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Proteins from the S100 family perform numerous functions and may contribute to Alzheimer’s disease (AD). Herein, we
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report the effects of S100A8/S100A9 heterooligomer calprotectin (CP) and the S100B homodimer on metal-free and

metal-bound AB4 and AP, aggregation in vitro. Studies performed with CP-Ser [S100A8(C42S)/S100A9(C3S) oligomer]
indicate that the protein influences the aggregation profile for AB4 in both the absence and presence of metal ions [i.e.,

Cu(ll) and Zn(I1)]. Moreover, the detection of AB4—CP-Ser complexes by mass spectrometry suggests a direct interaction as

a possible mechanism for the involvement of CP in A4, aggregation. Although the interaction of CP-Ser with A4, impacts

AB4o aggregation in vitro, the protein is not shown to attenuate AB-induced toxicity in SH-SY5Y cells. In contrast, S100B has

a slight effect on the aggregation of AB. Overall, this work supports a potential association of CP with AB in the absence

Significance to Metallomics

The metallome plays a central role in many human diseases, including Alzheimer’s disease (AD). Metal ion dyshomeostasis and amyloid-B (Af) aggregation

are implicated in this debilitating neurodegenerative disorder; however, few studies have addressed interactions between transition metal ions, AB, and

metal-binding proteins that are present in the brain. Thus, possible interactions of Cu(ll) and Zn(ll), two metal ions central to AD pathology, with AB and

calprotectin (CP) and S100B were evaluated, and CP was found to noticeably affect AB aggregation. The results highlight that the interplay of metal ions, AB,

and CP may have a consequence for AD pathogenesis.

and presence

Introduction

Alzheimer’s disease (AD) is the most prevalent form of
dementia and accounts for approximately 60% of
neurodegenerative disorders.”™® This illness begins with mild
cognitive impairment, which progresses to severe dementia
and ultimately death.”™ Associated with these cognitive
symptoms are histopathological features of AD-affected
brains, notably the presence of senile plaques which primarily
consist of amyloid-p (AB) aggregates.g_10 AR is produced in the
brain as a result of the proteolytic cleavage of the amyloid
precursor protein (APP) by - and y—secretases.s_10 A spectrum
of differently sized AP peptides is generated, ranging from 38
to 43 amino acid residues, but the predominant forms are AB4o
(ca. 90%) and A4, (ca. 10%).8_14 Both peptides tend to
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metal ions in AD.

generate oligomeric species that have been implicated as toxic
agents, and can aggregate further into mature fibrils that
accumulate in senile plaques.7_14 Although both peptides form
fibrils, plaques are enriched in AB,;, compared to ABM,.S"Q'15
Numerous chemical, biological, and biomedical research
initiatives regarding AD pathogenesis have focused on Af;
however, AD etiology remains ambiguous and other factors
are almost certainly involved. This assessment is especially
likely considering that therapeutics designed to principally
target AB have failed to proceed from clinical trials into
medical use,le’17
AD mouse models.

although promising results were indicated in
18,19 Therefore, current research seeks to
further elucidate the etiology of AD, which may arise from
multiple agents, possibly occurring in tandem and thus
underlying the multifactorial nature of the disease. Along with
AB aggregation, chronic inflammation, elevated oxidative
stress, and metal ion dyshomeostasis are pervasive in the
brain of AD patients and could contribute to disease onset and
progression.s_14 Since multiple parameters in addition to A
have been suggested to be involved in AD pathogenesis, much
effort has been expended to investigate the interactions of A
with other agents present in the brain that may also be linked

to inflammation and metal ion dyshomeostasis.n'lz'zo_23
Among these candidates is the S100 protein family, members

of which exhibit diverse functions, including participation in
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the inflammatory response, calcium ion homeostasis, and
interactions with transition metal ions.?** Moreover, S100
proteins are implicated as damage-associated molecular
pattern molecules (DAMPs), and are thus indicators of a
sustained, chronic noninfectious inflammatory response
similar to that observed in AD.?%*%3!

S100A9 and S100B are among the most widely studied
S100 proteins in AD, and both proteins have been found to be
elevated in human AD brain tissue as well as AD mouse model

223234 nockdown of S100A9 was observed to

brain tissue.
improve memory deficits in an AD mouse model and lower
plaque burden.*® S100B ablation in AD-affected mice could
similarly attenuate plaque deposition in specific brain
regions,36 whereas S100B overexpression in the AD mouse
model exacerbated plaque deposition and AD pathology.37
These studies support possible roles for SI00A9 and S100B in
AD pathogenesis.

Calprotectin (CP), a heterooligomer of SI00A8 and S100A9
that chelates transition metal ions and participates in the
metal-withholding innate immune response,38 is relatively
understudied in AD research. An in vitro study demonstrated
that S100A9 could promote Af fibrillization,”* and ex vivo
analysis of postmortem AD tissue exhibited elevated levels of
aggregated S100A9, possibly co-localized with AP, but not
S100A8 and thus not Cp.2>3%3 Nevertheless, this observation
does not preclude the possibility that CP and Af interact.
Recently, there has been growing consensus that structured
AP oligomers are relatively more toxic than A fibrils, and a
biomolecule that does not aggravate A fibrillization could still
exhibit toxicity in AD via structured soluble oligomers.394u.
Therefore, CP was selected as a case study and possible S100
protein candidate that may not exacerbate AP fibrillization
since it was not found to be co-aggregated and increased in AD
plaques but may influence AP aggregation. The effect of
S100B, another metal-binding S100 protein that exists in the
brain,43f45 on AP aggregation was also investigated.

