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Abstract

Copper is a highly reactive element involved in a myriad of biological reactions. Thus, while
essential for mammalian cells, its concentrations must be kept in check in order to avoid toxicity.
This metal participates in redox reactions and may exacerbate oxidative stress in aerobic
organisms. Nonetheless, the actual driving force of copper-induced cell death is yet unknown.
Likely, free copper ions may target different biomolecules which are crucial for the proper
functioning of an organism. In this work, we show that free copper induces protein aggregation
in serum. The wide set of proteins present in these biological samples are not equally prone to
copper-induced aggregation and some, such as albumin, are highly resistant whereas y“globulins
are highly sensitive. The identity of the proteins in the aggregates becomes fairly homogeneous
as metal concentrations go as low as 20 uM. The identificationof the proteins by mass
spectrometry indicates a preponderance of IgG and a minor presence of other different proteins.
Therefore, free copper in blood may serve to the formation of circulating protein aggregates with
a core of IgG. This may impact on health not only“due to-the activity of aggregated IgG but also
due to the many proteins co-aggregated. Understanding whether the y-globulin core and the
heterogeneous subgroup of proteins elicit differential responses in the organisms requires further

research.
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Introduction

Copper (Cu) is an essential element for mammalian cells. It is employed in the active site of
several enzymes which catalyze redox reactions. Within cells, the reducing potential achieved by
the high concentration of glutathione would keep any free Cu ion in its reduced form, Cu(l) [1].
The indiscernible occurrence of Cu(l) in the intracellular environment has been corroborated in
bacteria [2]. However, due to its reactivity, the intracellular concentration of free Cu(I) must
also be kept at negligible levels. Conversely, Cu(Il) is the most common oxidation state ofthis
metal in the extracellular environment because of the oxidizing features of this compartment | 3].
In plasma, the concentration of total Cu(Il) ions, both free and protein-bound, s ¢irca”995 pg/L
and nearly 65-90% circulates bound to ceruloplasmin [4]. The remaining“metal)is loosely bound
to albumin and a2-macroglobulin and nearly 1.6 uM Cu(Il) circulates in a relatively free state
which may further rise, as is the case in Wilson Disease (WD)[5]: This pathology occurs when
Cu ions cannot be extruded into the bile by the Cu-pump ATP7B. Therefore, the metal builds up
within the hepatocyte where it causes cytotoxicity’and upon cell death is ultimately spilled into
the bloodstream. A concentration of free Cu(Il),in serum higher than 4 pM is considered as
positive diagnostic for WD [6]. However, the concentration of free Cu(Il) rises up to
concentrations as high as 45 pM ‘in untréated patients [7]. However, it may drastically increase

with concomitant conditions such as acute liver failure and cirrhosis [8].

While accumulation ‘of, Cw within the organism causes toxicity, the molecular events driving
tissue and cell damage ‘are not fully understood. Free Cu ions participate in redox reactions and
generate.oxidative stress. Cu ions react with hydrogen peroxide (H,O;) in Fenton like reactions,
yielding.the highly oxidant hydroxyl radical (HO") which can promote lipid peroxidation and

unselectively oxidize and damage essential biomolecules [9]. Some reports have challenged the
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formation of HO  mediated by Cu ions while proposing the existence of a higher oxidation state
for Cu [10]. Regardless, no discussion has emerged about the oxidizing potential of this metal in
the presence of H,O,. Hence, its deleterious effects in Cu dyshomeostasis have usually been
linked to oxidation reactions. However, antioxidant therapies have not been proven effective in
the treatment of Cu imbalance-related disorders such as WD. Moreover, Cu(Il) and Cu(l) are
even more harmful for bacteria in anaerobic conditions than in aerobic conditions which
indicates that the production of highly reactive species is not their only cytotoxic mechanism

[11]. Therefore, alternative toxic pathways should be explored in order to understand Cu toxieity.

Copper ions have been reported to induce protein aggregation and fibril formation in vitro [1,
12,13]. In bacteria, Cu(Il) exposure induces alterations in the stability of proteins involved in
several biological processes [2]. We have previously shown that cells exposed to high
concentrations of Cu(Il) up-regulate several pathways involvedin coping with improperly folded
proteins rather than mounting a consistent antioxidant_response [1]. Thereby, it is likely that
when metal levels reach a certain threshold in aspecific scenario, either free Cu(I) or Cu(Il)
interact directly with proteins, altering their/Strueture and eliciting an organic response focused
on restoring proteostasis. Interestingly;, protein aggregation is a hallmark event of several
neurodegenerative pathologies such.asvAlzheimer’s disease and Parkinson’s disease [14]. These
pathologies have also been relatedto Cu imbalances [15-19]. However, understanding the role of
Cu ions in complex afnd multifactorial diseases requires a better understanding of Cu-mediated

damage.

