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Abstract

Proteostasis, the balance of protein synthesis, folding and degradation, is essen-
tial to maintain cellular function and viability, and the many known intracellu-
lar chaperones are recognized as playing key roles in sustaining life. In
contrast, the identity of constitutively secreted extracellular chaperones (ECs)
and their physiological roles in extracellular proteostasis is less completely
understood. We designed and implemented a novel strategy, based on the well-
known propensity of chaperones to bind to regions of hydrophobicity exposed
on misfolding proteins, to discover new ECs present in human blood. We used
a destabilized protein that misfolds at 37°C as “bait” to bind to potential ECs in
human serum and captured the complexes formed on magnetic beads. Proteins
eluted from the beads were identified by mass spectrometry and a group of
seven abundant serum proteins was selected for in vitro analysis of chaperone
activity. Five of these proteins were shown to specifically inhibit protein aggre-
gation. Vitronectin and plasminogen activator-3 inhibited both the in vitro
aggregation of the Alzheimer's p peptide (Ap'~**) to form fibrillar amyloid, and
the aggregation of citrate synthase (CS) to form unstructured (amorphous)
aggregates. In contrast, prothrombin, Clr, and C1s inhibited the aggregation of
AP'~** but did not inhibit CS aggregation. This study thus identified five novel
and abundant putative ECs which may play important roles in the mainte-
nance of extracellular proteostasis, and which apparently have differing abili-
ties to inhibit the amorphous and amyloid-forming protein aggregation
pathways.

Abbreviations: A2AP, Alpha-2-antiplasmin; Aﬁl"‘z, Alzheimer's beta peptide 1-42; AT3, antithrombin III; bisANS, 4, 4'-dianilino-1,1’-binaphthyl-5,
5'- disulfonic acid; BSA, bovine serum albumin; CLIC1, chloride intracellular channel protein 1; CLU, clusterin; C1r, complement component 1r; Cls,
complement component 1s; PBS, phosphate-buffered saline; PAI-3, plasminogen activator inhibitor-3; PT, prothrombin; SOD, superoxide dismutatase

1; ThioT, thioflavin T; VTN, vitronectin.
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1 | INTRODUCTION

Proteostasis refers to the ongoing regulation of protein
synthesis, folding, localization, and clearance (degrada-
tion), both inside and outside cells." This is crucial to
maintain the right spatio-temporal profile of protein
molecules essential for organismal homeostasis. Many
physical and chemical stresses in the body, and muta-
tions, can lead to the misfolding of proteins, which then
expose regions of hydrophobicity to the surrounding sol-
vent and bind via hydrophobic interactions with other
nearby misfolded protein molecules to form either solu-
ble aggregates and/or insoluble deposits. The protein
aggregates formed may either consist of f-sheet-rich
fibrillar structures (amyloid) or be unstructured (amor-
phous). All of these protein structures have been found
associated with disease states. For example, soluble olig-
omeric protein aggregates have been implicated as cyto-
toxic species in Alzheimer's disease (AD) and other
neurodegenerative disorders and insoluble protein
deposits play an important role in the pathologies of a
variety of protein deposition diseases (e.g., diabetes type
2 and amyloidoses).>* Chaperones are key players in
proteostasis systems, acting to inhibit protein aggrega-
tion and toxicity, and assist in protein folding, transloca-
tion and turnover.*

Decades of research has identified networks of intra-
cellular chaperone and co-chaperone proteins® that are
upregulated in response to different forms of cellular
stress including heat-shock, pathogen attack, hypoxia,
glucose deprivation, and ER stress.® However, relatively
little is known about extracellular chaperones (ECs) that
are normally secreted from cells and are present in mam-
malian body fluids, and previously only a small number
of these had been identified.” The first mammalian EC
identified was clusterin (CLU),® and in the 20 years since
that discovery, only approximately a dozen other ECs
have been reported.”*'° Evidence from many different
studies strongly suggests that constitutively secreted ECs
patrol extracellular fluids for misfolded proteins, mask
toxic hydrophobic regions on these species, and form sta-
ble soluble complexes with them to facilitate their cellu-
lar uptake via receptor-mediated endocytosis and
subsequent intracellular degradation.z’7 It is, therefore,
likely that ECs play a pivotal role in maintaining extra-
cellular proteostasis and protecting us from protein
aggregation related diseases.

As one example, the aggregation of AP to form toxic
oligomers and subsequently deposit as insoluble amyloid
plaques in the brains of Alzheimer's patients has been
strongly implicated in the death of neurons that charac-
terizes the disease."’ Mutations in the human CLU gene
are one of the highest known risk factors for AD.'*'*
CLU binds with high affinity to AP oligomers to potently
inhibit their toxicity’>'® and subsequent aggregation to
form amyloid fibrils.'® CLU is also strongly implicated in
the clearance of neurotoxic Ap forms from the brain.’
CLU enhances the clearance of Ap'™** at the blood-brain
barrier'® via the receptor known as megalin/LRP2,"
which is widely expressed in the brain, including in capil-
laries, astrocytes, and neurons.”® CLU-Af complexes bind
to LRP2 at the cell surface and the complexes are subse-
quently internalized via receptor-mediated endocytosis,
transported to lysosomes, and degraded.”’ Consistent
with an important clearance role in AD, the addition of
purified CLU to cerebrospinal fluid from Alzheimer's
patients increased the removal of Ap*~** from the super-
natant by macrophage-like U937 cells.>* Furthermore, in
mice, ablation of CLU expression shifts amyloid deposi-
tion to the cerebrovasculature via disruption of peri-
vascular drainage pathways.'”

Given that hundreds of intracellular chaperones and
co-chaperones have been identified, it stands to reason
that we may not have yet identified even the major ECs
that function in body fluids to protect us from undesir-
able protein aggregation and related serious disease
pathologies. The currently very limited knowledge
around even the identity of ECs, let alone their related
biological functions, is acting as a roadblock to the future
potential to harness these molecules in new therapies to
treat debilitating proteinopathies such as AD, type 2 dia-
betes, and rheumatoid arthritis. There is, therefore, a crit-
ical need to identify new ECs and understand their
chaperone functions.