Herein, we report the impact of CP and S100B on the
formation of (i) AB fibrils and (ii) AB oligomers, as well as (iii)
the relative distribution of various-sized peptide species of
both metal-free and metal-associated AB (metal-AB). In
addition, we demonstrate that CP directly interacts with A by
employing electrospray ionization mass spectrometry (ESI-MS).
We further establish that the combined presence of both AR
and CP is not able to improve AB-triggered toxicity in human
neuroblastoma SH-SY5Y (5Y) cells, suggesting that the
interaction of AP and CP does not attenuate Af-induced
cytotoxicity. Although the distribution of SI00A8 and S100A9
has been determined in AD mouse model brain tissue,33 to the
best of our knowledge, this study is the first report on the
influence of CP on the behavior (e.g., aggregation and toxicity)
of both AB4 and AB4; in the absence and presence of metal
ions.

Results and discussion

Selection and preparation of S100 proteins

2| J. Name., 2012, 00, 1-3

All apo S100 proteins employed in this work were obtained by
recombinant expression in Escherichia coli.®* CP variants
were purified as apo heterodimers. The 24-kDa CP
heterodimer exhibits two transition-metal-binding sites at the
S100A8/S100A9 interface. Site 1 is a His;Asp motif comprised
of (A8)His83, (A8)His87, (A9)His20, and (A9)Asp30. Site 2 is a
Hisg site comprised of (A8)His17, (A8)His27, (A9)His91,
(A9)His95, (A9)His103, and (A9)His105. Both of these sites
coordinate Cu(ll) and Zn(ll) with high affinity.zg’46 In this work,
we employed two CP variants, CP-Ser and CP-Ser,,, that were
biochemically evaluated.”” Each S100 subunit of CP contains
one Cys residue, and CP-Ser is the S100A8(C42S)/S100A9(C3S)
variant. Neither Cys residue is in close proximity to the metal-
binding sites, and CP-Ser has been used extensively in order to
avoid the use of reducing agents or the formation of disulfide
bonds during metal-binding studies.” CP-Seraa harbors eight
additional point mutations (His/Asp — Ala) and cannot bind
transition metal ions at the HiszAsp and Hisg sites. This protein
allowed us to investigate whether the metal-binding capacity
of CP influences its interactions with AP in the absence and
presence of metal ions.

The 21-kDa S100B homodimer also contains two transition-
metal-binding sites, which are located at the homodimer
interface. At pH 6.5, these sites are defined by His15 and His25
from one monomer, and His85 and Glu89 from the other
monomer.**® Both of these sites coordinate Zn(Il) and Cu(II).47
In this work, we employed S100B and the S100B, variant,
which lacks the metal-binding sites (Supporting Information
and Fig. S1, ESIT).

Influence of CP-Ser on the formation of B-sheet-rich AB
aggregates with and without metal lons

The generation of B-sheet-rich aggregates of metal-free AP
(prepared in Chelex-treated buffer) and metal-Ap [0.1 or 1.0
equiv of Zn(ll) or Cu(ll) relative to AP] in the absence and
presence of CP-Ser and CP-Ser,, was monitored by the
thioflavin-T (ThT) assay and transmission electron microscopy
(TEM) (Fig. 1 and 2 and Fig. S2-S4, ESIT). We first investigated
the effect of these proteins on the aggregation of AB,,. Under
metal-free conditions, incubation of AB4, with CP-Ser or CP-
Serps led to lower fluorescent responses from ThT than the
sample containing AB4o only. ThT becomes fluorescent upon
binding to p-sheet-rich aggregates, and its fluorescence
intensity is a quantifiable measure of the amount of B-sheet-
rich structures present.49 Upon treatment of AR, with CP-Ser
or CP-Sery,, a decrease in fluorescence intensity greater than
80% was observed (Fig. 1b). In addition, the aggregation
kinetics of AB4 with and without CP-Ser were monitored by
the ThT assay (Fig. S2, ESIT). The elongation phase of AP,
aggregation with and without CP-Ser occurred from the
beginning of the incubation and reached a plateau after ca. 8
h. The fluorescence intensity of ThT in the samples containing
CP-Ser and A4 was ca. 20% of that observed for the samples
of AB4 without CP-Ser after 24 h incubation. This indicates
that the formation of a smaller amount of B-sheet-rich AB4o
aggregates upon treatment of CP-Ser. Moreover, CP-Ser was

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1

Effects of S100 proteins (CP-Ser, CP-Seraa, S100B, and S100B,) on the aggregation of metal-free ABs and metal-AB4o. (a) Scheme of the experiment.

(b) Analysis of the degree of forming B-sheet-rich AB4o aggregates, observed by the ThT assay, on AB4o samples with S100 proteins following 24 h incubation.
Conditions: [ABa] = 20 uM; [ZnCl, or CuCly] = 2 or 20 uM; [S100 proteins] = 20 uM; pH 7.4 (for metal-free and Zn(lIl) experiments) or pH 6.6 (for Cu(ll)

experiments); 24 h incubation; 37 °C.

indicated to delay the aggregation kinetics of Af4o following
the incubation time up to 24 h (Fig. S2, ESIT). Together, CP-Ser
was observed to modulate the aggregation of AB,.

In the presence of metal ions [i.e., Zn(ll) and Cu(ll)], the ThT
assay indicated that both CP-Ser and CP-Ser,, could influence
metal-Ap fibrillization depending on the equivalents of metal
present. CP-Ser reduced the formation of B-sheet-rich AR
aggregates with 1 and 2 equiv of Zn(ll) relative to the protein
(concentrations of AR and CP are equivalent), whereas this
protein did not affect aggregation when > 2 equiv of Zn(ll)
were added (Fig. 1b and Fig. S3b, ESIT). On the other hand, CP-
Sery, may have some influence at sub-stoichiometric levels of
Zn(ll), but may not have a significant effect on AP,
aggregation at supra-stoichiometric Zn(ll) (Fig. 1b and Fig. S3b,
ESIt). Similar trends were observed upon the addition of Cu(ll)
to CP-Ser, showing alteration of Af34, aggregate formation with
up to 1 equiv of Cu(ll). In contrast, CP-Ser,, exhibited a
marginal effect on Cu(ll)-AB,, aggregation (Fig. 1b). These
results suggest that the presence of CP-Ser or CP-Ser,, reduces
the formation of B-sheet-rich (ThT-reactive) A aggregates.‘r’0

The results from the ThT assay, indicative of the formation
of fewer B-sheet-rich A4, aggregates in the presence of CP-
Ser and CP-Ser,,, were corroborated by TEM studies that
demonstrated the generation of proportionally more
amorphous species for AB4o incubated with either CP-Ser or
CP-Ser,,, compared to the sample with AP, only (Fig. 2a).
Although CP is reported to form amyloid at low pH,‘r’1 under
our experimental conditions, smaller and shorter aggregates of
both CP-Ser and CP-Ser,, were detected and could be readily
distinguished from aggregated AP species (Fig. 2a). In the
presence of Zn(ll) and Cu(ll), spherical as well as small
aggregates of CP-Ser were observed (Fig. 2a). Moreover, TEM
revealed a lesser effect of CP-Ser,,, relative to CP-Ser, on
metal-A,, fibrillization (Fig. 2a).

