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ABSTRACT: Chemical reagents targeting and controlling
amyloidogenic peptides have received much attention for helping In Vitro Activity Mt In Vivo Efficacy
identify their roles in the pathogenesis of protein-misfolding

disorders. Herein, we report a novel strategy for redirecting

amyloidogenic peptides into nontoxic, off-pathway aggregates, / | and

Biochemical & Biophysical Approaches Alzheimer’s Disease
Mouse Model

Morris Water Maze Test

which utilizes redox properties of a small molecule (DMPD, N,N-

dimethyl-p-phenylenediamine) to trigger covalent adduct for- l’A: £ W\ pisease
mation with the peptide. In addition, for the first time, -?( 3 A £ DNPDrel® 2] Model
biochemical, biophysical, and molecular dynamics simulation \\"g é £

studies have been performed to demonstrate a mechanistic -

understanding for such an interaction between a small molecule L Compound

Drift fime (ms) Treatment
(DMPD) and amyloid-# (Af) and its subsequent anti- L——” :
amyloidogenic activity, which, upon its transformation, generates
ligand—peptide adducts via primary amine-dependent intramolecular cross-linking correlated with structural compaction.
Furthermore, in vivo efficacy of DMPD toward amyloid pathology and cognitive impairment was evaluated employing SxFAD
mice of Alzheimer’s disease (AD). Such a small molecule (DMPD) is indicated to noticeably reduce the overall cerebral amyloid
load of soluble Af forms and amyloid deposits as well as significantly improve cognitive defects in the AD mouse model. Overall,
our in vitro and in vivo studies of DMPD toward Af with the first molecular-level mechanistic investigations present the
feasibility of developing new, innovative approaches that employ redox-active compounds without the structural complexity as
next-generation chemical tools for amyloid management.

B INTRODUCTION from AD have also reached staggering levels. This year alone,
AD will cost the United States 226 billion dollars, and without

Alzheimer’s disease (AD), the most common form of all ; - . . O
intervention, this figure is expected to reach 1.1 trillion by

neurodegenerative diseases, has continued to expand in

prevalence and remains unabated due to an inadequate 2050.° Therefore, it is clear that if t'his trend is to be suppressed,
understanding of disease pathology, which has significantly we @ust develop a more detalleq, molecular-level under-
impaired efforts to establish effective strategies against the standing of the convoluted and multilayered pathology of AD,
disorder.'~* As such, fatalities resulting from this deadly malady which will then be able to provide the foundation toward the
have continued to increase to the point where today almost generation of new strategies against the disease.
one-third of every senior citizen will be affected by AD or a
related form of dementia.” The costs associated with providing Received: September 24, 2015
the long-term care and resources required by those suffering Published: November 17, 2015
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Ilumination of the molecular mechanisms underlying AD is
further obstructed by the absence of completely accurate model
systems from which to study the ailment. For example, in vitro
analyses often require the experimentalist to narrow the scope
of their study to a few potential players (e.g, misfolded
proteins) and often deviate from physiological relevancy.'™*
Similarly, in vivo studies are limited by the absence of accurate
models that fully mimic human AD.’ Due to these inherent
complexities along with the impossibility of addressing every
potential factor contributing toward neuronal death in a single
report, we have chosen to focus our investigation on the
amyloid-# (Af) peptide, a hallmark of the disease which is
known to aggregate to form characteristic senile plaques, and its
interplay with metal ions [e.g,, Cu(Il), Zn(11)]." =7 Metal
ions were incorporated into our studies because of their
extensively explored involvement in the facilitation of Ap
aggregation pathways and generation of reactive oxygen species
(ROS) via Fenton-like reactions in vitro.”~*’~'* It is important,
however, that we specify that by focusing our analysis on the
aggregation and interaction of Af and metal ions, we are not
implying that these are the sole causes of the disorder.

The evidence suggesting that A is implicated in the
pathology of AD is incontrovertible. ~*’~'* For example, Af
oligomer load has been closely correlated with cognitive
impairment and behavioral tests in transgenic AD mouse
models.”” Furthermore, multiple cell and transgenic mouse
studies have clearly identified A as a contributor to the
diminished mitochondrial function observed in AD.® Af has
also been indicated to induce kinases responsible for the
phosphorylation of tau protein and the subsequent destabiliza-
tion of microtubules.” These findings are only a small number
of the available reports that link A to AD. The mechanisms by
which A may induce cellular death, however, have not been
fully understood. In order to advance our understanding of
these pathways, the use of chemical tools, capable of elucidating
the mechanisms of these processes at the molecular level, will
be of indispensable value.”*"*~**

To this end, we present a redox-active, compact amine
derivative, DMPD (N,N-dimethyl-p-phenylenediamine; Figure
1a), as a novel chemical tool for redirecting both metal-free Af
and metal—Af peptides into nontoxic, off-pathway aggregates,
via an approach mediated by intramolecular cross-links between
compound and peptide. Our strategy, the generation of
covalently linked adducts composed of aggregation-prone
peptides, was inspired by a recent study suggesting a covalent
bond between catechol-type flavonoids and AS.**** In
previous report, a well-known, redox-active compound,
DMPD,> ™% was indicated as a potential molecule of interest,
among many others, in a brief calculation-focused screening
method and a fluorescence-based assay [i.e., thioflavin-T (ThT)
assay].”® Unfortunately, in addition to spectral interference
between DMPD and ThT, making results of the assay
inconclusive, the report did not present whether DMPD
influences the Af aggregation pathways or elucidate a
mechanistic understanding of its activity with the peptide.”®
Through our present studies, we demonstrate the ability of
DMPD to redirect both metal-free and metal-induced Af
aggregation pathways and consequently produce less toxic, off-
pathway amorphous aggregates. Biophysical analyses and
molecular dynamics (MD) simulations indicate molecular-
level interactions of DMPD with both metal-free Af and
metal—Ap in vitro as well as its potential mechanism, based on
the formation of intramolecular cross-links between trans-

formed DMPD and Ap, for redirecting the peptide aggregation.
Finally, the efficacy of our approach in biological settings (e.g.,
living cells, the AD 5xFAD mouse model’®) was investigated.
Treatment with DMPD mitigates metal-free Af-/metal—Ap-
induced toxicity in living cells and reduces the overall cerebral
amyloid levels in SXFAD mice. Additionally, cognitive defects of
SxFAD mice, as evaluated by the Morris water maze task, are
significantly improved upon DMPD administration. Taken
together, our in vitro and in vivo studies of a redox-active small
molecule, along with the molecular-level mechanistic elucida-
tion, illustrate that the strategy to generate Af/—small molecule
adducts could be an effective tactic to control and promote the
formation of relatively less toxic, off-pathway aggregates.