Motivated by the above considerations, we designed a
novel strategy to selectively retrieve from human serum a
fraction enriched in proteins likely to be ECs, from which
individual proteins could be further tested in vitro to
identify genuine ECs. This strategy was based on the
well-known propensity of chaperones to bind to exposed
regions of hydrophobicity on misfolding proteins.*
Essentially, we identified a destabilized protein (cysteine-
free chloride intracellular channel protein 1; CLIC1), that
when incubated for a period of 2 hr at 37°C, would
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misfold and expose hydrophobicity to solution. This
“bait” protein was attached to magnetic beads which
were then incubated with human serum at either 37°C
(to induce bait protein misfolding) or at 4°C (as a con-
trol). The beads were subsequently washed before eluting
bound proteins and analysing them by SDS PAGE. Sepa-
rated proteins were digested in-gel with trypsin and sub-
sequently analyzed by reverse phase liquid
chromatography and mass spectrometry to identify pro-
teins present and their relative abundance (both within
eluate fractions, and between the fractions eluted from
beads incubated in serum at 37°C vs. 4°C).

We selected seven commercially available plasma pro-
teins identified by this approach as more abundant in the
eluate from beads incubated in serum at 37°C versus 4°C,
and tested them in vitro for their abilities to inhibit (a) the
formation of amyloid resulting from the aggregation of the
AB'™, and (b) the amorphous aggregation of CS. Of the
seven proteins tested, five were confirmed to have in vitro
chaperone activity. Two proteins, vitronectin (VTN), and
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plasminogen activator inhibitor 3 (PAI-3), were shown to
inhibit the amorphous aggregation of CS and the aggrega-
tion of A" to form amyloid. In contrast, the other three
proteins, prothrombin (PT), Clr and Cls, specifically
inhibited Ap'™** amyloid formation but not the amor-
phous aggregation of CS. Thus, herein, we report the first
identification of five new putative ECs with differing chap-
erone activities that may play important roles in extracel-
lular proteostasis and specific disease contexts.

2 | RESULTS

2.1 | When heated at 37°C, CLIC1
exposes increased hydrophobicity to
solution and aggregates

When bound to magnetic beads and heated at 37°C, the
level of exposed hydrophobicity on CLIC1 (measured as a
change in bisANS fluorescence) increased progressively

(®)
0.67 @ CLICI
A BSA
o 04
&
<
0.2
o
0.0
0 20 40 60 80 100
Time (min)
(d)
kDa 1 2 3 4 5
250 |
150 [
100 | il
75 |- : " -
r .o
50 | X
37 |ww [ |
o-@ @
25

Fishing for new ECs in serum using CLIC1 as a bait protein. (a) Beads bearing bound CLIC1 were supplemented (or not)

with 10 pM bisANS and then incubated at 37°C. Mean bisANS fluorescence (in arbitrary fluorescence units, AFU) + range (n = 2) are
plotted. In some cases, the error bars are too small to be visible. Result is representative of two independent experiments. (b) Amorphous
aggregation of CLIC1 at 37°C measured as changes in absorbance (at 360 nm) over a period of 115 min. BSA was used as a non-aggregating
control protein. Mean absorbances (in arbitrary units, AU) at 360 nm + SE (n = 3) are plotted. In many cases, the error bars are too small to
be visible. (c) Schematic of experimental design using CLIC1 as bait to retrieve putative chaperones from human serum. Additives are
indicated above each tube icon, and the temperature of incubation is indicated below the tubes. (d) Image of a completed SDS PAGE
analysis of samples of bead eluates from beads treated as in (c). The numbering of lanes shown corresponds to the numbered treatments in
(c). Molecular mass markers and their respective masses (kDa) are shown at the left of the image. Asterisk indicates the position of the
major CLIC1 band; small arrowheads indicate the positions of bands enriched in the eluate from beads incubated with CLIC1 and serum at

37°C (compare Lane 2 with Lane 3)
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with the time of incubation, and began to plateau
at ~ 60 min (Fig. 1a). Furthermore, when heated at 37°C
in phosphate buffered saline (PBS), CLIC1 amorphously
aggregated, measured as a time dependent increase in
turbidity (absorbance at 360 nm) commencing at
~ 20 min and continuing to increase for the nearly 2 h
time course (Fig. 1b). The similarity in the patterns of
change seen in Figure 1a,b is consistent with the increased
exposure of hydrophobic regions on CLIC1 playing a part
in its aggregation when heated at 37°C in solution. These
results established the suitability of CLIC1 as a “bait pro-
tein” that misfolds and aggregates at the mild physiologi-
cal temperature of 37°C, and that will expose increased
regions of hydrophobicity to solution under the same con-
ditions, including when tethered to beads.

2.2 | Fishing putative chaperones from
human serum

We reasoned it would be possible to retrieve (fish) poten-
tial chaperones from serum using CLIC1 as bait, with
either of two slightly different approaches. In one
approach, CLIC1 could be pre-loaded onto beads, which
are then added to serum and heated at 37°C to induce
CLIC1 misfolding. In the second approach, the Streptactin
beads and the Strep tag-bearing CLIC1 protein could be
added separately to the serum, which is then heated at
37°C to induce CLIC1 misfolding. In the second approach,
the CLIC1 would be bound to the beads during the incu-
bation, but would be free in solution prior to that binding
(potentially being more sterically accessible to chaperones
while in solution). Preliminary work suggested that either
approach gave similar results (not shown). The experi-
mental results presented here were obtained using the sec-
ond approach, which is schematically outlined in
Figure 1c. Controls included incubating mixtures of beads,
CLIC1, and serum at 4°C, which was not expected to
induce misfolding of CLIC1, and incubating mixtures of
beads and serum, lacking CLIC1 (Figure 1c). Eluates from
the beads treated as outlined in Figure 1c were subse-
quently analyzed by SDS PAGE. As expected, only limited
nonspecific binding of serum proteins to the beads was
detected in those mixtures in which the bait protein
CLIC1 had not been added (Figure 1d, Lanes 1 and 5). For
those mixtures supplemented with CLIC1, a major band
at ~28 kDa representing CLIC1 was detected in the bead
eluates (Figure 1d, Lanes 24, indicated by an asterisk).
Some minor bands between ~60 and 75 kDa were detected
in the bead eluate from the mixture containing only beads
and CLIC1, which may represent minor contaminant pro-
teins in the CLIC1 preparation (Figure 1d, Lane 4). These
bands were much less evident in the bead eluate from the
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mixture that contained beads, CLIC1, and serum
(Figure 1d, Lane 3), possibly because of competition from
serum proteins for nonspecific binding to the beads. The
most interesting comparison in Figure 1d is between
Lanes 2 and 3, comparing bead eluates from mixtures of
beads, CLIC1, and serum incubated at 37°C (Lane 2) ver-
sus 4°C (Lane 3). There are a series of protein bands
detected in Lane 2 not visible in Lane 3 (indicated by black
arrowheads in Lane 2), representing potential chaperones
selectively interacting with CLIC1 at 37°C but not at 4°C.