Circulating ‘Cu(ll) in the bloodstream is bound by several proteins in order to ensure its proper
distribution. However, increases in metal concentration may allow its interaction with unwanted

protein targets. Due to the heterogeneity of blood proteins, Cu(Il) may selectively bind the
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sensitive ones and progressively, as the metal concentration rises, the most resistant proteins.
This could contribute to the formation of circulating protein aggregates (CPAs). While CPAs
have been found in pathology as well as in physiological conditions, their concentration as well
as the identity of the encompassed proteins changes in different conditions. Likely, CPAs
formation could be driven by a combination of pro-aggregating stimuli in the medium, such as

metal ions, and the increased concentration of prone to aggregation proteins.

Here we show that Cu(Il) induces aggregation of rat serum proteins and, as the concentration-/of
Cu(Il) decreases, the aggregated pellet becomes enriched in gamma-globulins,”Additional
proteins are found in the pellet but in low proportion. The y-globulins have multiple’functions
involved in neutralization of antigens, signaling pathways, inflammation;‘etc, which turn active

when the y-globulin binds a target surface on an antigen [20].

Materials and methods

Blood collection and separation of rat serum

The blood of healthy Sprague-Dawley.nale rats of approximately 200 g was collected for the
posterior separation of the serum:Prior to the blood collection, the animals were anesthetized
with a single dose of 1 g/kg urethane. Then, the blood was drawn by cardiac puncture with
syringe using a 25 Gauge needle and gently put in a 1.5 mL eppendorf. The whole blood was
allowed to clot for 30'min and then centrifuged at 5000 g for 10 min. After the separation of the
upper phase which corresponds to the rat serum, the sera of five rats were pooled together and

stored at -20,°C.

€20z Aieniga4 90 uo Jasn (1gS|S) sally sousng ap pepisisAiun Aq 948/ 10.2/SO0PEIW/SOWOIW/EE0 L 0 | /10p/8[01B-80UBAPE/SOILIO||BJoW /W00 dno olwapede//:sdijy Wol) papeojumo(



Aggregate formation

The samples of either bovine serum albumin (BSA), serum proteins or purified human
immunoglobulin G (IgG) at a final concentration of 1.5 mg/mL, were incubated with different
concentrations of Cu(Il). The aggregation process was carried out in a buffered solution of Tris-
HCI 10 mM, pH 7.4 and the incubation took place for the corresponding time at 37 °C. After
incubation, the samples were centrifuged at 21 000 g for 30 min. Then, the supernatant was
separated and the pellets were resuspended in distilled water. The corresponding~fraction was

used in each of the following experiments.
Turbidity assay

Tris—HC1 10 mM was used as the reaction medium and stock solutions of 10 mM CuSO4 were
used so as to attain the desired final concentrations in the wells.”1.5 mg/mL BSA or rat serum
was added to the well just before starting the measurément. All the solutions were adjusted to pH
7.4. Samples were incubated and analyzed in<a Varieskan Flash 96-well plate reader (Thermo
Fisher Scientific) at 37 °C. The absorbanc¢at 405 nm was monitored every 2 min with shaking
for 5 sec before initial measurement, during 60 min. No turbidity was detected in the control
experiments with buffer only, protein only or metal ions in the absence of protein. Turbidity

assays were run at least four times for each condition.
Protein content determination

Protein content.was determined spectrophotometrically using Folin Reagent [21].
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Separation of proteins

Separation of proteins was carried out using sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). Samples were diluted with the electrophoresis sample buffer 1:1
v/v. The latter consisted of 20% SDS, IM Tris-HCl pH 6.8 and 0.5 g/mL sucrose. 1M
dithiothreitol (DTT) was added in the cases where reducing conditions were required:
Electrophoresis was performed on 10% polyacrylamide under non-reducing conditions;200, V
during 45 min in buffer Tris-/Gly-SDS in Mini Protean Tetra cell System (Bio-Rad: California.
USA). The mass of the proteins in the gels were estimated employing Rainbow Molecular
weight markers. Code RPN 756 (range: 14.3-220 KDa), serum samples ftom healthy patients and

urine with glomerular disease.

Proteinogram

The corresponding samples were run in cellulose, acetate (Cellogel Electrophoresis Co. SRL
Milano-Italy). Electrophoresis Buffer: Tris-barbital-sedium (Electra® HR-Helena Laboratories
Beaumont, Tx) for 200 V 30 min. Coloration: 0.5% w/v Amido Schwartz suspended in 45% w/v

methanol and 10% w/v acetic acid.

