAA1 and HDL for
24 h, before the medium was replaced with 100 pl fresh medium

fCorrection added on 1 August 2017, after first online publication: “EX filter” was changed to “EM filter”.
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supplemented with 0.5 mg/ml SAA1 and HDL as indicated. The
caspase-3/7 activity was determined after incubation for 1 or 2 days
using the SensoLyte Homogeneous Rh110 Caspase-3/7 Assay Kit
(AnaSpec) according to the manufacturer’s protocol. Fluorescence
was measured with a FLUOstar OMEGA plate reader (BMG Labtech)
using an EX/EM combination of 485/520 nm.

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay

After plating out the cells, we kept them without SAA1 and HDL for
24 h, before the medium was replaced with 100 ul medium contain-
ing 0.5 mg/ml SAA1 and HDL as indicated. The medium was replen-
ished, together with all additives, every 48 or 72 h. To analyse the
effect of uptake inhibitors on the cellular viability, cells were seeded
at a density of 400,000 cells/ml in a 96-well plate. After an incubation
period of 24 h, the medium was replaced with 100 pl medium
containing the uptake inhibitors using the respective concentrations
and incubations times. The cell viability was determined after different
time points as indicated in the experiment using an MTT assay (Cell
Proliferation Kit I, Roche) according to the manufacturer’s protocol.

Transmission electron microscopy (TEM)

5 ul of the sample solution was placed onto a formvar—carbon-coated
copper grid (Plano) for 1 min. The grid was washed trice with 50 pl
water and stained trice with 50 pl 2% (w/v) uranyl acetate. Samples
were examined at 120 kV using a JEM-1400 electron microscope
(Jeol) with a VELETA 2k x 2k side-mounted TEM camera (Olympus).

TEM analysis of ultrathin sections

Sapphire discs with attached cells/amyloid deposits were removed
from the 96-well plates and plunged into 95% (v/v) 1-hexadecene
(Sigma-Aldrich). Two sapphire discs were stacked up face-to-face,
separated by a gold ring (3.05 mm diameter, central bore 2 mm,
Plano) and mounted in a holder (Engineering Office M. Wohlwend).
The holder was inserted into a HPF Compact 01 high-pressure
freezer (Engineering Office M. Wohlwend). After disassembling
the stack, each sapphire disc was placed in a precooled (—90°C)
1.5-ml tube. To each tube, we added 1 ml of a —90°C cold freeze
substitution solution (0.2% (w/v) osmium tetroxide, 0.1% (w/v)
uranyl acetate and 5% (v/v) water in acetone). The temperature
of the tubes was raised from —87°C to 0°C over a period of 24 h
and then further to RT within 1 h using a special designed
computer-controlled substitution apparatus [67]. Each sample was
washed with 1 ml acetone, and the cells were embedded into
resin by placing them consecutively for 1 h each in 1 ml 33%
(v/v), 50% (v/v) and 66% (v/v) epoxy resin (Fluka) in acetone
and 100% (v/v) epoxy resin. After a 24-h incubation period at
RT, each sapphire disc was transferred into a new 0.5-ml tube
containing 250 pl 100% (v/v) fresh epoxy resin and incubated at
60°C for 24 h to polymerize the resin. 70-nm-thick sections from
each resin block were prepared using a Ultracut UCT ultra micro-
tome (Leica) with a diamond knife (Diatome). The slices were
collected on formvar-carbon-coated copper grids (200 mesh,
Plano) and analysed at 120 kV using a JEM-1400 electron micro-
scope (Jeol).

© 2017 The Authors

EMBO reports

Scanning electron microscopy (SEM)

In the experiment with the biotinylated fibrils (see Appendix Fig S8),
after plating out the cells, we kept them without SAA1 and HDL for
24 h, before the medium was replaced with 100 pul medium containing
1.0 mg/ml SAA1, 0.2 mg/ml biotinylated SAA1 and HDL. After a 24-h
incubation period, the medium was removed and the extracellular
proteins were removed by trypsinization. Hundred microlitres
medium supplemented with 1.0 mg/ml SAA1 and HDL were added
and exchanged after 48 h altogether with SAA1 and HDL. After 96 h,
the medium was removed and the samples were incubated for 20 min
at RT with 100 pl 1% (w/v) BSA solution in PBS. The solution was
replaced with 100 pl blocking solution supplemented with 5% (v/v)
gold-conjugated streptavidin (10 nm; Thermo Fisher Scientific) and
incubated at RT for 30 min. The samples were washed three times
with 100 pl PBS for 5 min and incubated at RT for 3 h with 100 pl
0.1 M sodium phosphate buffer pH 7.3 supplemented with 2.5%
(w/v) of glutaraldehyde and 1% (w/v) sucrose. Samples were washed
for 2 min with 100 pl PBS and dehydrated by plunging them into a
series of flasks containing 100 ml 30% (v/v), 50% (v/v), 70% (v/v)
propanol for 5 min, 90% (v/v) propanol for 2 min and 100% (v/v)
propanol for 10 min each. The dehydrated samples were critical
point dried using a CPD BalTec 030 Critical Point Dryer (Leica)
and coated by electron beam evaporation with a 20-nm carbon
layer using a Balzers BAF 300 (Bal-Tec). Samples were analysed
using a Hitachi S-5200 scanning electron microscope (Hitachi)
and an yttrium-aluminium-garnet-backscattered electron detector
(Hitachi).