Sections of gels like that shown in Figure 1d, above
the position of the major CLIC1 band in Lanes 2 and
3, were excised from the gel and subjected to in-gel tryp-
tic digestion. Extracted peptides were then analyzed by
nano-LC-MS and the relative abundance of peptides
derived from identified proteins compared between elu-
ates from CLIC/beads incubated in serum at 37°C versus
4°C. The rationale was that during heating at 37°C, but
to a much lesser extent at 4°C, CLIC1 would misfold and
any chaperones present would bind to misfolded CLIC1.
We, therefore, hypothesized that proteins enriched in the
eluate from CLIC1/beads incubated at 37°C represent
putative chaperones. We calculated the ratio of the nor-
malized spectral abundance factor (NSAF) for peptides
associated with specific proteins identified in the bead
eluates from Treatments 2 (CLIC1 4 serum at 37°C) and
3 (CLIC1 + serum at 4°C; Figure 1c), and detected 19 pro-
teins with this NSAF ratio > 1.5 (Table 1). On the basis
of their ready commercial availability as purified pro-
teins, we selected seven candidates for further analysis
(Table 1). The well-known EC CLU, which was also
detected by this method, was used as a positive control in
subsequent protein aggregation assays.

2.3 | Assessing the in vitro chaperone
activities of putative extracellular
chaperones

The seven selected proteins, together with CLU used as a
known chaperone positive control, and SOD used as a
non-chaperone negative control protein, were next tested
for their abilities to inhibit the in vitro aggregation of
AP to form amyloid, and the aggregation of CS to
form unstructured (amorphous) aggregates.

2.4 | VTN and PAI-3 inhibit both the
aggregation of Ap'* to form amyloid, and
the amorphous aggregation of CS

AP~ aggregates to form amyloid, a fibrillar structure
characterized by a highly ordered p-sheet-rich structure,
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TABLE 1 Potential ECs identified using nano-LC-MS,
showing the ratio of the normalized spectral abundance factor
(NSAF) of proteins bound to CLIC1/beads at 37 versus 4°C

Uniprot Ratio of NSAF
Protein identifier code (37°C:4°C)
Clr P00736 50.20
C4A POCOL4-1 42
Beta-Ala-his Q96KN2 25.6
dipeptidase
Mannan-binding lectin ~ P48740-1 23.6
serine protease 1
Cls P09871 16.00
Phosphatidyl-glycan- P80108 15.4
specific
phospholipase D
Coagulation factor V P12259 13.3
Cadherin 5 P33151 11.3
Lacritin Q9GZZ8 11.3
Alpha-2-antiplasmin P08697-1 9.23
(A2AP)
Plasminogen activator P05154 7.18
inhibitor III (PAI-3)
Proline-rich protein 4 P02810 7.18
Prothrombin (PT) P00734 6.36
Statherin P02808-1 5.13
Clusterin (CLU) P10909 4.00
Histidine-rich P04196 3.76
glycoprotein
Antithrombin ITI (AT3) P01008 3.08
Serum paraxonase Q15166 2.29
Vitronectin (VTN) P04004 1.81

Note: Proteins selected for in vitro analysis of chaperone activity are shown
in italics. The known EC clusterin, also detected by this method, is shown
in bold.

which reacts strongly with the dye Thioflavin T (ThioT)
to yield a bright fluorescence. The aggregation of Ap'~**
to form amyloid was, therefore, monitored by measuring
changes in ThioT fluorescence. When tested at a molar
ratio of putative chaperone:Ap'™** = 1:10, VIN and
PAI-3 were even more effective than the known EC
CLU in essentially completely inhibiting the formation
of Ap amyloid (Figure 2a,b). When tested at the same
molar ratio, the non-chaperone control protein superox-
ide dismutase (SOD) did not significantly affect Ap'~*?
aggregation. Furthermore, in assays measuring the
amorphous aggregation of CS, when tested at a molar
ratio of chaperone:CS = 1:5, VIN and PAI-3 also
inhibited CS aggregation to an extent comparable to
CLU (Figure 2c,d).

2.5 | PT, Clr, and C1s inhibit the
aggregation of AB'* to form amyloid, but
not the amorphous aggregation of CS

At a molar ratio of AB"™*:CLU of 10:1, CLU nearly
abolished all ThioT fluorescence resulting from the
aggregation of Ap'™** (Figure 3a-c). At this same molar
ratio, PT, Clr, and Cls each partially inhibited Ap*~*
amyloid formation. Under these conditions, relative to
AP~ alone, the addition of PT had reduced the level of
ThioT fluorescence at the 60 hr endpoint by ~35%
(Figure 3a). The reduction in endpoint ThioT fluores-
cence was less for Clr and Cls, being ~23 and ~9%,
respectively. However, both Clr and Cls significantly
extended the lag phase preceding the increase in ThioT
fluorescence (Figure 3b,c). When the amount of PT, Clr
or Cls added to the aggregation reactions was increased
to produce a ratio of AB:C1r/Cls = 5:1, the extent of the
reduction in endpoint ThioT fluorescence was substan-
tially greater, being ~84, ~67, and ~65%, respectively
(Figure 3a-c). In contrast, even when present at a
1:1 molar ratio with the client protein, under the condi-
tions tested, neither PT, Clr, or Cls significantly
inhibited the amorphous aggregation of CS (Figure 3d,e).
As expected, when also tested at a 1:1 ratio with CS, the
non-chaperone control protein SOD had no significant
effect on CS aggregation, but CLU decreased the end-
point absorbance value measured by ~79% (Figure 3d,e).