Two dimensional- polyacrylamide gel electrophoresis (2-DE)

In the first dimensioh, protein molecules are resolved depending on their charge: cellulose
acetate, 200 V4 pH/8.6. In the second dimension, protein separation is performed based on
molecular‘weight using SDS PAGE and Tris-Gly-SDS buffers. The mass of the proteins in the

second, dimension electrophoresis were estimated employing Rainbow Molecular weight
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markers. Code RPN 756 (range: 14.3-220 KDa), serum samples from healthy patients and urine

with glomerular disease.
Coomassie blue staining

The gels were stained with 0.2% w/v Coomassie Brilliant Blue R250 suspended in 0.5% w/v

acetic acid and 20% w/v methanol.
Silver staining

The procedure consisted on fixing with 40% w/v methanol and 0.5 mL formaldehyde“solution,
sensitizing with a solution of sodium thiosulfate 0.02% w/v and silver nitrate 0,1% w/v,
developing with sodium thiosulfate (3% w/v sodium carbonate, sodium thiosulfate 0.5 mL

formaldehyde). The reaction was stopped with 2 mL glacial acetic acid.
Liquid Chromatography/Mass spectrometry (LC-MS)

Sample preparation for LC-MS: The samples were reducedywith 20 mM dithiothreitol (DTT),
for 45 min at 56 °C and alquilated with 50 mM iodoacetamide, for 45 min in the dark. Then, the
samples were digested with trypsin overnight.wThe peptide extraction was performed with
acetonitrile. The samples were lyophilized and resuspended with 30 uL trifluoroacetic acid, 0.1%
w/v. Then the samples were desalted ‘with ZipTip C18 (Merck). After desalting, the samples
were analyzed by nano HPLC coupled to Mass Spectrometry with orbitrap technology. The LC
was performed with a\liquid chromatography; model EASY nLC 1000 (Thermoscientific). The
sample ionization ‘'was performed by Electro Spray, employing an EASY-SPRAY ionizer
(Thermoscientific) with a spray voltage between 2.5-3.5 kV. The MS was performed employing
a mass, spectrometer model Q-Exactive (Thermoscientific). The data was analyzed with

Proteome Discoverer v2.2 (Thermoscientific) against the Rattus norvegicus UniProt database.
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The precursor mass tolerance was set to 10 ppm and the fragment mass tolerance was 0.5 Da.
The proteins were considered as identified when at least two peptides were associated with a
particular protein. The protein abundance was calculated with the exponentially modified protein

abundance index (emPAI) which correlates with the absolute protein content in a given sample.

Data analysis

The statistical analysis of this data was carried out with the software GraphPad InStat following
the recommended settings for the experiments (Anova with Tukey’s post-test). The differences
and the level of significance were represented with a letter indicating the group which,is being

compared to in the corresponding figure.

Results and Discussion

Aggregation of BSA and serum proteins by Cu(Il)

Free Cu(Il) is able to promote aggregation of BSA‘as well as of serum proteins (Fig. 1A and Fig.
1B). However, there is a threshold of Cu(Il)«concentration below which BSA does not aggregate
(Fig. 1A). In Fig.1B we observe that Cu(ll) is also capable of inducing the aggregation of serum
proteins. We speculated that the heteregeneous group of proteins in blood would encompass
proteins with higher sensitivity,to metal-induced aggregation. Indeed, Fig. 1B shows a lower
threshold for Cu(Il)-induced protein aggregation. The increase in the absorbance at t=0 is likely
due to the rapidckinetic of the aggregation process, especially when the concentrations of Cu(II)
are high (Fig~1A and Fig. 1B). Cu(Il) does neither increase the absorbance at the t=0 nor
throughout the incubation when the experiment is carried out in the absence of a protein sample.

InvFig. 1C and Fig. 1D, BSA and serum proteins were precipitated and the pellets and
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supernatants were collected. The protein content was quantified by Lowry in both fractions. Data
shown in Fig. 1C corroborates the Cu(Il) threshold for BSA aggregation by quantifying the
protein content in the pellet and supernatant after separating the aggregated fraction by
centrifugation, and results shown in Fig. 1D indicate that much lower concentrations of Cu(Il)
are sufficient to aggregate serum proteins. Only a minor proportion of serum proteins are
aggregated at these concentrations (Fig. 1C). This could be due to the presence of particularly,
sensitive proteins. Noteworthy, Cu(Il) concentrations higher than 600 uM fully aggregate BSA
whereas in the case of serum, concentrations as high as 1000 uM only aggregate cirCa) 50% of
total proteins (Fig. 1C and Fig. 1D, respectively). Thus, indicating that serum also comprises
proteins which are highly resistant to Cu(Il) induced aggregation. We expected BSA proclivity to
aggregation to be much lower than the most sensitive proteins, which-would otherwise be a

major hazard due to its high concentration in this fluid.