This journal is © The Royal Society of Chemistry 20xx

The ability of CP-Ser to alter AP,y aggregation at
stoichiometric Zn(ll) or Cu(ll) (Fig. 1b) compared to CP-Serp,,
which had no influence against AP, fibrillization under these
conditions, indicates that the metal-binding sites of CP, and
hence metal chelation, contribute to the modification of
metal-AB4, aggregation. The effect of both CP-Ser and CP-
Serya to impact metal-free AB4o, which likely adopts distinct
structural conformations to metal_AB40,52_57 also highlights the
importance of protein-protein interactions and structures on
the ability of proteins to alter APp aggregation, in addition to
metal chelation.

Apparent dissociation constant (Ky) values obtained by
fluorescence methods have been reported for both CP and AP
for metal Although these experiments have been
performed under different conditions, a comparison of these
available Ky values suggests that CP-Ser can disrupt metal
binding to AB. For instance, the two Zn(ll) sites of the CP
heterodimer are reported to bind Zn(ll) at pH 7.5 with Ky
values of 133 pM and 185 nM, by the site 1 and site 2,
respectively.‘r’8 Recently, CP was reported to bind Cu ion with
K4 values of 0.2 pM and 4 pM at pH 7.0, respectively, by the
site 1 and site 2.”° On the other hand, reported Ky values
obtained by fluorescence measurements were varied for A
(for Zn(I1), from 1 to 300 uM; for Cu(ll), ca. 0.1 nM).GO_65 Note
that metal binding affinities of AR have been shown to be
dependent on the technique employed (e.g., isothermal
titration calorimetric analysis, UV-vis spectroscopy,
nuclear magnetic resonance spectroscopy) and experimental
conditions (e.g., concentrations, temperature, and buffer) [for
example, ca. 1-20 uM for Zn(ll) and 0.4-70 nM for Cu(ll)].ez‘_72
Thus, regardless of the method of analysis and experimental
conditions, the data from previous studies indicate that CP-Ser
binds Zn(ll) and Cu(ll) with higher affinities than AB.58_72

To probe whether CP-Ser interferes with metal binding to
AP, competition experiments were performed between Ay,

ions.

and

J. Name., 2013, 00, 1-3 | 3
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Fig.2  Morphologies of S100 proteins and the resultant AB,, aggregates
with or without S100 proteins and metal ions, monitored by TEM. AP
aggregates were generated by 24 h treatment with or without (a) [CP-Ser
and CP-Sera,] or (b) [S100B and S100B,] in the absence and presence of
metal ions (1 equiv). The inset images represent minor species. Conditions:
[AB4o] = 20 uM; [ZnCl, or CuCly] = 20 uM; [S100 proteins] = 20 uM; pH 7.4
(for metal-free and Zn(ll) experiments) or pH 6.6 (for Cu(ll) experiments);
24 h incubation; 37 °C; constant agitation. Scale bar = 200 nm.

CP-Ser, and Cu(ll) by ESI-MS. Either AB4 mixed with Cu(ll)
initially followed by CP-Ser, or CP-Ser mixed with Cu(ll) first
followed by AP0, Cu(ll)-bound AB4 was not shown (Fig. S5,
ESIT). The detection of Cu(ll)-AB4 complexes in the control
sample of AR, treated with Cu(ll) confirmed that complexes
could be observed under our experimental conditions. Thus,
the absence of Cu(ll)=AB4 in the presence of CP-Ser suggests
that Cu(ll) binding of AB4 can be interfered by CP-Ser.

Next, we evaluated the effect of CP-Ser and CP-Ser,, on
A4, aggregation. In contrast to the AP, aggregation studies,
neither CP-Ser nor CP-Ser,, modulated the aggregation of ARy,
with and without metal ions (Fig. S4b and c, ESIt). Although
AB4o and APy, differ by only two C-terminal amino acids, these
residues have profound effects on AP aggregation kinetics,
species distribution (e.g., monomers and oligomers), and the
structural conformations of aggregates in the absence and
presence of metal ions.> It is possible that the distinct
interactions of CP-Ser and CP-Ser,, with AP, and AR, via
direct protein-protein interactions (vide infra, ESI-MS analysis,
Fig. 4) may differ as a result of the distinct conformations of
AB4o and Ay, species,sz_55 which could affect AB4o and ARy,
aggregation to different extents.

Effect of S100B on metal-free and metal-induced AR
aggregation

4| J. Name., 2012, 00, 1-3
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Examination of how S100B and S100B, affect AB aggregation
revealed the behavior that differs from CP-Ser and CP-Serx.
Under metal-free conditions, initial inspection by the ThT
assay indicated that S100B and S100B, could slightly influence
metal-free AB,, aggregation because a small attenuation of
ThT fluorescence occurred (Fig. 1b). The TEM studies also
demonstrated that S100B and S100B, could induce small and
subtle morphological changes in metal-free APy, fibrillization,
resulting in the formation of shorter metal-free AP, fibrils
with few amorphous aggregates, compared to the sample of
AB4o only (Fig. 2b). As the morphologies of both S100B and
S100B, aggregates were noticeably different from AP
aggregates, we could distinguish accumulated AB and
S100B/S100B, species (Fig. 2b). The truncated fibrils that form
in the presence of S100B, relative to the broader and longer
fibrils in the samples of Af4 only, bind fewer ThT molecules
and hence generate a slightly lower fluorescence signal in the
ThT assay (Fig. 1b). Since fibrils are still formed, the
fluorescence signal is not as effectively abrogated as observed
for CP-Ser with A 4o.