2.6 | Transmission electron microscopy
confirmed that VTN, PAI-3, PT, Clr, and
Cls all szpecifically inhibited the formation
of Ap'~** amyloid fibrils

The results of the ThioT fluorescence assays suggested that
VTN, PAI-3, PT, C1r, and C1s were all able to inhibit the
formation of amyloid fibrils by Ap'** (Figures 2 and 3).
This was confirmed by transmission electron microscopy
of samples taken from the 60 hr endpoint of aggregation
reactions containing 10 pM Ap'~** supplemented or not
with 1 uM SOD, CLU, VTN, PT, Cl1r, or Cls. When incu-
bated alone, Ap'~** formed readily detected fibrillar struc-
tures (Figure 4a). Although the addition of the non-
chaperone control protein appeared to have some effects
on the extent of self-association of the Ap'™** amyloid
fibrils formed, abundant fibrillar material was still
detected (Figure 4b). As previously reported,'® the addi-
tion of CLU to an Ap'™** aggregation reaction abolished
the formation of fibrils (Figure 4c). Similarly, when sup-
plemented with VTN, PAI-3, PT, Clr, or Cls, most mate-
rial detected was globular or unstructured in appearance,
with very limited fibrillar material visible (Figure 4d-h).



GERAGHTY ET AL.

FIGURE 2 VTN and PAI-3 inhibit
the in vitro aggregation of Ag'** and
CS. (a & b) AB"™ (10 pM),
supplemented with ThioT (20 pM), was
incubated for 60 hr in the presence or
absence of 1 uM of (a) VTN or (b) PAI-3,
or superoxide dismutase-1 (SOD, as non-
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2.7 | «a-2-Antiplasmin and antithrombin even higher concentration of AT3 (10 pM; Ap'™*

ITI have very limited abilities to inhibit the
aggregation of AB'~* to form amyloid, or
the amorphous aggregation of CS

Of the seven putative chaperone candidates tested in the
in vitro protein aggregation assays, o-2-antiplasmin
(A2AP) and antithrombin III (AT3) were the only two
that demonstrated very limited ability to inhibit the
aggregation of either Ap'™** or CS (Figure 5). In Ap*™*
(20 uM) aggregation assays, 2 pM SOD (Ap'™**
SOD = 10:1) did not reduce the endpoint level of ThioT
fluorescence, but in some assays slightly increased the
ThioT fluorescence at earlier time points (Figure 5a). In
contrast, relative to Ap'™** alone, 2 pM CLU (AP
CLU = 10:1) reduced the level of endpoint ThioT fluores-
cence developed by between 79 and 93% (Figure 5a,b).
Even when 4 pM A2AP was used (to give Ap'™*%
A2AP = 5:1), the level of ThioT fluorescence actually
increased at early time points, and at the 60 min end-
point was ~20% lower than AB'~** alone. Similarly, when
AP'™** aggregation reactions were supplemented with an

AT3 = 2:1), there was some reduction in ThioT fluores-
cence evident especially between 0 and 30 min, but at the
60 min endpoint there was no significant difference
between the levels of ThioT fluorescence obtained for
Ap'™** alone versus wells containing both Ap'™** and
AT3 (Figure 5b).

Furthermore, under the conditions tested, even when
present at a 1:1 molar ratio with CS, the aggregation end-
point absorbance values for CS samples supplemented
with either A2AP or AT3 were not significantly different
from that of wells containing CS alone (Figure 5c). As
expected, when also tested at a 1:1 ratio with CS, the
non-chaperone control protein SOD had no significant
effect on CS aggregation, but CLU decreased the end-
point absorbance value measured by ~79% (Figure 5c).
Collectively, these results indicate that unlike CLU, VTN,
PAI-3, PT, Clr, and C1s (see Figures 2 and 3), both A2AP
and AT3 have very limited abilities to inhibit either amy-
loid formation by AB'~** or the amorphous aggregation
of CS, indicating that they lack chaperone activity and
were presumably retrieved by virtue of them binding
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non-specifically to exposed regions of hydrophobicity on
the misfolding “bait” protein.

3 | DISCUSSION

This study was based on two premises, (a) that there are
likely to be multiple proteins present in blood and other
body fluids that have a previously unknown chaperone
activity, and (b) the method we devised, involving

retrieving proteins that selectively bind to a misfolding
protein, would allow us to quickly retrieve and identify
putative chaperone proteins from human serum. The
results presented strongly support the validity of both
these premises. SDS PAGE analyses indicated that, rela-
tive to the control incubated at 4°C (where little protein
misfolding is expected), there was an enrichment of spe-
cific proteins in the eluate retrieved from the magnetic
beads incubated in human serum for 2 hr at 37°C with
the temperature-labile bait protein, CLIC1 (Figure 1d).
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FIGURE 4 Transmission
electron microscopy images of
samples collected at the 60 hr
endpoint from 10 uM AB'~*
aggregation reactions. In (a), Ap'™*
was aggregated alone without any
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(g) C1s, or (h) PT. In all cases, the (e) P .
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FIGURE 5 A2AP and AT3 have very limited abilities to inhibit the aggregation of A~ or CS. (a, b) Ap*~** (10 uM) was supplemented
with ThioT (20 pM) and incubated for 60 hr in the absence or presence of 1 uM SOD (a non-chaperone control protein) or CLU (a chaperone
control protein). Aggregation reactions were also supplemented or not with (a) 2 pM A2AP or (b) 5 pM AT3; the molar ratio of Ap'™**:test
protein are indicated in the respective keys. Amyloid formation was monitored by measuring ThioT fluorescence. Mean ThioT fluorescence
values (in arbitrary fluorescence units, AFU) + SEM (n = 3) are plotted. In (a) and (b), in some cases, the error bars are too small to be
visible. Results shown are representative of three independent experiments. (c) Endpoint absorbance values following an 8 hr incubation of
5 uM CS in the presence or absence of 1 pM of SOD or CLU, or 5 pM of A2AP or AT3. Amorphous protein aggregation was monitored as
turbidity measured as absorbance at 360 nm (A%%°). Mean endpoint absorbance values + SEM (n = 3) are plotted. The asterisk indicates a
significant difference in A** between the CS alone and +CLU treatments (Student's t-test, p < .01); other differences are not significant.