B RESULTS AND DISCUSSION

Rational Selection of DMPD toward Redirecting Both
Metal-Free and Metal-Induced Af Aggregation in Vitro
and in Biological Systems. Although DMPD is a compact,
simple compound, its structure (Figure la) includes moieties
that are suggested to be potentially essential for interactions
with metal-free AS, metal—Af, and metal ions.”*'*~'® The
overall redox and structural characteristics of DMPD could
indicate its direct interactions with both metal-free Af or
metal—Ap, as well as its subsequent ability to redirect peptide
aggregation pathways via the generation of covalently linked
adducts between compound and Af, as previously presented
for catechol-type flavonoids.”>** In addition, DMPD is shown
to be biologically compatible based on our investigations. First,
DMPD is potentially blood—brain barrier permeable and has
antioxidant activity similar to that of a water-soluble vitamin E
analogue, Trolox (Supporting Information Table S1). Second,
as presented in Supporting Information Figure S1, in phosphate
buffered saline (PBS), DMPD is relatively stable with an
approximate halflife (t,,,) of 1 day. Addition of hydrogen
peroxide, however, leads to oxidation of DMPD (its cationic
radical”™*’) with a t,/, value of 55 min. Lastly, DMPD has
relative metabolic stability. Using FAME software,” the sites of
metabolism were predicted, showing the alkylate aniline
nitrogen as a site of metabolism (Supporting Information
Figure Sla). The metabolic stability of DMPD was also further
analyzed employing human liver microsomes. We observed
classic enzyme kinetics showing that the metabolic processing is
between 30 and 120 min [, = 107 min ([DMPD] = 0.5
mM); V.o ca. 22.9 nM/min; Ky, ca. 2.07 mM; Supporting
Information Figure S1]. Overall, DMPD is indicated to have
moderate metabolic stability and could be administered for its
applications in vivo since its concentration would be much
lower than the 2.07 mM Ky, for liver microsomes.

Effects of DMPD on Both Metal-Free and Metal-
Induced Ag Aggregation in Vitro. The influence of DMPD
on the aggregation of both Af,, and Af,, was probed in the
absence and presence of metal ions [i.e, Cu(Il), Zn(II)]. Gel
electrophoresis with Western blotting (gel/Western blot) using
an anti-Af antibody (6E10) and transmission electron
microscopy (TEM) were employed to analyze the molecular
weight (MW) distribution and morphological change of the
resultant A species, respectively (Figure 1c,d and Supporting
Information Figures S2 and S$3).""7***" As depicted in Figure
1b and Supporting Information Figure S2a, two different
experiments were conducted to assess whether DMPD can
either inhibit the formation of metal-free/metal-treated Af
aggregates (I, inhibition experiment) or disassemble preformed
metal-free/metal-associated Af aggregates (II, disaggregation
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Figure 1. Effects of DMPD toward metal-free/metal-induced Af,, aggregation in vitro. (a) Chemical structure of DMPD and amino acid sequence
of Af3 (the self-recognition site is underlined and highlighed in pink). (b) Scheme of the (I) inhibition or (II) disaggregation experiments. The metal-
free samples were prepared in both the absence (left) and the presence (right) of O,. (c) Analyses of the resultant Af species from (I) and (II) by
gel electrophoresis with Western blotting (gel/Western blot) using an anti-Af antibody (6E10). For the experiment (I), the samples containing
metal-free Af3,, were prepared under anaerobic (left, white background) and aerobic (right, gray background) conditions. Conditions: Af (25 uM);
CuCl, or ZnCl, (25 uM); DMPD (50 uM); 24 h; pH 6.6 (for Cu(II) experiments) or pH 7.4 (for metal-free and Zn(II) experiments); 37 °C;
constant agitation. (d) TEM images of the Af,, samples prepared under aerobic conditions (from (c)). Inset: Minor species from TEM
measurements. White and black scale bars indicate 200 and 500 nm, respecitvely.

experiment). Generally, small molecules able to inhibit the
formation of Af fribrils or disassemble preformed Ap
aggregates will generate a distribution of smaller Af species
that can penetrate into the gel matrix and will produce a
significant amount of smearing compared to compound-free
controls. Af samples without treatment with compounds
contain large A} aggregates (i.e., mature fibrils), which can be
observed by TEM, but are too big to enter the gel matrix
(restricted to the entrance where the sample is loaded) and
therefore do not produce smearing or bands in the gel/Western
blot.

In the inhibition experiment (I, Figure 1b), different MW
distributions were observed for DMPD-treated Af,, with and
without metal ions compared to the untreated analogues. TEM
images revealed the generation of small amorphous Af
aggregates with respect to the large clusters of fibrils generated
in the absence of DMPD (Figure lc,d). DMPD exhibited a
similar ability to inhibit aggregate formation with Af,, (Figure
S$2b). In the disaggregation experiment (II, Figure 1b), DMPD
indicated more noticeable effects on the transformation of
preformed metal-free Af,, and metal—Ap,, aggregates than for
the Af,, conditions visualized by gel/Western blot (Figure 1c,
right; Supporting Information Figure S2b, right); however, the
generation of shorter, more dispersed fibrils, relative to the

14787

DMPD-untreated Af3,, controls, was indicated by TEM (Figure
S2b,c). Moreover, in order to determine the effect of DMPD
on Af} aggregation in a heterogeneous in vitro environment, the
inhibition experiment was performed in a cell culture medium.
Upon treatment of DMPD to Af,, in a cell culture medium, a
distinguishable variation in the MW distribution of Af species
was still observed (Supporting Information Figure $3), but this
distribution was different from that shown in a buffered
solution (Figure 1c, left). Therefore, these results support that
the small monodentate ligand, DMPD, is able to redirect both
metal-free Af and metal—Ap species into off-pathway, relatively
smaller and/or less structured peptides aggregates, which has
been suggested to be less toxic,'***?! in a buffered solution and
a heterogeneous matrix.