In the presence of metal ions, a similar pattern emerged as
for CP-Ser and CP-Ser,, at sub-stoichiometric levels of metal
ions. At 0.1 equiv of Zn(ll) or Cu(ll), the ThT assay indicated
that both S100B and S100B, had a small, but measurable
influence on the amount of B-sheet-rich AR, aggregates
formed (Fig. 1b). On the other hand, the ThT assay with 1
equiv of Zn(ll) or Cu(ll) indicated that neither S100B nor
S100B, could significantly alter the production of B-sheet-rich
AB4o aggregates (Fig. 1b). These results were supported by
TEM at 1 equiv of Zn(ll) or Cu(ll), which presented relatively
small-sized fibrils, instead of larger and longer fibrils, that
were distinct from S100B and S100B, aggregates (Fig. 2b).
Although S100B binds transition metal ions, including Cu(ll)
and Zn(II),"'r"M"'g’73 the protein may not be able to tune the
aggregation of metal-Af4. Similar to CP-Ser and CP-Serj,,
neither S100B nor S100B, could interfere with fibrillization of
metal-free AB4, and metal-AB,; (Fig. S4b and d, ESIt). Overall,
S100B and S100B, were not observed to affect metal-free and
metal-bound A, aggregation like CP.

Size distributions of metal-free AR, and metal-AB,,
aggregates generated upon treatment with S100 proteins

To assess the impact of these four S100 proteins on A,
oligomer formation, gel/Western blot and dot blot analysis
were performed to visualize the molecular weight (MW)
distribution of AB4, species upon incubation of AB,, with each
S100 protein (Fig. 3a and b and Fig. S6 and S7, ESIT). An anti-
A4 antibody (6E10)74'75 was employed to visualize AB,, an
anti-S100A9 antibody was used to detect CP-Ser and CP-Sery,,
and Coomassie blue staining was employed to indicate S100B
and S100B,. Gel electrophoresis was conducted in running
buffer containing 1% SDS to mobilize protein samples through
the gel matrix. This amount of SDS likely disrupts complexes of
S100 proteins with AP, that may exist, but does not break-up
SDS-resistant A4, oligomers. Therefore, the bands observed in
the 6E10 blots can be ascribed solely to A4, oligomers (Fig. 3a

This journal is © The Royal Society of Chemistry 20xx
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and Fig. S6 and S7, ESIT; gray), and this assignment is further
supported by the anti-S100A9 blots and Coomassie blue stains
since these data present almost identical patterns of S100
proteins in the absence and presence of AP, (Fig. 3a and Fig.

(a) CP-Ser CP-Ser,, 351008 51008,

kDa = = = = =

240
7o CP-Ser,
o~ S100A8,

or S100B

25 ! —dimers
o
15 3 - -5100A9
2 | - W 5 e - S100R
- - .

[3)

1 APy Oniy
' 1: Protein oniy
2: ARg, + Protein

Fig. 3  Analyses of the resultant metal-free AP 4 species upon treatment
with S100 proteins (CP-Ser, CP-Ser,s, S100B, and S100B,). (a) AB4o species
produced after 24 h incubation with or without the proteins, visualized by
gel/Western blot using an anti-AP antibody (6E10; gray gels) or an anti-
S100A9 antibody (blue gels; CP-Ser and CP-Seras) as well as Coomassie
blue staining (blue gels; S100B and S100B,). (b) Dot blot analysis of metal-
free ABso species generated after 24 h incubation with or without the
proteins, monitored employing an anti-Af antibody (6E10), an anti-
amyloid oligomer antibody (A11), and an anti-amyloid fibril antibody (OC).
Samples: (Control, C) ABa4o; (1) S100 proteins; (2) ABs + S100 proteins.
Conditions: [ABs] = 20 pM; [S100 proteins] = 20 uM; pH 7.4; 24 h
incubation; 37 °C.

S6 and S7 ESIT; blue). Clear bands representing monomeric
S100A9 (ca. 13 kDa) and S100B (ca. 11 kDa) as well as the CP-
Ser heterodimer (ca. 24 kDa) and the S100B homodimer (ca.
21 kDa) were observed.

Without metal ions, addition of CP-Ser to AP, resulted in
smaller oligomers compared to the oligomers in the samples
containing AB4 only (Fig. 3a). This observation is in general
agreement with the observations from the ThT assays and TEM
(Fig. 1b and 2a), which together indicates that CP-Ser
modulates the aggregation pathway of Af340. To obtain further
insight into this process, the AB4o oligomers and fibrils formed
upon incubation with CP-Ser were detected by dot blots using
the amyloid-oligomer targeting antibody (A11)"*”7 and a fibril-
reactive antibody (OC)78 (Fig. 3b). The intensity of the dots
blotted with A1l were similar between samples of CP-Ser
alone and CP-Ser with AB,0. In contrast, both CP-Ser alone and
CP-Ser with AB4 had low reactivity against OC (presented
lower intensity than AR, only). These results suggested that
CP-Ser formed structured amyloid oligomers, but not fibrils,
under our experimental conditions. Fibril formation of Af4
begins with a nucleation phase in which soluble A4
monomers produce small oligomers that seed the generation
of protofibrils in the elongation phase.42 CP-Ser, either as a
heterodimer or higher-order oligomer, might interfere with
the ability of A4 oligomers to form a nucleus for fibrillization,

This journal is © The Royal Society of Chemistry 20xx

potentially by forming complexes with AB4. Indeed, the anti-
S100A9 blots (Fig. 3a) show a slight streaking pattern in the
presence of 1% SDS, which may be evidence for formation of
an AB40—CP-Ser complex.