Each result is representative of two independent experiments

The identity and relative abundance of individual pro- identified by this approach (Table 1). We recently

teins in the eluates from beads incubated with CLIC1
and serum was established using nano-LC-MS. On the
basis of the ratio of the NSAF of proteins in the eluates
from beads incubated with CLIC1 and serum at 37 versus
4°C seven commercially available proteins were selected
as potential ECs and tested for chaperone activity in pro-
tein aggregation assays. The known EC CLU was also

reported that two ECs, neuroserpin, and transthyretin,
have a chaperone activity that, unexpectedly, preferen-
tially inhibited amyloid formation, but was far less effec-
tive at inhibiting the amorphous aggregation of
proteins.®* Therefore, as an initial screen for chaperone
activity in the current study, we tested the ability of the
selected seven proteins (and CLU as a known chaperone
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positive control) to inhibit both the formation of fibrillar
amyloid by AB'™*?, and the amorphous aggregation of CS.
Of the seven selected proteins tested, five were dem-
onstrated to have chaperone activity in vitro. Two of
these proteins, VIN and PAI-3, appear to have a chaper-
one activity similar to CLU in that they inhibited both
the formation of amyloid by Ap'™** and the amorphous
aggregation of CS (Figures 2 and 4). In contrast, three of
the other selected proteins, PT, Clr, and Cls, all showed
a preferential ability to inhibit Ap'~** amyloid formation,
but had very limited ability to inhibit the amorphous
aggregation of CS (Figures 3 and 4). This analysis there-
fore suggests that the chaperone activities of PT3, Clr,
and Cls are distinct from that of CLU, VIN, and PAI-3,
and are likely to be more similar to that of neuroserpin
and transthyretin.®* Clearly further work involving
expanding the range of aggregating client protein models
tested is needed to more fully characterize the individual
chaperone activities of VTN, PAI-3, PT3, Clr, and Cls.
However, the results reported here clearly establish that
all five of these proteins potently inhibit the formation of
amyloid by Ap'™*, and VIN and PAI-3 also inhibit the
amorphous aggregation of CS (Figures 2-4). Only two of
the seven proteins selected for analysis, A2AP and ATS3,
were shown to lack any substantive ability to inhibit the
aggregation of either AB'~** or CS (Figure 5). This means
that of seven proteins selected by our “fishing for chaper-
ones” method, five were later confirmed as having the
ability to interact with misfolded Ap'™* and potently
inhibit its formation of amyloid, and two of these pro-
teins were also shown to inhibit the amorphous aggrega-
tion of CS. This suggests that the approach used in this
study could be applied to successfully identify previously
unknown chaperones present in other body fluids
(e.g., cerebrospinal fluid, tears, semen, and milk).
Previously identified mammalian ECs that are relatively
abundant in body fluids (present at concentrations of pg-
mg/ml) include CLU, a,-macroglobulin, haptoglobin, trans-
thyretin, SAP, caseins (in milk), and possibly proSAAS,

although estimates of the concentration of this protein in
plasma and CSF vary widely.>> a,-Macroglobulin and hap-
toglobin were both identified in the bead eluates but were
not a focus of the current study. The concentrations in
human body fluids of the five putative new ECs identified
in this study are given in Table 2.

Other ECs present at much lower concentrations in
body fluids (e.g., at ng/ml levels) include neuroserpinf’9
progranulin,*® and 7B2.*! It is probable that any ECs pre-
sent at these very low levels would be difficult to identify
using the method adopted in the current study because
they would have to compete with much more abundant
ECs when binding to the misfolding bait protein, and
would thus likely be present in the bead eluate in only
trace amounts. It could be argued that the more abun-
dant ECs are likely to play more substantive roles in sta-
bilizing and clearing potentially dangerous misfolding
proteins from body fluids than those ECs present in trace
amounts. This does not exclude, however, that some ECs
may play critical roles in local environments where they
are, for example, released from cells in response to signal-
ing (e.g., the release of 7B2 from secretory granules in
neuroendocrine cells*!). It is interesting to note in this
context that CLU is found in mast cell granules that are
released locally at sites of inflammation.*?

Previous reports had identified individual ECs
amounting to a cumulative total of around one dozen in
number. The results of the current single study suggest
the addition of a further five abundant ECs to this grow-
ing family. Amongst these five new likely ECs, three of
them are previously best known for their roles in the
complement system. The first of these, VTN, also shares
many structural and functional similarities with CLU.
Secreted VIN is a 459-residue acidic glycoprotein, which
is an extensively glcosylated ~52 kDa polypeptide that
migrates in SDS PAGE with an apparent mass of
~75 kDa.*? Secreted CLU is a 427-residue acidic glycopro-
tein, which is an extensively glycosylated ~50 kDa poly-
peptide and also migrates at ~75 kDa in SDS PAGE. VIN

TABLE 2 Reported concentrations of CLU and putative new ECs in human body fluids
Concentration in body fluids (pg/ml)

Protein Serum Cerebrospinal fluid Saliva Urine Semen
Clusterin (CLU) 125%° 2% 0.0008%® 7.06%° 400%°
Vitronectin (VIN) 610> 0.025-0.072°2 0.0003%8 0.002-0.003>3 1,350%*
Plasminogen activator inhibitor 3 (PAI-3) 6.3% 0.05%° 0.03%° 0.13% 220%
Prothrombin (PT) 1543¢ 210-960%" _ 99-117%8 _
Clr 5.5 _ _ _ _
Cls 933!

Note: (—) Indicates not measured.
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(also known as “S protein”) binds to complement mem-
brane attack complex (MAC) that has failed to insert into
membranes, to form the soluble SC5b-9 complex, which
is cleared by the kidneys.** The first report of the CLU
protein in humans identified it as co-localizing with the
SC5b-9 in deposits within the kidneys of patients suffer-
ing from glomerulonephritis,”® and CLU has been shown
to inhibit the assembly of MAC in vitro.*> At sites of com-
plement activation, where MAC are assembled and may
be actively killing cell targets, pro-inflammatory damaged
proteins, and debris are likely to be abundant. Therefore,
perhaps it is not surprising that in addition to its ability
to terminate the cell lytic activity of the MAC and assist
in the disposal of SC5b-9 complexes, VIN's newly identi-
fied chaperone activity may also allow it to bind to dam-
aged and potentially toxic proteins and debris to facilitate
their safe disposal.