Analysis of the aggregates by SDS-PAGE and cellulose acetate

The aggregated pellets and the corresponding stpernatants of serum proteins incubated with
Cu(Il) were analyzed by SDS-PAGE stained, with-coomassie blue (Fig. 2A). The control serum
was incubated in the same conditions*as‘the' Cu(Il) treated samples. After the separation of the
supernatant and pellet fraction, no“pellet was recovered from the control serum. The bands
observed corresponding te‘serum proteins incubated with high concentrations Cu(Il) (800 uM)
are fairly similar to the control lanes due to less selective aggregation. Albumin is the protein
that is found in‘highest proportion in serum of healthy rats (circa 55%) [22]. Therefore, the band
with the highest intensity in the SDS-PAGE of control serum should correspond to this protein
(Figh\2A,.ldane 1 and Fig. 2B lane 1). As metal concentrations decrease (200 uM), the pellet

beecomes enriched majorly in high molecular weight proteins (HMWP) while depleted in
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albumin. Interestingly, while lower concentrations of Cu(Il) show induction of the aggregation of
mainly HMWP in terms of mass, the silver staining also revealed the presence of few low
molecular weight proteins (LMWP) (Fig. 2B). Nonetheless, the content of such LMWP is much
lower than the HMWP. To further taper the spectrum of potential proteins in the aggregated
fraction, a proteinogram was performed. This is a commonly employed assay to detect changes
in specific protein groups known as globulins in serum. According to their migration velocity,
the different globulins present in Sprague Dawley rat serum can be divided into 5 fractions as
follows: albumin, a1-globulins, a2-globulins, B1/B2-globulins, and y-globulins [22]. Thetebyjthe
relative protein proportion can be compared to that of the control serum incubated. in the absence
of Cu(Il) in order to distinguish any increase in specific globulin fractions. It must be noted that
unlike SDS-PAGE, where SDS is present in the buffer, the proteinogramu.is carried out in the
absence of this detergent. Thus, the migration velocity in the proteéinogram depends on the
charge/mass ratio of the proteins composing each fraction. Interestingly, the separation of the
proteins due to their mass/charge ratio by cellulose acetate showed an enrichment of the
aggregated pellets in the y-globulin fraction (Fig. 2C) which is in agreement with the molecular
weight of the preponderant proteins in.the SDS-PAGE (Fig. 2A and Fig. 2B). No changes in
specific bands (circa 150 kDa, 120 kDa,»100 kDa and 80 kDa) are observed in the supernatant
fractions of the Cu(Il) exposed proteins. The pellet becomes enriched in specific proteins which
correspond to molecular weights of circa 150 kDa (Fig. 2A, lane 4) and some additional bands
immediately below: it=The additional bands are observable at lower molecular weights between
100-66 kDa:The"overall aggregated protein is only a minor fraction of the whole protein content
of that particular protein. Therefore, the supernatant remains unaltered, whereas the pellet’s

proportion of proteins drastically changes (Fig. 2A, Fig. 2B and Fig. 2C). The incubation of
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serum with Cu(Il) was also performed in the presence of EDTA where it can be observed that the
presence of a chelating agent fully prevents the formation of the aggregate (Fig. 2D). The
preventive effect of EDTA on the Cu(Il)-induced aggregation of serum proteins takes place
when the incubation is performed even in Cu(Il) concentrations as high as 800 uM. These results

suggest that the metal has to be in a relative free state in order to induce protein aggregation.

Analysis of the aggregates by 2-DE

The high number of bands observed in the re-suspended pellets complicates the outlining, of
Cu(Il)-induced aggregation sensitive proteins. In order to further discriminate the aggregated
proteins in the pellet fraction, 2-DE electrophoresis were performed. This expéeriment shows that
the pellet is basically enriched in a single protein at concentrations as low as 20 uM Cu(Il) (Fig.
3). Some bands become more intense with lower concentration of Cu(ll) because that specific
protein is being enriched. However, this occurs not because the, protein is being aggregated at
lower concentrations but rather because other proteins.that should be less sensitive to the metal-
induced aggregation decrease in proportion. A contrel serum was run in parallel so as to show
the position and relative band intensities of‘eommeon proteins found in these biological samples
(Fig. 3A). Therefore, the proteins corresponding to bands with higher intensity at 50 uM Cu(II)
become more evident. We speculated on the identity of albumin considering that this protein is
present in highest concentfation)in healthy serum and it has a molecular mass of 66 KDa [22].
The highest relative intensity of the band corresponding to this migration distance is evident in a
control serum ‘but is found progressively depleted as the concentrations of Cu(Il) decrease
(Diamond arrow). This is in accordance to the proteinogram of the aggregated fraction (Fig. 2B).
Additionally, the migration distance of the majoritarian protein in the sera incubated with low