Proposed Mechanism of DMPD’s Control against Af
Aggregation Pathways. (i) Interaction of DMPD with
Metal-Free A Monomers. The interaction of DMPD with
metal-free A/ monomers was examined by 2D NMR
spectroscopy and MD simulations (Figure 2a—c). Two-
dimensional band selective optimized flip-angle short transient
heteronuclear multiple quantum correlation (SOFAST-
HMQC) NMR experiments were first employed to identify
the interaction of DMPD with monomeric Af,,. When DMPD
was titrated into '*N-labeled Af,, relatively noticeable chemical
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Figure 2. Interactions of DMPD with monomeric Af and fibrillar Cu—Ap, observed by 2D NMR spectroscopy and Cu K-edge X-ray absorption
spectroscopy, respectively. (a) 2D 'H—"*N SOFAST-HMQC NMR investigation of DMPD with “N-labeled Af,,. (b) Chemical shift perturbations
of Af,, were determined upon addition of DMPD (Af/DMPD = 1:10). On the chemical shift plot, the dashed and dotted lines represent the
average CSP and one standard deviation above the average, respectively. Relatively noticeable CSPs were observed around the hydrophobic residues
of the peptide. *Residues could not be resolved for analysis. (c) Molecular dynamics simulations of the Af},,—DMPD complex. DMPD and Af,, are
shown to interact directly with the hydrophobic region of the A,y monomer in its lowest energy conformation (see Supporting Information Figure
§3). The chemical structure of DMPD is colored as follows: carbon, orange; hydrogen, white; nitrogen, blue. The self-recognition site of Af,, is
highlighted in light violet. (d) Left: X-ray absorption near-edge structure (XANES) region of the Cu K-edge X-ray absorption spectrum of DMPD-
incubated Cu(I)- (red) and Cu(II)-loaded (blue) ApS,, fibrils. Top right (blue): Magnitude FT and FF (inset) extended X-ray absorption fine
structure (EXAFS) of DMPD-incubated Cu(Il)-loaded Af,, fibrils showing the experimental data (solid line), simulated spectrum (dashed line),
and difference spectrum (dotted line). Shell #1 (N scatterer): n = 2.3(2); r = 1.889(3) A; 6 = 0.0041(4) A% &* = 0.93. Bottom right (red):
Magnitude FT and FF (inset) EXAFS of DMPD-incubated Cu(I)-loaded Af,, fibrils showing the experimental data (solid line), simulated spectrum
(dashed line), and difference spectrum (dotted line). Shell #1 (N scatterer): n = 2.2(2); r = 1.882(4) A; 6* = 0.0033(1) A% £ = 0.85.

shift perturbations (CSPs) were shown for six amino acid (i) Interaction of DMPD with Copper—Ap Monomers and
residues (particularly for L17, F20, G33, G37, V39, and V40; Fibrils. Cu K-edge X-ray absorption spectroscopy (XAS) was
Figure 2a,b). These residues in the self-recognition (residues applied to Cu(I)- and Cu(1I)-loaded Af,, monomers and fibrils
17-21) and C-terminal hydrophobic regions (Figure la) are to gain insights into the nature of the interaction between
reported to be crucial for Af aggregation and cross-fB-sheet copper—Af complexes and DMPD. The XAS data for Cu(I)-
formation via hydrophobic interactions.'”'® The CSP pre- loaded Af,, fibrils following DMPD incubation are consistent
sented for V40 may be due to intrinsic C-terminal disorder with a linear two-coordinate Cu(I)(N/O), environment
rather than interaction with DMPD.>' The distribution of (Figure 2d, red). The X-ray absorption near-edge structure

observed CSPs suggests that DMPD could interact with the (XANES) region of the XAS spectrum exhibited a prominent
pre-edge feature at 8985.2(2) eV corresponding to the Cu (1s

hydrophobic regions — 4p,) transition. Such a feature is characteristic of linear
- 34 ; :

To further probe the interaction between metal-free, Cu(D)-" Analysis of t.he e?(tended X-ray absorp tion ﬁ-ne

monomeric A,y and DMPD, docking and MD simulation structure (EXAFS) region yielded a model consistent with

studies®™” were also performed. Simulations indicate multiple thet C(t)}lzptelt'hcer.l(;er ggate;it‘g) tl\{vo Iji otr Othllgénd(sl)a t 1'8t8 A Vu\IZCel

interactions (Figure 2c and Supporting Information Figure S4): note Hhat e 1den ity o (1€ IgANCs 10 The LULL cerier €0

(i) a potential binding pocket is formed through hydrogen not be definitively determined. Although there are peaks in the

bonding (2.08 A) of the amine group (—NH,) of DMPD with magnitude Fourier transformed EXAFS spectrum in the range

fr =20-40 A that It fi Itiple scatteri
the O atom of the backbone carbonyl between L17 and V18; o > LAt may resuit om muttipe Scatterilg
. o ] ) ) pathways from histidine imidazole rings, they could not be
(i) the aromatic ring of DMPD associates with G38 via a N—

) ? G modeled as such. Surprisingly, the Cu(II)-loaded Af,, fibrils
H-7 interaction (3.16 A); (iii) the methyl group (~CHj) of treated with DMPD vyielded nearly identical XAS data,
the dimethylamino moiety of DMPD further stabilizes the Af— indicating the complete reduction of Cu(Il) to a linear two-

DMPD interaction by the C—H—7 (with the aromatic ring of coordinate Cu(I)(N/O), center (blue, Figure 2d). This

amino acid residues in Apf, near the self-recognition and

F19) interaction (4.10 A). The observation from docking and reduction of Cu(II) to Cu(I) is not a result of photoreduction
MD simulation investigations was in agreement with the NMR in the X-ray beam. Cu(II) fibrils (or monomers; vide infra)
findings (vide SUPra)- Thus, 2D NMR and docking/MD show no indication of photoreduction under identical
simulation studies demonstrate the direct interaction of DMPD experimental conditions,**** while studies of DMPD-incubated
with metal-free Af species, as suggested from the results of Cu(II) fibrils do not present photochemistry following repeated
both inhibition and disaggregation experiments above (Figure 1 EXAFS scans under the experimental conditions employed (i.e.,
and Supporting Information Figure S2), along with the mass the Cu(Il) is already reduced to Cu(I) prior to X-ray exposure)
spectrometric (MS) analysis (vide infra, Figure 4). (Supporting Information Figure SS).
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Figure 3. Transformation of DMPD with or without Cu(Il) and/or Af,,, monitored by UV—vis. (a,)b) UV—vis spectra of DMPD with or without
CuCl, in the absence and presence of A under aerobic conditions. (c) UV—vis spectra of DMPD with or without Af under anaerobic conditions.
Blue, red, and green lines correspond to incubation for 0, 4, and 24 h, respectively. Conditions: Af (25 uM); CuCl, (25 uM); DMPD (50 uM); pH
6.6 (for Cu(II) experiments) or pH 7.4 (for metal-free experiments); room temperature; no agitation. (a,c) DMPD + Af,; (b) [DMPD + CuCl,]

+ Afy.