Clr and C1s are both well-characterized initiator pro-
teases of the antibody-dependent classical complement
pathway, that are activated when they complex with Clq
molecules bound multivalently to the Fc regions of anti-
bodies on opsonized surfaces.*® Results from the current
study clearly show that both these proteins have the abil-
ity to inhibit amyloid formation by Ap'~** (Figures 3 and
4), but they were unable to efficiently inhibit the amor-
phous aggregation of CS (Figure 3). Such behavior is con-
sistent with our recent report of neuroserpin and TTR as
two ECs that preferentially interact with amyloid-
forming client proteins.>* For each of these proteins, fur-
ther testing of their abilities to inhibit the aggregation of
different client proteins is required to better characterize
their chaperone activities. It is worth noting, however,
that in a mouse model of AD, the expression of both Clr
and Cls shows a significant age-dependent increase at
the time that AP plaques start to accumulate,*® consistent
with the two proteins playing a protective role to inhibit
AP aggregation.

A fourth identified putative EC is PAI-3 (SERPINAS),
which is a widely expressed protease inhibitor of broad
specificity suggested to play roles in hemostasis, host
defense, and male reproduction.*’ In an interesting paral-
lel, CLU is an inhibitor of matrix metalloproteases
(MMPs), including MMP-9** and possibly MT6-MMP/
MMP-25.* Proteases are active at sites of injury and
inflammation, where damage to extracellular proteins is
expected. Therefore, perhaps evolution has selected mole-
cules such as CLU and PAI-3 with complementary prote-
ase inhibitor and chaperone activities to aid in the
clearance of damaged proteins and protect against both
proteotoxicity and excessive proteolysis at such locations.

Lastly, we identified PT as a putative EC that prefer-
entially intacts with amyloid-forming A. PT is a plasma
glycoprotein produced in the liver that cleaves fibrinogen
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to fibrin, which combines with platelets to form blood
clots. It is interesting to note that platelets contain Af
that is released upon platelet activation, and that after
thrombosis in normal mice, Ap was detected inside blood
vessels in the visual cortex and around capillaries in the
entorhinal cortex.® This may be relevant in AD where
small thrombosis events might contribute to disease
pathology. Thus, the ability of PT to inhibit Ap aggrega-
tion may be relevant in the context of AD. Another perti-
nent observation is that select mutations in the
fibrinogen Ao gene result in the aggregation of mutant
fibrinogen to form amyloid, leading to the most prevalent
form of hereditary renal amyloidosis.’" In the future, the
ability of PT to inhibit amyloid formation by fibrinogen
should be examined, as this could be relevant to the
development of hereditary renal amyloidosis.

In summary, we developed a novel approach to pref-
erentially retrieve chaperones from human serum, and
using this technique selected seven human plasma pro-
teins showing enhanced binding to a misfolding protein
“bait.” Further analysis confirmed that five of these
seven proteins specifically inhibited protein aggregation
in vitro. Two putative new ECs, VIN and PAI-3, could
inhibit both the amorphous aggregation of CS and the
formation of amyloid by Ap. The remaining three puta-
tive ECs, Cl1r, Cls, and PT, inhibited Ap amyloid forma-
tion but not the amorphous aggregation of CS,
suggesting that they may preferentially interact with
amyloid-forming species. The chaperone activities of
these newly identified putative ECs may prove to be
important at both the level of organismal proteostasis
and in a variety of serious disease contexts. We also sug-
gest that the method we developed to quickly identify
these putative new ECs may be widely applicable to a
variety of other body fluids, and its widespread use could
accelerate our discoveries of new members of the grow-
ing EC family. In this regard, our results suggest that
future studies of those proteins listed in Table 1, but not
tested further here, are likely to identify additional cur-
rently unknown plasma ECs.

4 | MATERIALS AND METHODS

41 | Chemicals

All chemicals and reagents were purchased from Sigma
Aldrich (Australia), were of analytical grade, and pre-
pared in MilliQ water (Millipore; Australia) unless other-
wise stated. MagStrep “type3” XT beads were purchased
from IBA Life Sciences, Germany. Roche cOmplete prote-
ase inhibitor tablets were purchased from Sigma Aldrich
(Australia).
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4.2 | Proteins

BSA and CS were purchased from Sigma Aldrich.
Vitronectin was purchased from ProSci (Poway, CA).
Complement components Clr and Cls were purchased
from Immuno Pty Ltd. (Wentworth Falls, NSW,
Australia). Prothrombin, alpha-2-antiplasmin and anti-
thrombin IIT were purchased from BioVision (Milpitas,
CA). Plasminogen activator inhibitor-3 was purchased
from Sapphire Bioscience (Rosehill, NSW, Australia).
Purified SOD was a kind gift from Dr. Luke McAlary
(Illawarra Health & Medical Research Institute, Univer-
sity of Wollongong, NSW, Australia). Alzheimer's f pep-
tide 1-42 was purchased from Anaspec (Fremont, CA).
Human plasma clusterin was purified as described
before®* by immunoaffinity chromatography of plasma
prepared from human blood kindly donated by Wollon-
gong Public Hospital (Wollongong, Australia).