In other experiments (see Appendix Fig S6), the samples were
sputtered with gold/palladium (20 nm thickness) in a Sputter
Coater (MEDO010, Balzers) and analysed using a Zeiss 962 SEM
(Zeiss) at 20-kV acceleration voltage and a working distance of
11 mm.

Circular dichroism (CD) measurements

Lyophilised protein was dissolved in water at a concentration of
10 mg/ml (see Appendix Fig S2A) or of 1 mg/ml (see Appendix Fig
S2B). Protein concentration was determined by absorption at
280 nm [68] and diluted to a final concentration of 0.5 mg/ml (see
Appendix Fig S2A) or 0.3 mg/ml (see Appendix Fig S2B) with Tris
buffer (pH 8). All spectra were acquired with a J-810 CD spectrome-
ter (Jasco Analytical Instruments) and a 0.1-mm quartz cuvette
(SUPRASIL® 106-QS) or a 1-mm quartz cuvette (SUPRASIL® 110-
QS). We used a band width of 1 nm and a scanning speed of
100 nm/min. Resulting spectra represent the average of 20 accumu-
lations. The mean residue weight ellipticity [0]yrw was calculated
using the measured ellipticity 0, the mean residue weight MRW,
cuvette path length d and the protein concentration ¢ according to
formula (7). The MRW is the protein molecular weight divided by
the number of peptide bonds.

[0]ygw = 0 MRW/d * ¢ (7)

Secondary structural composition was analysed using the
programs CDSSTR, ContinLL and Selcon3 (http://sites.bmb.colostate.
edu/sreeram/CDPro/). Results of all three programs were averaged
and represented.
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Congo red (CR) absorbance spectroscopy

All measurements were carried out with a Lambda 35 UV/VIS spec-
trometer (Perkin Elmer) in a SUPRASIL® Ultra-Micro quartz UV/VIS
cuvette (Type No.: 105.201-QS, Hellma) at RT. The absorbance spec-
tra were recorded from 200 to 700 nm, using a slit width of 1 nm and
a scan speed of 480 nm/min with 1-nm intervals. Each sample had a
final volume of 200 ul and contained 0.5 mg/ml freshly dissolved
(soluble) SAA1 protein or 0.25 mg/ml SAA1 fibrils, 10 uM CR and
10 mM Tris buffer (pH 8), as indicated. We used half the fibril concen-
tration compared with soluble SAA1 to not exceed the detector limit.

CR green birefringence

Cells were grown on glass cover slips in medium containing
0.5 mg/ml SAA1 and HDL for up to 6 days, as indicated. At the end
of the experiment, the medium was removed. After washing each
well with 100 pl PBS, we added 100 pl ice-cold methanol to each
well and incubated the samples for 10 min at 4°C. The methanol
was replaced with 100 pl CR solution which consisted of 80% (v/v)
ethanol, 3% (w/v) NaCl and 0.6% (w/v) CR (Carl Roth). The plate
was kept for 45 min on an orbital platform shaker (Heidolph Rota-
max 120) that was constantly agitated at 75 rpm. The CR solution
was removed, and each well was washed thrice with 100 pl water.
Subsequently, the samples were stained for 2 min at RT with 100 pl
Mayer’s Hemalaun solution (Roth) and washed with 100 pl 70%
(v/v) ethanol and thrice with 100 ul water. The glass cover slips
were then removed from the wells and plunged thrice into 90%
(v/v) ethanol, thrice into 100% (v/v) ethanol and twice into 100%
(v/v) xylol (1 sec each). The glass cover slips were mounted on
microscopic slides using Roti®-Histokitt (Carl Roth) and examined
with an Eclipse 80i polarizing microscope (Nikon). While CR green
birefringence does not intrinsically discriminate intra- from extracel-
lular amyloid species, only extracellular deposits are usually large
enough to give a strong signal within this method.