Copper-loaded Af,, monomers incubated with DMPD
afforded a result dramatically different than that of the
DMPD-untreated samples. In the absence of DMPD, XAS
studies showed a spectrum for the Cu(II)-loaded Af,,
monomers consistent with a square-planar Cu(II)(N/O),
metal center with two imidazole ligands to Cu(II), while the
Cu(I)-loaded Ap,, monomers contained copper within a linear
bis-His coordination environment.>* The XAS data for Cu(II)-
loaded Ap,, monomers following DMPD incubation were
indicative of a complex mixture of reduced Cu(I) and oxidized
Cu(Il) centers. The reduced samples following treatment with
DMPD presented that Cu(I) was also contained in a mixture of
coordination environments and geometries, making it impos-
sible to yield a physically meaningful solution to the EXAFS
data. The different behaviors of copper-loaded Af,, monomers
versus fibrils could be the result of different incubation times
necessitated to avoid monomer aggregation or could be
indicative of different fundamental chemistry with DMPD.
Taken together, the overall observations from the XAS studies
suggest the possible redox interaction of the small monodentate
ligand (DMPD) with copper—Af complexes.

(iii) Transformation of DMPD in the Absence and
Presence of Ap and Metal lons. To elucidate how DMPD
redirects Af peptides into less toxic, off-pathway unstructured
Ap aggregates, the chemical transformation of DMPD with Aj
was analyzed under various conditions, in addition to its
interactions with metal-free and metal-bound Af (vide supra).
Time-dependent optical changes of DMPD were first
monitored in the absence and presence of Af,, with and
without CuCl, in buffered solutions (Figure 3). DMPD treated
with Af,, in both the absence and the presence of Cu(Il)
exhibited spectral shifts, different from the Af,-free condition
(Figure 3ab). The optical bands at ca. 513 and 550 nm,
indicative of the formation of a cationic radical of DMPD** ™’
through an oxidative degradation route (Figure 3a,b, bottom),
were not observed even after a 24 h incubation of DMPD with
Ap (Figure 3a,b, top). Upon addition of DMPD into a solution

containing Af,, a red shift in the optical band of DMPD (from
295 to 305 nm) immediately occurred (Supporting Information
Figure S6). Upon incubation over 4 h, a new optical band at ca.
340 or 350 nm with an isosbestic point at ca. 270 nm began to
grow in (Figure 3a,b, top). These optical bands at ca. 250 and
340 or 350 nm are expected to be indicative of generating a
possible adduct of benzoquinoneimine (BQI) or benzoquinone
(BQ) with g)roteins (or peptides) via amine or thiol groups,
respectively.”>>**”**~*! The absence of a clean isosbestic point
at the early incubation time points is most likely due to the
formation of BQ from DMPD and possibly some contribution
from the production of transient complexes between Af and
cationinc imine (CI) or BQI (vide infra). The UV—vis
spectrum of BQ (Supporting Information Figure S7a) is
identical to the optical spectra of DMPD with Af,yat 2 and 4 h
under aerobic conditions, indicating that DMPD is transformed
into BQ_before the bands at 250 and 340 or 350 nm begin to
grow in, indicative of the covalent adduct formation with Ap.
Furthermore, Af,, treated to a solution of BQ under identical
conditions exhibits one clean isosbestic point over the course of
the 24 h experiment (Supporting Information Figure S7b).
These results support that the optical changes at the early time
points are mainly caused by the generation of BQ from DMPD.
Overall, DMPD could be transformed through a different
pathway in the presence of Af,, potentially producing a
modified DMPD conjugate with Af,, compared to the AB,y-
absent case.

In order to gain a better understanding on the
spectrophotometric observations indicative of the transforma-
tion of DMPD when Af is present (vide supra), additional
studies were carried out. First, the UV—vis spectra of DMPD
were measured in an anaerobic environment with or without
Ap to ascertain the involvement of dioxygen (O,) in the
conversion of DMPD. Previous studies report that DMPD can
be singly or doubly oxidized to form a cationic radical or a
cationic quinoid species, respectively.”” >" The spectral
alterations of DMPD, apparent in an O, atmosphere in both
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Figure 4. Analysis of the resulting species upon interaction of Af,, with DMPD or BQ by mass spectrometry and ion mobility—mass spectrometry
(IM—MS), as well as a proposed mechanism. (a) MS analysis showing the complex formation of A}, (25 #M) with DMPD\,,tormed (50 #M) (red
lines) in the 4* and 5* charge states ([Aff + DMPD,.omea)’” and [Af + DMPD,omeal”’) (i). IM—MS was applied to the 4% charge state to
resolve the conformational rearrangement of Af,, upon addition and conversion of DMPD to DMPD,,omea (ii). Extracted arrival time
distributions support the existence of two resolvable structural populations [collision cross section (CCS) data, inset tables]. The interaction with
DMPD,..,.formed trapped the peptide in a more packed conformation (dominant peak = 1) when compared to the apo form (dominant peak = 2). (b)
MS analysis showing the complex formation of A}, (25 M) with BQ_ (S0 uM) supports that BQ binds readily to the peptide (red) (i). In line with
the DMPD data presented above, BQ-containing samples support a mass gain of 104 Da attributed to covalent binding with K16 (Supporting
Information Figure S8). IM—MS was applied to the 4* charge state to resolve the conformational rearrangement of Af3,, upon binding BQ. Extracted
arrival time distributions indicate the existence of three resolvable structural populations (CCS data, inset table) (ii). The first two of these
conformations support, within least-squares error analysis, CCS values consistent with the DMPD-bound data (a). (c) Comparison of tandem MS/
MS sequencing using the quadrupole isolated 5* charge state (trap collision energy 90 V) of AB,,** (top) and [Af + DMPD,,,omeal’” (bottom).
Analysis of these data in addition to the MS and IM—MS supports the attachment of DMPDy,,ormed t0 Afyo through a covalent modification of the
peptide via K16, resulting in an observed mass shift of 103.93 + 0.04 Da calculated from internal monoisotopic calibration data sets. (d) Proposed
mechanistic pathways between DMPD and Af. DMPD may undergo an oxidative transformation under aerobic conditions to generate a cationic
imine (CI)—Af complex (1). CI could then generate BQI (shown in 2) through hydrolysis. Once hydrolyzed, BQI is proposed to undergo further
hydrolytic conversion to generate BQ (shown in 3). Our MS studies indicate that BQ forms covalently bound protein—ligand adducts (4) that are
capable of forming intramolecular cross-links (5) that trap Af in an altered conformational geometry compatible with our IM—MS data set.

the absence and presence of Af,, were not observed in an
anaerobic condition even after 24 h incubation (Figure 3c). In
addition, modulation of Af aggregation by DMPD was not
observed under the anaerobic condition, distinguishable from
that under the aerobic setting (Figure lc, left). Furthermore,
inhibition and disaggregation experiments of BQ with Af,, and
Ap,, were performed in the absence and presence of metal ions
(Supporting Information Figure S8). BQ_exhibited an ability to
control and alter the MW distribution of Af,, and Af,, with
and without metal ions in a very similar manner to that which
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was observed for DMPD. Therefore, O, is necessary for the
transformation of DMPD (DMPD,,,iormea; €8+ BQ) and the
capability of DMPD,,omeq to redirect A aggregation into
less toxic, off-pathway amorphous Af aggregates.