4.3 | Recombinant CLIC1 expression and
purification

The bait protein we used in this study was a mutant
cysteine-free chloride intracellular channel protein
1 (CLIC1) in which four cysteine residues have been rep-
laced with alanines (described in Goodchild et al.>®). A
sequence encoding this protein fused at the C-terminus
with the Strep-tag II sequence (WSHPQFEK; see
Supporting Information) was cloned into the pET-28c (+)
plasmid (Novagen, Australia). The plasmid was trans-
formed into Escherichia coli BL21 cells for protein expres-
sion, that were cultured in Luria Broth at 37°C and, once
the optical density reached 0.65 at 600 nm, expression
was induced with the addition of 250 pM isopropyl p-p-
1-thiogalactopyranoside (IPTG). The culture was grown
for 4 hr before centrifugation and collection of the bacte-
rial pellet. The bacterial pellet was lysed by resuspending
in Buffer W (100 mM Tris HCl, 150 mM NaCl, 1 mM
EDTA, pH 8.0) containing 0.1% vol/vol Triton X100, lyso-
zyme (0.5 mg/mL), and cOmplete protease inhibitor
(Roche, Sydney), and incubating on ice for 30 min. Cellu-
lar disruption was completed by sonication on ice using a
Branson 250 sonicator set to 2 min at 50% amplitude
(2s on, 2s off). The bacterial lysate was centrifuged
24,000g for 30 min at 4°C. Supernatant was removed and
supplemented with 2.5 pg/ml avidin (to block any free
biotin that could interfere with subsequent purification)
and then passed over a 5 ml Streptactin XT Superflow
column (IBA Lifesciences, Germany). Recombinant
CLIC1 was purified as per the manufacturer's instruc-
tions. Briefly, the Streptactin XT column was equilibrated
with five column volumes of Buffer W. The filtered cell

lysate was loaded onto the column at 1 ml/min, before
the column was washed with five column volumes of
Buffer W. Protein was eluted with five column volumes
of Buffer BXT (100 mM Tris HCI, 150 mM NaCl, 1 mM
EDTA, 50 mM biotin, pH 8.0) and collected fractions
were analyzed for purity using SDS-PAGE and stained
with Imperial Protein Stain (Thermo Fisher Scientific,
Australia). Fractions were pooled and concentrated, dia-
lyzed into PBS (137 mM NacCl, 2.7 mM KCl, 1.5 mM KH,
PO,, 8 mM Na,HPO,, pH 7.4) containing 0.01% (wt/vol)
sodium azide, and stored at 4°C.

4.4 | Confirmation that CLIC1 misfolds
and aggregates at 37°C

The susceptibility of CLIC1 to misfolding and aggregation
at 37°C was confirmed in two different assays. A fluores-
cent probe (4, 4'-dianilino-1,1'-binaphthyl-5, 5'- dis-
ulfonic acid; bisANS) was used to assess changes in the
extent of surface-exposed hydrophobicity on CLIC1
bound to MagStrep “type3” XT beads. Briefly, 2 pg of
CLIC1 (bearing the C-terminal Strep-tag II) was incu-
bated with 2 pl MagStrep “type3” XT beads for 1 hr at
4°C. These beads were then incubated in duplicate with
100 pl of 10 pM bisANS in PBS in the wells of a 96-well
clear, flat-bottom 96 microplate (Greiner; Kremsmunster,
Austria) and changes in fluorescence measured at
(ex) 405/(em) 520+/10 nm using a POLARstar Omega
plate reader (BMG Labtech, Australia). Readings from all
samples were corrected for the background fluorescence
of 10 pM bisANS in PBS. In separate experiments, the
aggregation of CLIC1 in solution was monitored as a
time-dependent increase in turbidity. CLIC1 or BSA at 75
pM in PBS was incubated at 37°C for ~115 min and tur-
bidity was measured as absorbance at 360 nm using a
POLARstar Omega plate reader (BMG Labtech,
Australia). All sample readings were corrected for the
absorbance of PBS alone.

4.5 | Retrieving potential extracellular
chaperones from human serum

Human blood, collected according to the University of
Wollongong human ethics approval HE02/080, was
allowed to clot at room temperature, and then cen-
trifuged at 500 g for 20 min to pellet cells and clotted
material. The supernatant (serum) was then removed by
pipette and stored frozen at -20°C until use. MagStrep
“type 3” XT beads (5 pl) were washed three times with
Buffer W (100 mM Tris HCl, 150 mM NaCl, 1 mM
EDTA, pH 8.0), using a magnetic separator. Beads were
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then suspended in 400 pl of human serum (containing
Roche protease inhibitor and ~20-30 pg of avidin) to
which had been added either 200 pl of a stock solution of
CLIC1 in PBS at 1.5 mg/ml, or 200 pl PBS, and then incu-
bated for 2 hr at either 4 or 37°C on a rotary shaker
(Bioline, Australia). Subsequently, beads were washed
with Buffer W + 0.1% (vol/vol) Triton X100 for a total of
16 hr on a rotary shaker, with four buffer changes, before
eluting CLIC1 and bound serum proteins using 17.5 pl of
Buffer BXT (100 mM Tris HCI, 150 mM NaCl, 1 mM
EDTA, 50 mM biotin pH 8.0). The elution was repeated
twice more, using 25 pl on each occasion of a 1:1 mixture
of Buffer W and Buffer BXT, and all eluates were
combined.

4.6 | Sample preparation for proteomics
analysis

4.6.1 |
gel pieces

SDS PAGE and preparation of excised

Eluted samples (described above) of 25 pul were sup-
plemented with 8 pl of 4X SDS loading buffer (200 mM
Tris-HCI, 400 mM DTT, 8% SDS (wt/vol), 6 mM brom-
ophenol blue, 4.3 M glycerol), reduced with the addition
of 1 ul B-mercaptoethanol, boiled for 5 min, and then sep-
arated by 10% SDS-PAGE and stained with Imperial pro-
tein stain (Thermo Fisher Scientific, Australia). The gel
was then fixed in 5% (vol/vol) acetic acid, before excising
horizontal sections of lanes cut into 1-2 mm lengths, and
incubating these in 100 pl of 100 mM NH,HCO;, pH 8.0,
for 10 min. Subsequently, gel pieces were incubated for
20 min in 100 pl of 50 mM NH,HCO3/50% (vol/vol) ace-
tonitrile with occasional vortexing to remove the protein
stain, and finally placed in 100 pl of 100% (vol/vol) aceto-
nitrile and dried by vacuum centrifugation. The gel
pieces were then rehydrated and chemically reduced by
incubating them for 30 min at 50°C in 50 pl of 10 mM
DTT in 100 mM NH4HCOs;. Subsequently, excess DTT
buffer was removed, and then to alkylate proteins, 50 pl
of 20 mM iodoacetamide in 100 mM NH,HCO; was
added to the gel pieces, which were then incubated in the
dark at room temperature for 40 min before transferring
the gel pieces to 100% acetonitrile and vacuum centrifu-
gation as described above.