concentrations of Cu(Il) (Fig. 3D, Fig. 3E and Fig. 3F) is similar to that of IgG (Full arrow), with
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a molecular mass of 150 KDa. This is in line with the high concentration of y-globulin observed

in the proteinogram of the aggregated fraction (Fig. 2B).

Analysis of the aggregates in reducing conditions

The SDS-PAGE of serum proteins incubated with Cu(Il) yields an aggregate which is composed
of set of proteins (Fig. 1A, Fig. 1B and Fig. 1C). For this experiment, the serum was incubated
with 200 pM Cu(Il) and the aggregate was recovered. The sample was prepared for SDS-PAGE
and DTT was added in order to cleave the disulfide bonds of the proteins present<in ‘the
aggregated fraction. This experiment was performed in this particular aggregate“beeause the
protein composition is fairly uniform. The proteins present in the aggregate is more defined than
that of the supernatant from the control serum (Fig. 2A, Fig. 2B and Fig.\2C) and considering
that due to the high molecular weight of the aggregated proteins (Fig."2A) and the increased y-
globulin fraction (Fig. 2C), we speculated on the enrichment of'IgG within the aggregate. Thus,
the addition of DTT to the sample loaded in the gel should reduce the disulfide bonds which bind
together the whole IgG protein (150 kDa), releasing in this manner the light chains (25 kDa) and
the heavy chains (50 kDa) which can be observedjin the gel in reducing conditions (Fig. 4, lanes

C and D).

Analysis of identity of the aggregated proteins by LC-MS

The most sensitive proteins to100 uM Cu(II)-induced protein aggregation were identified by
LC-MS. For this experiment, the samples were run in SDS-PAGE and stained with coomassie
blue so as toe-identify the migrating proteins (Supplementary Fig. 1A) and the proteins that are
not able to«enter the gel due to the formation of an aggregate (Supplementary Fig. 1B). The
totality'of the protein in the aggregate was assayed as we ran the gel and allowed the proteins to

briefly migrate within it. The run was stopped after the dye front (bromophenol blue) had
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migrated a distance of 1 cm. Then we separated the migrating fraction (Supplementary Fig. 1A)
and the fraction that was not able to migrate due to the formation of aggregates (Supplementary
Fig. 1B) by doing a gel excision of 1 cm®. Both fractions together comprise the great majority of
the protein content of the sample as it is observed in the coomassie blue staining (Supplementary

Fig. 1A and Supplementary Fig. 1B).

The overall protein composition in the aggregated fractions incubated with concentrations below
100 uM Cu(Il) is fairly homogeneous when compared to the groups corresponding to 200,uM
Cu(Il) and 800 uM Cu(Il). Thus, the aggregated proteins with a concentration of 100 "uM.Cu(II)
would give information about the main protein in the aggregate, which seemedto be aggregated
also at lower metal concentrations, but also of additional proteins that could have been lost at
lower Cu(Il) concentrations. In this manner, a broader spectrum of proteins could be available
for future studies of the isolated proteins. Here we observe that,the most intense band of the gel
excise is mainly IgG (Table 1, Fig 5 A). Additionally, we.employed LC-MS to identify the
proteins that were aggregated in larger mass aggregates which were unable to migrate into
running gel (Supplementary Fig. 1B). Inc‘this, case, the intense band of the SDS-PAGE
corresponded also mainly to IgG. However, ‘several additional proteins could be identified.
Noteworthy, the size of many of\the, identified proteins did not correspond to the running
distance in the excised gel section, which should be above 220 kDa. In fact, some of these
proteins are small such as Apolipoprotein A-I or Apolipoprotein E with a molecular mass circa

30 kDa. We implemented a cut-off for the relative abundance of the proteins of 0.5%.