(iv) Analysis of AS—DMPD,;rormea Complexes. MS
analysis of DMPD-treated Af,, samples was further performed
in order to identify the formation of Af,,—ligand complexes.
New peaks appeared corresponding to the addition of 103.93 +
0.04 Da to Af} (Figure 4a, i) proposed to be a covalently bound
conversion product of DMPD (e.g., BQ; shown as § in Figure
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4d). To support our proposed mode of Af—DMPD
interaction, via the transformation of DMPD, the interactions
of Af,, with the structurally homologous BQ were examined
under identical experimental conditions. Our data indicate that
BQ binds to Af, (Figure 4b, i), with a mass shift that is
consistent with DMPD incubations (104.1 + 0.1 Da).

Tandem MS (MS/MS) in conjunction with collision-induced
dissociation (CID) for the S* ligand-bound charge state was
carried out to determine the nature of the Apf,,—
DMPD,,,.ormed (Figure 4c) and Af,,—BQ complexes detected
(Supporting Information Figure $9). MS/MS data support that
both DMPD,,,med and BQ_covalently link to Af,, via K16,
with observed masses consistent with the above analysis. While
this ligated mass difference is too small to support a single
covalent bond formation between Aff and DMPD,,,.;mea/ BQ
(106.1 Da expected due to the release of two protons upon the
formation of an Af—DMPD,,,:meq cOvalent bond), it does
agree well with the generation of a second covalent bond
between Af and DMPD,, o.meq or BQ (104.1 Da expected
from the concomitant loss of two additional protons upon the
formation of the second covalent bond). These data therefore
support that DMPD,,ormeq OF BQ is capable of cross-linking
Ap, which is consistent with the data previously published for
a-synuclein.”* Based on this conclusion, we sought to confirm if
DMPD,,srormed OF BQ_ is capable of forming inter- and/or
intramolecular cross-links using MS/MS. BQ-bound Af,,
dimer dissociation data indicate that BQ primarily forms
intramolecular cross-links (Supporting Information Figure
$10).

In addition, IM—MS studies of the 4" charge state were
carried out in order to assess the Af-bound-state conformers
adopted. When compared to the Ap control, Ap—
DMPD,,sormed cOmplexes possessed a significantly decreased
ion mobility (IM) arrival time, indicative of a more compact
AP, structure (Figure 4a, ii). Consistent with these data, Af,,—
BQ binding also leads to a similar reduction in IM arrival time,
again supporting the production of a more compact species
than the form adopted by the compound-untreated Af (Figure
4b, ii). Combining these data with observations from our MS/
MS analysis, we conclude that the DMPD,, ormeq O BQ cross-
linking traps Af in a relatively compact conformational state
that is likely off-pathway with respect to amyloid fibril
formation.

(v) Proposed Mechanism. Based on these optical and MS
results, the covalent bond formation within Af—
DMPD,,.,¢ormed  cOmplexes could occur via a possible
mechanistic pathway, as described in Figure 4d. In the presence
of Af under aerobic conditions, DMPD could first undergo a
two-electron oxidative transformation to generate a CI—Af
complex (1). CI could be converted via hydrolysis to BQI
(shown in 2) that could further hydrolyze its imine to generate
BQ_(shown in 3). BQ is then capable of forming a covalently
bound Af—BQ adduct through interactions with a primary
amine containing residue (4; Af + 106.1 Da), such as K16, that
further cross-links to an additional residue with a similar
functional group (S; A + 104.1 Da), consistent with our MS
studies and BQ—protein conjugates previously reported.””~*!
The covalent complexation of Af with BQ could direct the
structural compaction, suggested from IM—MS analysis (Figure
4ab), and could account for DMPD’s redirection of peptide
aggregation pathways into amorphous Af aggregates,lé'zo’21 as
found in the gel/Western blot and TEM studies (vide supra).
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Attenuation of Metal-Free Apg-/Metal—Ap-Induced
Toxicity in Living Cells by DMPD. The regulation of
metal-free AB-/metal—Ap-triggered cytotoxicity by DMPD was
examined using human neuroblastoma SK-N-BE(2)-M17
(M17) cells. DMPD was incubated for 24 h with M17 cells
pretreated with Af3,, in both the absence and the presence of
Cu(II) or Zn(II). Viability was increased by ca. 10—20% when
DMPD was introduced to metal-free Af,- or metal—Af,,-
treated M17 cells, relative to the untreated cells (Supporting
Information Figure S11), as measured by the MTT assay. Note
that DMPD displayed low toxicity in the range of the tested
concentrations (0—100 or 0—50 uM in the absence and
presence of metal ions, respectively; >80% cell survival;
Supporting Information Figure S1la—c). Thus, DMPD could
ameliorate cytotoxicity induced by metal-free Af and metal—

In Vivo Efficacy of DMPD against Amyloid Pathology
and Cognitive Impairment. In order to validate the
beneficial effects of DMPD on AD pathogenesis in vivo, we
administered the compound to SxFAD mice via the intra-
peritoneal route at 1 mg/kg/day for 30 days from 3 months of
age. After 30 total daily treatments of DMPD, the mice were
subjected to biochemical analysis for cerebral amounts of Af,,/
Af,, and histopathological evaluations of the amyloid
deposition load. SxFAD mice were selected for this study
because they develop early and severe phenotypes of AD and
behavioral dysfunction.” At the conclusion of the compound
treatment period, there was no significant difference in gross
appearance or body weight between the vehicle- and DMPD-
treated SxFAD mice (Supporting Information Figure S12).

Quantification of cerebral A peptides by the enzyme-linked
immunosorbent assay (ELISA) revealed that the total levels of
AP4/AP4, containing PBS-, sodium dodecyl sulfate (SDS)-,
and formic acid (FA)-soluble Af species, which represent
soluble, moderately soluble, and completely insoluble Ap
species, respectively, were decreased by ca. 66 and 46%,
respectively, compared to the vehicle-treated SxFAD mice
(Figure Sa). The levels of SDS-soluble Af,,/Af},, were more
drastically reduced by DMPD (ca. 69 and 61%, respectively)
than those of FA-soluble AfS,/Af,, levels (ca. 52 and 37%,
respectively). Furthermore, substantial reductions in amyloid
deposits were detected in 5xFAD mice treated with DMPD,
determined by analyzing the loads of amyloid precursor protein
(APP)/Af-immunoreactive 4G8- and Congo-red-stained com-
pact amyloid plaques (by ca. 23 and 20%, respectively) (Figure
Sb,c). Overall, these results indicate that DMPD is able to delay
or reverse the amyloid pathogenesis in the brain of AD model
mice.