CP-Sery, also impacted the MW distribution of Af3,4 species
(Fig. 3a and b). Dot blots showed that CP-Ser,, also responded
to the A1l antibody, but not to the OC antibody (Fig. 3b),
indicating no significance of the metal-binding sites in the
of CP-Ser oligomers. Nevertheless, CP-Serys
appeared to oligomerize or bind to AP, less than CP-Ser as
evidenced by the absence of streaking in the anti-S100A9 blot
(Fig. 3a).

Both S100B and S100B, exhibited a relatively subtle effect
on the formation of AP, oligomers. In the gel/Western blot
with 6E10, both S100B and S100B, with AP, exhibited
smearing bands, compared to the samples of AB4, only (Fig.
3a). This impact on the generation of AB,, oligomers was also
confirmed by the dot blot where All-treated dots were more
intense in the presence of S100B and S100B, than in the
absence of the protein, especially for S100B. Moreover, the
intensities of the dots blotted with the OC antibody for the
samples of AB4 and S100B or S100B, were similar to the
sample of AB4o only. This observation is in agreement with
both the ThT (Fig. 1b) and TEM analyses (Fig. 2b) presenting
only a slightly discernible influence on A, fibril formation,

formation

which may not be resolvable by gel/Western and dot blots.
The samples containing only S100B and S100B, did not react
to the A1l antibody, which could indicate that structured
amyloid oligomers were not produced upon incubation with
these proteins under our experimental conditions and may be
one contributing factor for the distinct behavior of CP-Ser and
CP-Sery, versus S100B and S100B, towards A4, aggregation.

The size distribution of AP, and S100 protein aggregates
with different amounts of metal ions [i.e., 0.1 and 1.0 equiv of
Zn(ll) and Cu(ll)] upon incubation was also investigated by
gel/Western blot (Fig. S6 and S7, ESIT). The results generally
agree with the data collected employing other methods (Fig.
1b and 2). One exception was the lack of change in A4
oligomer distribution, observed by gel/Western blot, when CP-
Seraa was added to the samples containing Zn(ll) (0.1 equiv).
This observation contrasted the results from ThT and TEM that
showed an influence of CP-Serp, on AP fibril formation at sub-
stoichiometric amounts of metal ions (Fig. 1b). This apparent
discrepancy may be explained by the production of larger AB4o
aggregates in the presence of CP-Sery,, which are incapable of
passing into the gel matrix and may be observed as a high
intensity at the top of the gel within the well. Alternatively, the
1% SDS may dissociate the oligomeric forms of CP-Ser,, in the
presence of metal ions under our experimental conditions (Fig.
S6 and S7, ESIt). Another possible explanation could be that
CP-Ser,, oligomers influence the population of metal-free
AB4o, When sub-stoichiometric metal ions were added, but
might leave metal-AB,4o species unaffected, which appeared in
the gel as metal-AB4 samples without CP-Serya.

With S100B or S100B, at 1 equiv of Zn(Il) or Cu(ll) to ABao,
new bands were observed by gel/Western blot (Fig. S6, ESIT).
In the presence of Cu(ll), S100B and S100B, exhibited multiple

J. Name., 2013, 00, 1-3 | 5
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Fig.4 ESI-MS studies for monitoring the formation of ABs—CP-Ser
complexes in the absence of metal ions. The MS spectra of metal-free AP
(top), CP-Ser (middle), and metal-free AB4o treated with CP-Ser (bottom)
indicate protein peaks, including subunits of CP-Ser (S100A8 and S100A9),
metal-free A4y, and CP-Ser—AB4o complexes. In the bottom panel, the m/z
values from 2,300 to 3,500 are zoomed in to present the APs—CP-Ser
complexes (inset). Conditions (final concentrations): [ABs] = 5 uM; [CP-
Ser] =5 uM; pH 7.5; 24 h incubation; 37 °C; constant agitation.

bands which correspond to the MW of the S100B homodimer
(Fig. S6b and S7b, ESIt). S100B contains Cys residues, and
these dimeric species may be generated by disulfide bond
formation between S100B monomers, as a previous study
suggested.73 These bands may also indicate that both S100B
and S100B, can interact with AB4, and metal ions; however,
these proteins may not have a significant effect on the
aggregation or fibrillization of AB4 as indicated by the ThT
assay (Fig. 1b) and TEM (Fig. 2b).

Interaction between CP-Ser or S100B and A, identified by
ESI-MS

Because CP-Ser exhibited a pronounced effect on Af4
aggregation, we undertook further studies to determine
whether a direct interaction between CP-Ser and A4, could be
observed in the form of complexes by ESI-MS. Mass spectra of
the samples containing CP-Ser only and mixtures of CP-Ser and
AB4o revealed the expected peaks attributable to the CP-Ser
heterodimer (green) as well as monomers of S100A8 (yellow
circles) and S100A9 (blue circles) (Fig. 4). The spectra obtained
for CP-Ser and AP, also contained peaks assigned to
monomeric and dimeric Af4, (black circles and triangles,
respectively), as well as peaks assigned to AP4—CP-Ser
complexes (red circles) (Fig. 4). In addition to complex
formation, the charge distributions of the CP-Ser peaks were

6| J. Name., 2012, 00, 1-3

altered in the presence of AB4o, which may be triggered by the
interactions between the two proteins (Fig. 4). Moreover, in
the case of S100B, complex formation between S100B and
AB4o Was not observed under our experimental conditions (Fig.
S8, ESIt), supporting a weaker interaction between the two
proteins, as observed by the ThT assay (Fig. 1b) and TEM
experiment (Fig. 2b). Overall, the direct interaction between
CP-Ser and A4 was observed, suggesting a connection
between such protein-protein interaction and the ability of CP-
Ser to generate less -sheet-rich aggregates of AB,o.