In summaryy, results indicate that Cu(Il) is capable of inducing the aggregation of IgG from rat
serum. The-aggregation of IgGs could be due to a combination of their moderate concentration in

bloed and their inner proclivity to aggregation induced by this metal. The CPAs present
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heterogeneity in their protein content and their relative proportion may change in different
physiological conditions as well as in disease. In the case of Cu(Il), the metal could drive the
formation of the CPA by generating a core of IgG. Notably, some authors have detected the
presence of IgG in CPAs [23]. Interestingly, when run in SDS-PAGE, a large part of the
aggregate remained at the top the gel. The identification of the proteins in the larger aggregates
showed a greater heterogeneity. While IgG continues to be the majoritarian protein, some
additional proteins can be detected in lower proportion. The identity of the proteins observed
include several LMWP, such as apolipoprotein A-I and apolipoprotein E, which do/not match
their migration distance in the gel. Despite the larger aggregates, the IgG matching band at 150
kDa is also observable the gel. It must be mentioned that CPAs may not only be an’accumulation
of inactive proteins. In fact, IgG aggregates can be induced by heat and-they are strong activators
of the complement cascade [24]. Additionally, the complement” activating feature of IgG
aggregates is modulated by the size of the aggregate, which adds further complexity to the
biology of these circulating structures [25]. The complement cascade plays a crucial role in the
defense against pathogens. It is comprised of proteins distributed between the plasma and cell
surfaces which become sequentially activated”generating proinflammatory mediators and the
opsonization of the targeted surfacesi’The complement system of proteins can be activated by
immune complexes which are constituted by antigen-bound antibodies [26]. These immune
complexes trigger the cascade activation which culminates with the opsonization and lysis of the
pathogen [27]. It may. be possible that Cu-induced aggregated IgGs activate the complement
system. Noteworthy, whereas the proinflammatory role of the complement system is well
understood;yit has recently been related to other functions such as signaling involved in the

neurologic development, aging and different diseases [28]. Interestingly, several complement
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proteins were found in the aggregate (Tables 1 and 2, Supplementary Fig. 1) which could hint to

a biological activity of CPAs.

It is worth mentioning that one purpose of this work is to set references as to which
concentrations of Cu(Il) are necessary to aggregate serum proteins. As observed, extremely high
concentrations of this metal induce the unselective aggregation of a wide set of proteins but as
concentrations of Cu(Il) decrease, the aggregated fraction becomes enriched in a more restricted
set of proteins (Fig. 2A, Fig. 2B and Fig 3). While the lowest concentrations of Cu(Il) empleyed
(20 uM) were enough to yield an aggregate, these concentrations seem high when compared'to a
physiological situation where the serum concentration of free Cu(Il) is near 176 wM<It should
also be mentioned that Tris, employed as the incubation buffer, is able to‘coordinate Cu(Il) ions
which would contribute to a higher threshold for Cu(Il)-induced“protein aggregation [29].
Furthermore, the incubation of isolated human IgG with Ca(l)‘leads to the formation of a
protein aggregate at low metal concentrations (Fig. SA_and“Fig. 5B). Thereby, this work may
serve to better understand the participation of Cu(ll) in,pathology or specific conditions which
are not necessarily pathological. For instaneé¢, in,cases of untreated Wilson Disease, the serum
levels of free Cu(Il) may rise above“2.3 uM (which is considered a cut-off value for the
diagnosis of the disease) [30]. However,Cu(Il) levels may increase up to concentrations as high
as 45.5 uM whereas upon ghelation treatment serum free Cu(Il) may be decreased up to normal
values [7]. The formation of CPAs should not be attributed merely to free Cu(Il) in circulation
but rather to the coneerted action of several pro-aggregating stimuli. In fact, several other metals
have beenteperted to induce protein aggregation in vitro and may play a tip the scale towards a
more pro-aggregating environment concomitantly to Cu(Il). However, this particular metal could

shape-the identity of the CPA proteins by its enrichment on Cu(Il)-sensitive aggregated proteins.
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Proteins inner tendency to aggregation can be drastically accelerated by several stimuli including
metal ions [1, 31, 32]. It is generally accepted that hydrophobic portions of a protein may interact
with other exposed hydrophobic patches on other proteins and cause aggregation [33, 34].
However, the precise mechanism driving this process remains obscure. Therefore, identifying the
promoting factors and elucidating the mechanisms underlying protein aggregation is a critical
matter in complex pathologies involving aggregated proteins [35]. Moreover, metal
dyshomeostasis has been related to several disorders such as Alzheimer’s disease/ and

Parkinson’s disease where protein aggregation is a hallmark of pathology [16-19].