To evaluate the capacity of DMPD to improve cognitive
deficits in AD model mice, we tested 4 month old SXFAD mice
employing the Morris water maze (MWM) test for spatial
learning and memory during the final five consecutive days of
compound treatment. As demonstrated previously,””*” the
SxFAD mice exhibited impaired spatial learning, showing
enhanced difficulty in locating the hidden escape platform in
a pool of water compared to their littermate, wild-type mice
(Figure 6a). In contrast, the repetitive administration of DMPD
prominently improved the learning and memory capability in
the SxFAD mice, relative to those of the vehicle-treated wild-
type mice (Figure 6a).

Three hours after the final MWM test, we performed the
probe trials, where the escape platform was removed and the
mice located its previous position in the water for 60 s,
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Figure S. Reduction of cerebral amyloid pathology by DMPD in the
SxFAD mice. After the total 30 daily ip. injections of vehicle or
DMPD (1 mg/kg/day), the brain tissues were collected from the
SxFAD mice at 4 months of age. (a) Bars denote the amounts of SDS-
soluble, FA-soluble, or total (PBS + SDS + FA) Af,/AB,, peptides in
the whole brains, which were calculated from three independent
sandwich A ELISA assays (n = 14—17). (b) Representative
microscopic images of 4G8-immunostained (brown) or Congo-red-
stained (red) brain sections of SxFAD mice show that DMPD
significantly reduced the burden of amyloid deposits in the brain. Ctx,
cortex; Hip, hippocampus. Scale bar = 100 um. (c) Load of 4GS-
immunoreactive amyloid deposits and the total number of congophilic
amyloid plaques in the microscopic photographs of the identical
cortical areas (b) were measured in five brain sections taken from each
animal. All values represent mean + SEM (n = 7). *P < 0.05, **P <
0.01, or ***P < 0.001 by unpaired two-tail ¢-test.

representing their performance of long-term memory retention.
DMPD-treated animals took distinguishably less time to reach
the platform area and spent significantly more time in the target
quadrant (northwest, NW), where the platform had been
hidden, than did the vehicle-treated 5xFAD mice (Figure 6b,c).
Therefore, our behavioral analysis suggests that DMPD is
capable of rescuing cognitive defects in SxFAD mice.

B CONCLUSION

AD continues to present a major socioeconomic burden to our
society. The absence of treatments and reliable diagnostics for
this disease has demanded significant efforts to be made toward
the identification of its underlying origins. For this aspect, the
development of chemical tools capable of discerning and/or
regulating pathogenomonic factors of interest has been critical
for the establishment of our current understanding of AD and
will prove to be a central resource as we continue to unravel the
intricacies of the disorder.

For instance, the use of small molecular tools (i.e., oligomer
stabilizers) able to specifically interact with and conformation-
ally modulate small, soluble AB has been important for
establishing oligomers as pathological factors." The adverse
effects of metal ion dyshomeostasis and miscompartmentaliza-
tion in AD have been validated by utilizing ionophores [e.g.,
clioquinol (CQ), PBT2] that bind and chauffeur metal ions
[ie., Cu(Il), Zn(I)] from extracellular Af plaques across the
plasma membrane, where it induces a signaling pathway,
ultimately activating matrix metalloproteinases, among other
enzymes, which assists in the breakdown and clearance of
metal-free and metal-bound Af plaques.”**** Furthermore, a
metal—Ap-specific tool, L2-b, has been designed to provide
direct, in vivo evidence of the gotential role of metal-bound Af
species in AD pathogenesis.'””> Chemical tools have even been
utilized to address the challenges associated with determining
the interconnections between multiple facets of AD.*'*" A
multifunctional ligand (ML) was designed to elucidate some of
these pathological factors (e.g, metal-free A and metal—AfS
aggregation, oxidative stress) associated with neuronal death in
AD.*" Collectively, these results not only identify the vital value
of chemical tools to elaborate our comprehension of the
disorder but also assist in the further identification of novel
pathways to investigate.

In the current study, a compact chemical tool, DMPD, is
presented for the redirection of Af aggregation in the absence
and presence of metal ions into nontoxic, off-pathway
aggregates through a novel approach (ie., intramolecular
cross-links with aggregation-prone peptides upon transforma-
tion of a redox-active small molecule). DMPD’s reactivity could
be related to its interactions with metal-free A and metal—Ap,
along with its redox characteristics, as indicated through
multiple biophysical approaches. Mechanistically, DMPD is
observed through optical and MS analyses to modulate peptide
aggregation pathways through its oxidation and successive
hydrolytic transformations to generate more structurally
compact quinoid—peptide adducts, compared to the com-
pound-untreated Ap, through intramolecular covalent cross-
linking (ie, ABS—BQ). Moreover, the site-specific covalent
modification of Af via primary amine-containing residues, such
as K16, a critical residue for the formation of cross-f-sheet
structures within the self-recognition sequence of the
peptide,'**~'" could further illuminate DMPD’s reactivity in
vitro. DMPD was also evaluated in living cells and in vivo to
determine the efficacy and beneficial effects associated with its
administration in biological settings. Particularly, the ELISA
quantification of the cerebral amyloid content of DMPD-
treated SXFAD mice showed a significant reduction in SDS-
soluble forms of Af3,, and Af,, (ca. 60—70% reductions), which
are indicative of toxic, soluble pools of Af} peptides.**~** When
evaluated by FA-soluble Af,/Ap,, levels and amyloid plaque

loads,*® the nontoxic amyloid deposits/aggregates were
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Figure 6. Cognitive enhancement by DMPD in the SXFAD AD mouse model. Using the Morris water maze task, spatial learning and memory
activities were compared in the SxFAD and their littermate wild-type mice after 30 consecutive vehicle or DMPD (1 mg/kg/day, i.p.) treatments. (a)
Escape latency time was measured daily for the final S days of the drug treatment. (b) Probe trials were performed on the day of the final treatment
to assess the time the mice spent to reach the escape platform. (c) Top circular images display the representative swimming paths for the mice to
locate the escape platform in the water maze for 60 s. Bottom graphs show how long they spent in the target quadrant (NW, highlighted in gray).
The statistical comparisons were performed between SxFAD and their wild-type littermate mice with vehicle (#) or between consecutive vehicle and
DMPD treatments in 5xFAD mice (), according to the one-way ANOVA followed by a student—Neuman—Keuls post-hoc test. *P < 0.05, ***Pp <
0.01 or **™#p < 0001 (n = 17 for wild-type mice or n = 14 for vehicle- or DMPD-treated SXFAD mice).

relatively less influenced by DMPD (ca. 20—50% reductions).
Therefore, these in vivo analyses also support that DMPD
could preferentially influence on the toxic soluble forms of A
peptides with the less reactivity toward the insoluble amyloid
aggregates or deposits. In addition, memory and learning
capabilities of SxFAD mice were restored upon DMPD
treatment as evaluated by the Morris water maze task. Still,
further investigations to address remaining questions, such as
the specificity of DMPD to generate protein cross-links and the
location and time of DMPD’s transformation in vivo, are
warranted.