Cytotoxicity associated with CP-Ser in the absence and
presence of AP, and metal ions

Although cells secrete CP to protect themselves from
pathogen invasion, elevated and uncontrolled levels of CP may
have detrimental effects.’® To assess this possibility in the
context of the current work, the viability of human
neuroblastoma SH-SY5Y (5Y) cells treated with CP-Ser was
examined (Fig. 5a). CP-Ser was pre-incubated for 8 h in either
the absence or presence of AP and applied to 5Y cells. After a 6
h incubation with 5Y cells, the CP-Ser species, pre-incubated in
the absence of A, did not cause noticeable toxicity, whereas a
24 h incubation afforded some toxicity (ca. 20% cell death)
(Fig. 5a). Dot blots with the A11 antibody indicated that, in the
presence of 5Y cells, CP-Ser formed structured oligomers at
the 6 h time point, and that more All-detectable species were
observed at the longer, 24 h time point (Fig. 5b). In contrast,
structured oligomers were not detected with the A11 antibody
when the protein was incubated alone without cells in
buffered solution for 8 h (Fig. S9, ESIt) indicating either that
the CP-Ser did not aggregate or that it aggregated into
amorphous aggregates unreactive to All antibody. These
structured oligomeric species of CP-Ser may cause the
observed toxicity.

CP-Ser combined with AB,, could generate slightly more
toxic species than CP-Ser or A, alone (Fig. 5a). For instance,
ca. 69% cell survival was observed after 6 h incubation with
CP-Ser and AB4, compared to 96% and 83% cell survival for cell
treated with CP-Ser or AP,y alone. These trends were also
observed after 24 h incubation (Fig. 5a). When combined
together in cell culture, CP-Ser and AR, formed structured
oligomeric species, detected by A1l (Fig. 5b), and these A11-
reactive aggregates may exhibit cytotoxicity (Fig. 5a).

In the case of AB,,, similar cytotoxicity was observed for
the pre-incubated CP-Ser and AP, mixture and AP,, alone
after a 6 h incubation (ca. 77% cell viability; Fig. 5a). In the
presence of added Zn(ll) and Cu(ll), greater than ca. 96% of
cells survived upon 6 h incubation with pre-incubated (for 8 h)
CP-Ser (Fig. S10, ESIT). Moreover, Zn(ll)-treated CP-Ser showed
no toxicity at the 24 h time point (ca. 100% cell survival),
whereas CP-Ser with Cu(ll) showed some toxicity (ca. 86% cell
viability) (Fig. S10, ESIT). The cell viability of CP-Ser with metal
ions and A} was relatively similar to that from the cells treated
with metal ions and AP. Therefore, CP-Ser may not be able to
affect the toxicity induced by metal-associated AP species
significantly.

This journal is © The Royal Society of Chemistry 20xx
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Overall, CP-Ser species may be toxic agents to cells
exposed to the proteins longer than 24 h, either via the
formation of All-reactive structured oligomers or because
they may sequester metal ions from the media since
exogenous Zn(ll) or Cu(ll) mitigates toxicity. Additionally, the
toxicity of CP-Ser species at 24 h could be slightly increased by
interacting with AP, in the absence of metal ions. Based on
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Fig. 5
cells and their conformational state by dot blot. (a) Viability of 5Y cells
incubated with CP-Ser and/or AB. CP-Ser was pre-incubated in both the
absence and presence of AB for 8 h and incubated with 5Y cells for 6 (left)

Determination of the toxicity of CP-Ser with and without AB in

or 24 h (right). Cytotoxicity was measured by the MTT assay. The viability
values were calculated by comparison to cells treated with a volume of
H,0 equal to the protein added. Error bars represent the standard error
from three independent experiments. Conditions (final concentrations):
[CP-Ser] =5 uM; [AB] = 5 uM. (b) Dot blot assay of pre-incubated (for 8 h)
CP-Ser with and without AP, after 6 (left) or 24 h (right) incubation with
cells. Conditions: [CP-Ser] = 5 uM; [ABao] =5 UM.

these cell studies, CP-Ser may not have significant influence on
the toxicity induced by AP,y or AR, with and without metal
ions. Further studies are required to understand the toxicity
caused by CP-Ser and CP-Ser—Af.

Conclusions

In this work, we examined the ability of CP-Ser and S100B to
alter both metal-free AP and metal-A aggregation. Out of the
proteins examined, the influence of CP-Ser on APy
aggregation was most pronounced. Such an impact on Ay
aggregation in the absence and presence of metal ions could
potentially occur by the generation of complexes between CP-
Ser and A4 as observed by ESI-MS, or by the formation of CP-
Ser oligomers that might alter the aggregation of AR, and
enhance the toxicity triggered by AB4o.

This journal is © The Royal Society of Chemistry 20xx

The molecular details of how CP-Ser inhibits metal-free
AB4 and metal-AB,, fibril formation are unknown. One
possibility suggested by this work is that CP-Ser interacts
directly with metal-free AB,o to alter AB4o aggregation, possibly
via direct protein-protein interactions as supported by ESI-MS.
Another potential mechanism is that CP-Ser influences metal—
AB4o aggregation by disrupting metal binding to AB4o, which is
supported by the observation that CP-Ser,,, which lacks
defined metal binding sites, indicated no influence on AR
aggregation when > 1 equiv of Zn(ll) and Cu(ll) were added
under the assay conditions. Therefore, the impact of CP-Ser
could be dual in nature, by directly interacting with AP, to
limit aggregation and by interfering metal binding to A4 to
attenuate metal-induced AP, aggregation, which was
revealed by comparing the behavior of CP-Ser to CP-Seryx.

By demonstrating the interplay between CP-Ser and Ap,
our studies suggest that CP and AB may interact in vivo. If
indeed the case, this work also supports the increasingly
appreciated multi-faceted nature of AD pathology, wherein
several factors may be involved in the progression of the
disease.””®! In closing, protein-protein networks should be
identified to gain a better understanding of AD pathogenesis.