In the bloodstream, the formation of detergent resistant CPAs is observable in"young-as well as
in older patients. However, young patients show significantly lower levels of aggregates [36].
CPAs of healthy plasma present heterogeneity in their composition and some of these proteins
should be preponderant. Interestingly, the prone to aggregation proteins, characteristic of several
amyloidosis, not only deposit on specific organs but also alter.the overall composition of CPAs
[23]. Therefore, CPAs may serve as a potential diagnostic tool by reflecting the organ protein
proclivity to aggregation, in a sample with edse of collection rather than organ biopsy [37]. The
mechanisms behind CPAs generation are not fully understood. Aside from the inner proclivity to
aggregation of each protein, several additional stimuli promote aggregation. Cu(Il) and other
metals could play a role in their formation as they have been reported to induce protein
aggregation in several experimental models [1, 13, 38]. Additionally, proteins such as albumin
have chaperone functions which, when impaired, may lead to reduced solubility of plasma
proteins [39]. Therefore, the formation of CPAs is driven by diverse stimuli that promote protein
aggregation which explains why their concentration is increased in different conditions such as

aging-{36].
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Conclusion

Cu(Il) ions are capable of inducing protein aggregation of serum proteins and IgG can be found
within the aggregates along with other proteins in minor proportion. Therefore, this metal could
be a driving force in the formation of CPAs as well as in shaping the identity of its proteins. It
remains to be understood whether these CPAs have biological functions in vivo and these

functions can be modulated by the identity and proportion of the proteins involved.
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Table 1. Identity and relative abundance of the proteins present in the aggregates formed by serum
proteins incubated with Cu(Il). The proteins identified correspond to a gel excise comprising proteins

in the range 25-225 kDa. The gel excise corresponds to the black box shown in Supplementary Fig.

‘dno‘piwepeoe//:sdpy wolj papeojumoq

1A.
. _ Relative
Accession Description MW [kDa] abundance (%)3
P0O1835 Ig kappa chain C region, B allele OS=Rattusnorvegicus PE=1 SV=1 11.6 53.7
P01836  Igkappa chain C region, A allele OS=Rattusnorvegicus PE=1 SV=1 11.7 36.6
P20762  Ig gamma-2C chain C region OS=Rattusnorvegicus PE=2 SV=1 36.5 4.2
Ig gamma-2B chain C region OS=Rattusnorvegicus GN=Igh-1a PE=1
P20761 36.5 0.8
Sv=1
P01026  Complement C3 OS=Rattusnorvegicus GN=C3 PE=1 SV=3 186.3 0.5
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Table 2. Identity and relative abundance of the proteins present in the aggregates. The LC-MS

was performed on the group of proteins which are not able to enter the gel. The gel excise

corresponds to the black box shown in Supplementary Fig. 1B.

Accession Description MW alljlfrll?:r;ze
[kDa] (%)
P01835  Igkappa chain C region, B allele OS=Rattusnorvegicus PE=1 SV=1 11.6 56.8
P01836  Igkappa chain C region, A allele OS=Rattusnorvegicus PE=1 SV=1 11.7 8.2
P20762  Ig gamma-2C chain C region OS=Rattusnorvegicus PE=2 SV=1 36.5 6.0
Q63041  Alpha-1-macroglobulin OS=Rattusnorvegicus GN=A1m PE=1 SV=1 167 2.6
P20767  Iglambda-2 chain C region OS=Rattusnorvegicus PE=4 SV=1 11.3 23
P04639  Apolipoprotein A-I OS=Rattusnorvegicus GN=Apoal PE=1 SV=2 30 1.4
P02770  Serumalbumin OS=Rattusnorvegicus GN=Alb PE=1 SV=2 68.7 1.4
P20761  Ig gamma-2B chain C region OS=Rattusnorvegicus GN=Igh-1a PE=1 SV=1  36.5 1.3
P01946  Hemoglobin sub alpha-1/2 OS=RattusnorvegicusGN=Hbal PE=1 SV=3 15.3 1.2
P06765  Platelet factor 4 OS=Rattusnorvegicus GN=Pf4 PE=1 SV=1 11.3 1.0
P02650  Apolipoprotein E OS=Rattusnorvegicus GN=Apoe PE=1 SV=2 35.7 1.0
P01026  Complement C3 OS=Rattusnorvegicus GN=C3 PE=1 SV=3 186.3 1.0
P20760  Ig gamma-2A chain Cregion OS=Rattusnorvegicus GN=Igg-2a PE=1 SV=1  35.2 0.9
P14046  Alpha-1-inhibitor 3 OS=Rattusnorvegicus GN=A1i3 PE=1 SV=1 163.7 0.8
P20059  Hemopexin OS=Rattusnorvegicus GN=Hpx PE=1 SV=3 51.3 0.7
Q03626  Murinoglobulin-1 OS=Rattusnorvegicus GN=Mugl PE=2 SV=1 165.2 0.7
P02091 Hemoglobinsubunit beta-1 OS=Rattusnorvegicus GN=Hbb PE=1 SV=3 16 0.7
Q99PS8  Histidine-richglycoprotein OS=Rattusnorvegicus GN=Hrg PE=1 SV=1 59 0.6
Q01177  Plasminogen OS=Rattusnorvegicus GN=Plg PE=2 SV=2 90.5 0.6
Y6IFW6  Keratin, typel cytoskeletal 10 OS=Rattusnorvegicus GN=Krt10 PE=3 SV=1  56.5 0.6
P08649  Complement C4 OS=Rattusnorvegicus GN=C4 PE=1 SV=3 192 0.5
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Figure 1. (A) BSA aggregation with different concentrations of €Cu(1l) assessed by optic density
(DO), n=5. (B) Serum protein aggregation with different, concentrations of Cu(Il) assessed by
optic density (DO), n=5. (C) Quantification of prOtein content in pellet and supernatant fractions
after BSA incubation with different concentrations of Cu(Il), n=3. (D) Quantification of protein
content in pellet and supernatant fractions after serum proteins incubation with different
concentrations of Cu(Il), n=3. (C) Quantification of protein content in pellet and supernatant
fractions after BSA incubation with different concentrations of Cu(Il). The protein content of the
pellet fraction at Cu(Il) concentrations higher than 300 uM is significantly different from that at
0 uM Cu(ll) (p<0,001) and the protein content of the supernatant fraction at Cu(Il)
concentrations higher than 300 uM is significantly different from that at 0 uM Cu(II) (p<0,001),
n=3. (D) Quantification of protein content in pellet and supernatant fractions after serum proteins