Taken together, the findings of DMPD’s reactivity with the
amyloidogenic peptide, Af, presented in this work, demon-
strate novel, pivotal principles that can be applied toward
amyloid aggregation control and the establishment of further
chemical tools: (i) formation of intramolecular cross-links
between small molecules and peptides may be an effective
method to control the self-assembly of amyloidogenic peptides;
(ii) effective strategies can still be developed without the need
to build up chemical complexity, shown presently within the
field.

B EXPERIMENTAL SECTION

Materials and Methods. All reagents were purchased from
commercial suppliers and used as received unless otherwise stated.
N,N-Dimethyl-p-phenylenediamine was purchased from Sigma-Aldrich
(St. Louis, MO, USA). Af,, and Af,, were purchased from AnaSpec
(Fremont, CA, USA) (Af,, = DAEFRHDSGYEVHHQKL-
VFFAEDVGSNKGAIIGLMVGGVVIA). An Agilent 8453 UV—visible
(UV—vis) spectrophotometer (Santa Clara, CA, USA) was used to
measure optical spectra. Anaerobic reactions were performed in a N,-
filled glovebox (Korea Kiyon, Bucheon-si, Gyeonggi-do, Korea). TEM
images were taken using a Philips CM-100 transmission electron
microscope (Microscopy and Image Analysis Laboratory, University of
Michigan, Ann Arbor, MI, USA) or a JEOL JEM-2100 transmission
electron microscope (UNIST Central Research Facilities, Ulsan
National Institute of Science and Technology, Ulsan, Republic of
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Korea). Absorbance values for cell viability assay were measured on a
SpectraMax MS microplate reader (Molecular Devices, Sunnyvale, CA,
USA). All IM—MS experiments were carried out on a Synapt G2
(Waters, Milford, MA, USA). NMR studies of DMPD with and
without Zn(II) were carried out on a 400 MHz Agilent NMR
spectrometer. NMR studies of A with DMPD were conducted on a
900 MHz Bruker spectrometer equipped with a TCI triple-resonance
inverse detection cryoprobe (Michigan State University, Lansing, MI,
USA).

A Aggregation Experiments. Experiments with Af were
conducted according to previously published methods."*™>> AB,, or
APy, was dissolved in ammonium hydroxide (NH,OH, 1% v/v aq),
aliquoted, lyophilized overnight, and stored at —80 °C. For
experiments described herein, a stock solution of Af was prepared
by dissolving lyophilized peptide in 1% NH,OH (10 xL) and diluting
with ddH,O. The concentration of Af peptides in the solution was
determined by measuring the absorbance of the solution at 280 nm (e
= 1450 M~ em™ for Af,; € = 1490 M~ ecm™ for Ap,,). The peptide
stock solution was diluted to a final concentration of 25 yM in Chelex-
treated buffered solution containing HEPES [4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (20 uM); pH 6.6 for Cu(Il) samples;
pH 7.4 for metal-free and Zn(II) samples] and NaCl (150 uM). For
the inhibition studies, DMPD [S0 uM; 1% v/v dimethyl sulfoxide
(DMSO)] was added to the samples of Af (25 uM) in the absence
and presence of a metal chloride salt (CuCl, or ZnCl,, 25 uM)
followed by incubation at 37 °C with constant agitation for 24 h. For
the disaggregation studies, A with and without metal jons was
incubated for 24 h at 37 °C with constant agitation prior to the
treatment with a compound (50 uM). The resulting A aggregates
were incubated with DMPD for 24 h at 37 °C with constant agitation.

Gel Electrophoresis and Western Blot. The samples from the
inhibition and disaggregation experiments were analyzed by gel
electrophoresis with Western blotting using an anti-Af antibody
(6E10)."*7>* Each sample (10 uL) was separated on a 10—20% Tris-
tricine gel (Invitrogen, Grand Island, NY, USA), and the protein
samples were transferred onto nitrocellulose membrane, which was
blocked with bovine serum albumin (BSA, 3% w/v, Sigma-Aldrich, St.
Louis, MO, USA) in Tris-buffered saline containing 0.1% Tween-20
(TBS-T; 1.0 mM Tris base, pH 8.0, 1.5 mM NaCl) for 2 h at room
temperature. The membranes were incubated with a primary antibody

DOI: 10.1021/jacs.5b10043
J. Am. Chem. Soc. 2015, 137, 14785—14797


http://dx.doi.org/10.1021/jacs.5b10043

Journal of the American Chemical Society

(6E10, Covance, Princeton, NJ, USA; 1:2000) in a solution of 2% w/v
BSA (in TBS-T) overnight at 4 °C. After being washed with TBS-T
(3%, 10 min), the horseradish peroxidase-conjugated goat anti-mouse
secondary antibody (1:5000; Cayman Chemical Company, Ann Arbor,
MI, USA) in 2% w/v BSA (in TBS-T) was added for 1 h at room
temperature. SuperSignal West Pico chemiluminescent substrate
(Thermo Scientific, Rockford, IL, USA) was used to visualize protein
bands.

Transmission Electron Microscopy. Samples for TEM were
prepared according to previously reported methods.'*™** Glow-
discharged grids (Formar/carbon 300 mesh, Electron Microscopy
Sciences, Hatfield, PA, USA) were treated with Af samples from the
inhibition and disaggregation experiments (S yL) for 2 min at room
temperature. Excess buffer was removed by blotting carefully with filter
paper and then washed twice with ddH,0O. Each grid was incubated
with uranyl acetate staining solution (1% w/v ddH,0, S uL) for 1 min.
Excess stain was blotted off, and the grids were air-dried at room
temperature for at least 20 min. Images from each sample were taken
on a Philips CM-100 (80 kV) or a JEOL JEM-2100 TEM (200 kV) at
25 000X magnification.