4.6.2 | In-gel tryptic digestion

The gel pieces prepared as described above were then
digested overnight at 37°C with trypsin (12.5 ng/pl;
V5111, Promega, WI) in a sufficient volume of 100 mM
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NH,HCO:; to cover the gel pieces. The digestion was ter-
minated with the addition of 2 pl of formic acid. Tryptic
peptides were extracted twice with 50% (vol/vol) acetoni-
trile/2% (vol/vol) formic acid and dried under vacuum
centrifugation. The peptides were resuspended in 0.1%
formic acid and desalted on a pre-equilibrated C,5 Omix
Tip (Agilent, CA), eluted in 50% (vol/vol) acetonitrile,
0.1% (vol/vol) formic acid, and dried under vacuum
centrifugation.

4.7 | Reverse phase C,g liquid
chromatography mass spectrometry

Lyophilized peptides were resuspended in 0.1% (vol/vol)
formic acid and bath sonicated for 20 min. The
resuspended peptides were then centrifuged at 14,000g
for 15 min to remove any insoluble debris, and the clari-
fied peptides were analyzed by LC-MS/MS. The peptides
were separated on an Ultimate 3,000 nanoLC (Thermo
Fisher Scientific, Australia) fitted with the Acclaim
PepMap RSLC column (Thermo Fisher Scientific,
Australia), making use of a 60 min gradient (2-75%
(vol/vol) acetonitrile, 0.1% (vol/vol) formic acid) running
at a flow rate of 300 nl/min. Peptides eluted from the
nano LC column were subsequently ionized into the Q
Exactive Plus mass spectrometer (Thermo Fisher Scien-
tific, Australia). The electrospray source was fitted with a
10 pm emitter tip (New Objective, Woburn, MA) and
maintained at a 1.6 kV electrospray voltage. The tempera-
ture of the capillary was set to 250°C. Precursor ions were
selected for MS/MS fragmentation using a data-
dependent “Top 10” method operating in Fourier trans-
formation acquisition mode with higher energy collision
fragmentation. FT-MS analysis on the Q Exactive Plus
was carried out at 70,000 resolution, and an AGC target
of 1 x 10° ions in full MS. MS/MS scans were carried out
at 17,500 resolution with an AGC target of 2 x 10* ions.
Maximum injection times were set to 30 and 50 ms,
respectively. The ion selection threshold for triggering
MS/MS fragmentation was set to 25,000 counts and an
isolation width of 2.0 Da was used to perform HCD frag-
mentation with normalised collision energy of 27.

Raw spectra files were processed using the Proteome
Discoverer software 2.4 (Thermo) incorporating the
Sequest search algorithm. Peptide identifications were
determined using a 20-ppm precursor ion tolerance and a
0.1 Da MS/MS fragment ion tolerance for FT-MS and
HCD fragmentation. Carbamidomethylation modifica-
tion of cysteines was considered a static modification
while oxidation of methionine, deamidation of aspara-
gine and glutamine, and acetyl modification on N-
terminal residues were set as variable modifications
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allowing for a maximum of two missed cleavages. The
data were processed through Percolator for estimation of
false discovery rates. Protein identifications were vali-
dated employing a g-value of .01. The relative abundance
of proteins within each sample was calculated by label-
free quantitation using NSAFs as described in Zybailov
etal.>

4.8 | Protein aggregation assays

All protein aggregation assays were performed in clear,
flat-bottom microplates. AB'™** aggregation assays were
performed in 384-well microplates (Greiner Bio-One,
Interpath, Australia), and CS aggregation assays used
Corning 1,536-well microplates (Sigma  Aldrich,
Australia), using a total volume of 50 or 10 pl/well,
respectively. Amyloid formation by Ap'~** was monitored
by measuring changes in ThioT fluorescence. Briefly,
AP was diluted from a 200 pM stock solution in
100 mM Na,HPO,, pH 7.8, into PBS to give a final con-
centration of 10 pM. This was then supplemented or not
with (a) 1 pM of VTN, PAI-3, SOD (a non-chaperone con-
trol protein), or CLU (a known chaperone protein),
(b) 1 uM or 2 pM of Cl1r, Cls, or A2AP, or (c) 5 pM AT3,
and incubated at 37°C with double orbital shaking
(200 rpm). All samples were supplemented with 20 pM
ThioT. Changes in the ThioT fluorescence of triplicate
wells were measured using a POLARstar Omega plate
reader (BMG Labtech, Australia) with band pass filters
(Ex 440 + 10 nm, Em 480 + 10 nm). All readings were
background corrected by subtracting the fluorescence of
20 pM ThioT in PBS.

4.8.1 | Amorphous aggregation of CS

CS (5 pM) in CS aggregation assay buffer (50 mM Tris—
HCIL, 5 mM HEPES, pH 8) was heated at 43°C for 3-4 hr
to induce amorphous protein aggregation, monitored as a
time-dependent increase in turbidity (measured as absor-
bance at 360 nm). Wells containing CS were sup-
plemented or not with 1 pM of SOD (a non-chaperone
control protein) or CLU (a known chaperone protein), or
up to 5 pM of putative chaperones (VTN, PAI-3, Clr,
Cls, AT3 or A2AP) before incubation at 43°C. The
changes in absorbance of triplicate wells was measured
using a Spectrostar microplate reader (BMG Labtech,
Australia) and samples were shaken (double orbital,
100 rpm) for 20 s prior to each measurement. All absor-
bance values were background corrected by subtracting
the absorbance of a matching volume of CS aggregation
assay buffer alone.

4.9 | Transmission electron

microscopy (TEM)

To prepare samples for TEM analysis, 10 pM AB'™* in
PBS was aggregated for 60 hr as described above, sup-
plemented or not with test proteins. CLU, SOD, VTN, and
PAI-3 were added to a final concentration of 1 pM, while
the final concentration added for PT, Clr, and Cls was
2 pM. At the 60 hr endpoint of aggregation, 10 pl samples
were taken from wells and applied to Formvar-coated cop-
per grids. The samples were next stained with 2% (wt/vol)
uranyl acetate, and imaged using a FEI Tecnai T12 trans-
mission electron microscope (Cryogenic Electron Micros-
copy Facility, Molecular Horizons, University of
Wollongong). Images were analyzed using the SIS
Megaview II Image Capture system (Olympus, Australia).
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