Experimental
Materials and methods

All reagents were purchased from commercial suppliers and
used as received unless otherwise stated. CP-Ser and S100B
proteins were overexpressed, purified, and characterized as
previously reported.29'46
removed from buffers and solutions used for AB experiments
by treating with Chelex (Sigma-Aldrich, St. Louis, MO, USA).
AB4 (DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV)
and AB4, (DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGG-
VVIA) were purchased from Anaspec (Fremont, CA, USA). We
have carried out the experiments with more than three
replicates with at least two different batches of AB. All double
distilled H,0 (ddH,0) used during experiments was obtained
from a Milli-Q Direct 16 system (Merck KGaA, Darmstadt,
Germany). TEM images were recorded on a Philips CM-100
transmission electron microscope [Microscopy and Image
Analysis Laboratory (MIL), University of Michigan, Ann Arbor,
MlI, USA] or a JEOL JEM-2100 transmission electron microscope
[UNIST Central Research Facilities (UCRF), Ulsan, Republic of
Korea]. A SpectraMax M5 microplate reader (Molecular
Devices, Sunnyvale, CA, USA) was used to measure the
fluorescence intensity and absorbance for the assays.

Trace metal contamination was

Protein preparation and purification

The S100A8 and S100A9 subunits for CP-Ser and CP-Ser,, were
overexpressed in Escherichia coli BL21 (DE3), and the proteins
were reconstituted, purified, and stored at —80 °C according to
previously established methods.” The procedure gives the apo
heterodimers. Each protein sample was freeze-thawed only
once before use. S100B was overexpressed in Escherichia coli
BL21 (DE3) and purified as previously described.*® Procedures
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for the expression and purification of S100B, are provided as
Supporting Information.

AP aggregation experiments

All experiments with AB were performed according to
previously published methods.”*7>8284 AR peptides were
dissolved in ammonium hydroxide (NH,OH, 1% v/v, aq),
aliquoted, lyophilized, and stored at -80 °C. A stock solution
(ca. 200 uM) was prepared by dissolving AP in NH,OH (1% w/v,
aq, 10 puL) followed by dilution with ddH,0, as reported
previously.”’”"gz*84 The AB4 concentration was determined by
measuring the absorbance of the solution at 280 nm (g = 1450
M'em™ for AB4o; € = 1490 M 'cm™ for AP4,). HEPES [4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid; 20 mM], pH
7.4 (for metal-free and Zn(ll) samples) and pH 6.6 (for Cu(ll)
samples), 150 mM NaCl was used for the studies. For the
experiments, freshly dissolved AB (20 uM) in the absence and
presence of a metal chloride salt (ZnCl, or CuCl,; 20 uM) was
treated with S100 proteins (20 uM) and incubated for 24 h at
37 °C with constant agitation.

ThT assay

The amount of AP fibrillization and the kinetics of A4
aggregation upon treatment of CP-Ser were investigated as
previously described. 5% (i) For measuring the amount of -
sheet-rich A aggregates, each A sample (20 uM) with or
without metal ions (ZnCl, or CuCly 2 or 20 uM) and S100
proteins (CP-Ser, CP-Ser,,, S100B, and S100B,; 20 nM) was
obtained after 24 h incubation at 37 °C with constant agitation
and diluted with buffer [20 mM HEPES, pH 7.4 (for metal-free
and Zn(ll) experiments) or pH 6.6 (for Cu(ll) experiments), 150
mM NaCl]. (ii) For monitoring A4, aggregation kinetics, each
AB sample (20 uM) with or without CP-Ser was obtained after
0,0.3,06, 1, 2,4, 8, 12, and 24 h incubation at 37 °C with
constant agitation. The samples were incubated for 20 min
with ThT (20 pM) and the fluorescence intensity was measured
by a microplate reader (Aex = 440 nmM; Aery = 490 nm) and
normalized relative to that of metal-free AP aggregates
(without CP-Ser) generated by 24 h incubation.

Gel electrophoresis with Western blot

The AP peptide experiments described above were analyzed
by gel electrophoresis with two different visualization
methods: (i) Western blotting (gel/Western blot) with two
different antibodies [anti-Af antibody (6E10; Covance,
Princeton, NJ, USA) or anti-S100A9 antibody (Santa Cruz
Biotechnology, Dallas, TX, USA)];74’75’82784 (ii) Coomassie blue
staining. Each sample from the experiments was separated
using a 10-20% gradient Tris-tricine gel (Thermo Fisher, Grand
Island, NY, USA). First, the CP-Ser samples were separated on
the gel, transferred to a nitrocellulose membrane, and blocked
for 3 h at room temperature with a bovine serum albumin
(BSA) solution (3% w/v) in Tris-buffered saline (TBS, Fisher,
Pittsburgh, PA, USA) containing 0.1% Tween-20 (Sigma-Aldrich;
TBS-T). The membrane was treated with the A monoclonal
antibody (6E10, 1:2,000, BSA 2% w/v, in TBS-T) or anti-S100A9
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antibody (1:1000, BSA 2% w/v, in TBS-T) overnight at 4 °C and
then probed with a horseradish peroxidase conjugated goat
anti-mouse secondary antibody (1:5,000; Cayman Chemical,
Ann Arbor, MI, USA) or donkey anti-goat secondary antibody
(1:5,000; Jackson ImmunoResearch Laboratories, West Grove,
PA, USA) in 2% w/v BSA (in TBS-T) solution for 1 h at room
temperature against anti-Af and anti-S100A9, respectively.
The protein bands were visualized using Thermo Scientific
Supersignal West Pico Chemiluminescent Substrate (Rockford,
IL, USA) or a homemade ECL kit®® was used to visualize the
results on a ChemiDoc MP Imaging System (Bio-rad, Hercules,
CA, USA).

The gels run with S100B- and S100B,-containing samples
were stained with Coomassie blue for 30 min and destained
for 3 h. Gel images were obtained by a ChemiDoc MP system
(Bio-rad). Then, the dye was completely destained from the
gel, and the gel was transferred to a nitrocellulose membrane
for Western blot with 6E10 (1:2,000) in a solution of 2% w/v
BSA (in TBS-T) and a horseradish peroxidase conjugated goat
anti-mouse secondary antibody (1:5,000) same as the Western
blot for the CP-Ser samples.