Thioflavin T (ThT) fluorescence spectroscopy

All fluorescence spectra at 450 nm were recorded between 460 and
700 nm using a LS 55 fluorescence spectrometer (Perkin Elmer). All
samples had a volume of 200 pl and contained 0.5 mg/ml freshly
dissolved (soluble) SAA1 protein or 0.25 mg/ml SAA1 fibrils,
20 uM ThT and 10 mM Tris buffer (pH 8) or cell culture medium,
as indicated. We used half the fibril concentration compared with
soluble SAA1 to not exceed the detector limit. Samples were
measured in a SUPRASIL® Micro quartz fluorescence cuvette (Type
No.: 105.253-QS, Hellma), accumulating three scans per sample and
using a scan speed of 100 nm/min. The EX and EM slits were both
set to 7 nm, and all spectra were recorded at RT.

ThT fibrillation kinetics measurements

Measurements were carried out in a black 96-well plate (Greiner
Bio-One) at 37°C using a FLUOstar OMEGA plate reader (BMG
Labtech). A 10 mg/ml SAA1 stock solution was obtained by dissolv-
ing recombinant SAA1 in water. The final sample volume in each
well was 100 pl and samples contained 10 mM Tris buffer pH 8,
50 uM SAA1, 20 uM ThT and 52 pg/ml HDL as indicated in the
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experiment. Every 20 min the sample was agitated by orbital shak-
ing for 10 s at 100 rpm and the fluorescence was measured in each
well (EX/EM: 450/490 nm) over a period of 140 h.

ThT aggregation kinetics of SAA1;,,Cys-AF594

Samples consisted of 49 uM SAA1, 1 uM SAA1,,Cys-AF594 and
10 uM ThT in 10 mM Tris buffer pH 8.0 and had a volume of
100 pl. They were incubated in a black 96-well plate (Greiner Bio-
One) that was analysed for 120 h at 37°C under continuous agita-
tion (100 rpm) in a FLUOstar OMEGA plate reader (BMG Labtech).
The fluorescence was measured every 30 min using the EX/EM
settings: 450/490 nm (ThT fluorescence) and 450/620 nm (FRET).
The lag time was determined as described elsewhere [69].

Size exclusion chromatography (SEC)

SEC was performed using an Akta Purifier system (GE Healthcare)
and a Superdex 200 5/150 GL column (GE Healthcare) equilibrated
and run with 10 mM sodium phosphate, 150 mM NaCl (pH 7.4).
The column was calibrated with blue dextran and Gel Filtration Low
Molecular Weight and High Molecular Weight Kits (GE Healthcare)
that we used according to the manufacturer. 30 pl of sample was
injected and detected by absorption at 215 nm and 280 nm using a
flow rate of 0.3 ml/min.

Western blot

Proteins were separated on NUPAGE® 4-12% (w/v) Bis—Tris gradi-
ent gels (Thermo Fisher Scientific) using NuPAGE® MES LDS
running buffer (Thermo Fisher Scientific). Samples were mixed with
4x NuPAGE® LDS sample buffer (Thermo Fisher Scientific) and
denatured by heating for 10 min at 95°C. Subsequently, proteins
were blotted onto 0.45-um Whatman® Protran® BA 85 nitrocellulose
membrane (GE Healthcare) using a Trans-Blot® Semi-Dry transfer
system (Bio Rad) (35 min, 20 V). The membrane was equilibrated
with transfer buffer (5 ml 20x NuPAGE® transfer buffer, 20 ml
methanol, 75 ml H,0). Afterwards, the membrane was blocked for
1 h with 5% (w/v) milk in PBS at RT. Primary anti-mSAA1 antibody
(1:400; Pineda) was applied in PBST containing 5% (w/v) milk
powder and 0.1% (v/v) Tween and incubated at RT for 1 h. The
secondary antibody (anti-rabbit-HRP, 1:1,000; Dako) was applied in
PBST containing 5% (w/v) milk and 0.1% (v/v) Tween and incu-
bated at RT for 1 h. After each antibody incubation step, the
membrane was washed trice with PBST containing 0.1% (v/v)
Tween for 10 min. Detection was performed using the SuperSignal®
West-Kit (Thermo Scientific).

Statistical analysis

Error bars represent the standard deviation (SD), and results were
analysed by the Student’s t-test (unpaired, unequal variances).

Expanded View for this article is available online.
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