incubation with different concentrations of Cu(Il). The protein content of the pellet fraction at
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Cu(Il) concentrations higher than 100 uM is significantly different from that at 0 uM Cu(Il)
(p<0,001) and the protein content of the supernatant fraction at Cu(Il) concentrations higher than

700 uM is significantly different from that at 0 uM Cu(II) (p<0,001), n=3.
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Figure 2. (A) SDS-PAGE stained with coomassie blue of serum proteins incubated with Cu(II).
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Lane: 1, control serum; 2, supernatant’Cu(Il) 200 uM; 3, supernatant Cu(Il) 800 uM; 4, pellet
Cu(Il) 200 uM; 35, pellet Cu(l) 800" uM. n =3. (B) SDS-PAGE stained with silver staining blue
of serum proteins incubated with Cu(Il). Lane: 1, control serum; 2, supernatant Cu(Il) 200 puM;
3, supernatant Cu(ll) 800" uM; 4, pellet Cu(Il) 200 uM; 5, pellet Cu(Il) 800 uM. n =3. (C)
Proteinogram..of serum proteins incubated with Cu(Il). Lane: 1, control serum; 2, supernatant
Cu(Il) 200 uM; 3, supernatant Cu(Il) 800 uM; 4, pellet Cu(Il) 200 uM; 35, pellet Cu(Il) 800 uM.
n=3. (D) Protein content of the supernatant and aggregated fraction of serum proteins incubated

with Cu(Il). Group: 1, control; 2, EDTA; 3, Cu(Il) 800 uM; 4, Cu(Il) 800 uM with EDTA. n = 5.
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The letter a, indicates significant difference (p<0.01) when comparing to 3, supernatant. The

letter b indicates significant difference (p<0.01) when comparing to 3, pellet.
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Figure 3. (A) Bidimensional electrophoresis of pellet fractio i?,s;rum proteins incubated

with different concentrations of Cu(Il). A, control serum wi added Cu(Il); B, pellet Cu(Il)
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Figure 4. SDS-PAGE in non-reducing and reducing conditions and stai @l coomassie blue

25 -

of serum proteins incubated with Cu(Il). Lane: A, control serum; B, pellet Cu(Il) 200 uM; C,

control serum + DTT; D, pellet Cu(Il) 200 uM + DTT. The protein loaded in each lane was: (A),

15 pg, (B), 5 ug; (C), ng; (D), 15 pg. n =3.
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Figure 5. (A) IgG aggregation with different concentrations of Cu(Il) assessed by optic.density
(DO), n=3. (B) Quantification of protein content in the pellet fraction of IgG incubated with
different concentrations of Cu(Il). The protein content of the pellet fraction at Cu(Il)
concentrations higher than 20 uM is significantly different from that at 0 uM Cu(Il) (p<0,001),

n=3.
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