Dot blot assay

Solutions of protein aggregates (2 plL) from the experiments
were spotted on a nitrocellulose membrane and the
membrane was blocked with BSA solution (3% w/v; RMBIO,
Missoula, MT, USA) in Tris-buffered saline containing 0.01%
Tween 20 (TBS-T) at room temperature for 1.5 h. Then, the
membrane was incubated with a primary antibody, 6E10
(1:2,000), A1l (1:2,500; Millipore, Billerica, MA, USA) or OC
(1:2,500; Millipore) in a solution of 2% w/v BSA (in TBS-T) for
1.5 h at room temperature. After washing with TBS-T three
times (7 min each), the horseradish peroxidase-conjugated
goat anti-mouse (for 6E10) or goat anti-rabbit (for A11 and OC)
secondary antibody (1:5,000; Cayman Chemical Company for
6E10, 1:2,500; Promega for A11 and OC) in the solution of BSA
(2% w/v in TBS-T) was added to the membrane and incubated
for 1 h at room temperature. A homemade ECL kit®® was used
to visualize the results on a ChemiDoc MP Imaging System
(Bio-rad). The same membrane was stripped by treating with
hydrogen peroxide (H,0,) for 30 min at room temperature,
washed 4 times with TBS-T for 10 min each, blocked with the
solution of BSA (3% w/v in TBS-T), and incubated with the
primary antibodies (6E10, A11, and OC) as described above.

Transmission electron microscopy (TEM)

Protein samples for TEM measurements were prepared
following previously reported methods.”7>8278
discharged grids (Formvar/Carbon 300-mesh, Electron
Microscopy Sciences, Hatfield, PA, USA) were treated with
samples from the experiments (5 plL) for 2 min at room
temperature. Excess sample was removed with filter paper
and the grids were washed with ddH,O three times. Each grid
was stained with uranyl acetate (1% w/v ddH,0; 5 pL) for 1
min. Uranyl acetate was blotted off and grids were dried for at
least 20 min at room temperature. Images of samples were

Glow
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taken by a Philips CM-100 transmission electron microscope
(80 kV, 25,000x magnification; MIL, University of Michigan,
Ann Arbor, MI, USA) or JEOL JEM-2100 transmission electron
microscope (200 kV, 25,000x magnification; UCRF, Ulsan,
Republic of Korea).

Mass spectrometric studies

Mass spectrometric experiments with CP-Ser and AB,, were
performed on a Synapt G2-Si Q-ToF mass spectrometer
equipped with electrospray ionization (ESI) source (Waters,
Manchester, UK). AB4o (20 uM) was mixed with CP-Ser (20 uM)
or S100B (20 uM) in 10 mM ammonium acetate (pH 7.5). The
prepared samples were incubated at 37 °C for 24 h without
agitation. Incubated samples were diluted 4-fold with 10 mM
ammonium acetate (pH 7.5) before injection, and the final
concentration of peptides was adjusted to 5 pM. The capillary
voltage, sampling cone voltage, and source temperature were
adjusted to 2.8 kV, 70V, and 40 °C, respectively, for CP-Ser and
1.8 kV, 40V, and 40 °C, respectively, for S100B. Moreover, for
the competition experiments, the samples were prepared in
10 mM ammonium acetate (pH 7.5) through two different
addition orders of AB4o, CuCl,, and CP-Ser: (i) AB4o (20 uM) was
first treated with CuCl, (20 uM) followed by addition of CP-Ser
(20 uM); (ii) CP-Ser (20 uM) was first incubated with CuCl,
followed by treatment with AB,,. The prepared samples were
incubated at 37 °C for 1 h without agitation, and then were
diluted by four fold with 10 mM ammonium acetate (pH 7.5)
(the final concentration of peptides was adjusted to 5 puM)
before injection to the mass spectrometer. The capillary
voltage, sampling cone voltage, and source temperature were
adjusted to 1.8 kV, 40 V, and 40 °C, respectively. As the
resolution of the instrument was not high enough to
determine the monoisotopic masses for CP-Ser subunits,
heterodimeric CP-Ser, or homodimeric S100B complexes with
AB.,o, all peaks were assigned using the m/z values of the most
abundant isotopes. For example, if the m/z of an apex isotope
is divided by the mass of the proteins and the result is an
integer, the peak can be assigned as one charge state of the
proteins.

Cell viability measurements

The SH-SY5Y (5Y) cell line was purchased from the American
Type Culture Collection (ATCC, Manassas, VA, USA). The cell
line was maintained in media containing 50% minimum
(MEM) and 50% F12 (GIBCO), and
supplemented with 10% fetal bovine serum (Sigma-Aldrich),
and 100 U/mL penicillin (GIBCO). Cells were grown and
maintained at 37 °C in a humidified atmosphere with 5% CO,.
The cell culture used in this work did not indicate mycoplasma
contamination. Cell viability upon treatment with CP-Ser was
determined by the MTT assay [MTT = 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide]. Cells were seeded in a
96 well plate (13,000 cells in 100 puL per well). Cells were
treated with pre-incubated proteins for 8 h with and without
metal ions at 37 °C with constant agitation. After 6 or 24 h
incubation with cells, MTT [25 uL of 5 mg/mL in PBS (pH 7.4,

essential medium

This journal is © The Royal Society of Chemistry 20xx

GIBCO)] was added to each well, and the plate was incubated
for 4 h at 37 °C. Formazan produced by cells was solubilized
using an acidic solution of N,N-dimethylformamide (DMF, pH
4.5, 50% v/v, aq) and sodium dodecyl sulfate (SDS, 20% w/v)
overnight at room temperature in the dark. The absorbance
was measured at 600 nm by a microplate reader. Cell viability
was calculated relative to cells containing a volume of H,0
equal to the volume of protein added.
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