Computational Procedure. A multistep computational strategy
was utilized to explore Af,,—DMPD interactions. In the first step, 100
ns MD simulations in an aqueous solution were conducted to obtain
the equilibrated structure of the Af,, monomer. These simulations
were performed using the GROMACS program (version 4.0.5)*” and
GROMOS96 53A6 force field.*® The starting structure of the Af,,
monomer was extracted from the NMR structures determined in
aqueous SDS micelles at pH 5.1 (model 2, PDB 1BA4).*’ The root
mean square deviations indicated that the system reached the
equilibration during the time frame of the simulations. In the next
step, to include the flexibility of the Af,, monomer into the docking
procedure, 100 snapshots were taken at 1 ns intervals throughout the
simulation. These snapshots were used for the rigid docking of the
DMPD molecule using the AutoDock Vina 1.1.2 software.”’ In this
procedure, the receptor was kept fixed, but the ligand was allowed to
change its conformation. The DMPD molecule was built using the
GaussView program (B3LYP/Lanl3DZ)>"** and optimized at the level
of theory using the Gaussian03 program.” In the docking procedure,
the size of the grid was chosen to occupy the whole receptor—ligand
complex. Each docking trial produced 20 poses with an exhaustiveness
value of 20. The docking procedure provided 2000 poses. Based on
binding energies and the composition of interacting sites, 20 distinct
poses were selected for short-term (S ns) MD simulations in an
aqueous solution. From these 20 different simulations, five structures
were derived and further 20 ns simulations were performed using the
same program and force field. These simulations provided a binding
site that includes L17, F19, and G38 residues of the Af,, monomer.
The tools available in the GROMACS program package and the
YASARA software (v. 13.2.2)>* were utilized for analyzing trajectories
and simulated structures.

For all simulations, the starting structures were placed in a truncated
cubic box with dimensions of 7.0 X 7.0 X 7.0 nm. This dismissed
unwanted effects that may arise from the applied periodic boundary
conditions. The box was filled with single-point-charge water
molecules. Few water molecules were replaced by sodium and
chloride ions to neutralize the system. The starting structures were
subsequently energy-minimized with a steepest descent method for
3000 steps. The results of these minimizations produced the starting
structure for the MD simulations. The MD simulations were then
carried out with a constant number of particles (N), pressure (P), and
temperature (T) [i.e, NPT ensemble]. The SETTLE algorithm was
used to constrain the bond length and angle of the water molecules,>
while the LINCS algorithm was used to constrain the bond length of
the peptide.”® The particle-mesh Ewald method was implemented to
treat the long-range electrostatic interactions.”” A constant pressure of
1 bar was applied with a coupling constant of 1.0 ps. The peptide,
water molecules, and ions were coupled separately to a bath at 300 K
with a coupling constant of 0.1 ps. The equation of motion was
integrated at each 2 fs time steps using the leapfrog algorithm.*®

Two-Dimensional SOFAST-HMQC NMR Spectroscopy. NMR
titration experiments were performed following a previously reported
method.””*"*' NMR samples were prepared with '*N-labeled Ap,,
(rPeptide, Bogart, GA, USA) which was lyophilized in 1% NH,OH by
resuspending the peptide in 100 yL of 1 mM NaOH (pH 10). The
peptide was then diluted with 200 mM phosphate buffer (pH 7.4), 1
M NaCl, D,0O, and water to yield a final peptide concentration of 80
HuM. Each spectrum was obtained using 256 complex ¢, points and a 1
s recycle delay at 4 °C. The 2D data were processed using TopSpin 2.1
(Bruker, Billerica, MA, USA). Resonance assignments were carried out
by computer-aided resonance assignment using published assignments
for Af as a guide.””* Compiled chemical shift perturbation was
calculated using the following equation:

A = J[m (2]

Cu K-Edge X-ray Absorption Spectroscopy. Af,, was
monomerized as previously described.®"®> AB,, fibrils were grown
according to established protocols.”® Following monomerization or
fibrillization, all samples were handled under an anaerobic atmosphere
(N,) in a COY anaerobic chamber (COY Laboratory, Grass Lake, M,
USA). Af,, was dissolved in a 4:1 mixture of 10 mM N-
ethylmorpholine buffer (pH 7.4) and glycerol (glycerol is used as a
deicing agent) followed by addition of 1 equiv of CuCl, Ap,,
monomers were maintained at S °C and all procedures performed
rapidly to avoid aggregation. Following the addition of CuCl,, 2 equiv
of ascorbate was treated with the resulting samples to reduce the
Cu(Il)-loaded ApB,, peptides to Cu(I). DMPD (2 equiv; in DMSO)
was then introduced to each solution. Final Af,, concentrations were
250 M. DMPD was incubated with the copper-loaded fibrils for 24 h.
To avoid aé%gregation (confirmed by gel permeation chromatography
studies),®" copper-loaded Af,, monomers were incubated for 15
min.

Following incubation with DMPD, the solutions were injected into
Lucite sample holders with Kapton tape windows and quickly frozen in
liquid nitrogen. All data were recorded on beamline X-3b at the
National Synchrotron Light Source (Brookhaven National Laborato-
ries, Upton, NY, USA). Samples were maintained at ~18 K throughout
data collection by means of a He Displex cryostat. Energy
monochromatization was accomplished with a Si(111) double crystal
monochromator, and a low-angle Ni mirror was used for harmonic
rejection. Data were collected as fluorescence spectra using a Canberra
31 element Ge solid-state detector with a 3 ym Ni filter placed
between the sample and detector and calibrated against a
simultaneously collected spectrum of Cu foil (first inflection point
8980.3 eV). Count rates were between 15 and 30 kHz and deadtime
corrections yielded no improvement to the quality of the spectra. Data
were collected in S eV steps from 20 to 200 eV below the edge
(averaged over 1 s), 0.5 eV steps from 20 eV below the edge to 30 eV
above the edge (averaged over 3 s), 2 eV steps from 30 to 300 eV
above the edge (averaged over S s), and S eV steps from 300 eV above
the edge to 13 k (averaged over S s). Each data set represents the
average of 16 individual spectra. Known glitches were removed from
the averaged spectra. The X-ray beam was repositioned every four
scans, and no appreciable photodamage/photoreduction was noted.
Data were analyzed as previously reported using the software gackages
EXAFS123 and FEFF 7.02. Errors are reported as & values.”***

Mass Spectrometric Studies. All IM—MS experiments were
carried out on a Synapt G2 (Waters, Milford, MA, USA). Samples
were ionized using a nanoelectrospray source operated in positive ion
mode. MS instrumentation was operated at a backing pressure of 2.7
mbar and a sample cone voltage of 40 V. Data were analyzed using
MassLynx 4.1 and DriftScope 2.0 (Waters, Milford, MA, USA). The
m/z scale was calibrated using 20 mg/mL aqueous cesium iodide.
Accurate mass values for covalently bound ligands were calculated
using the monoisotopic peak difference between apo- and ligand-
bound states. CCS measurements were calibrated externally using a
database of known protein and protein complex CCS values in
helium®®®” with errors reported as the least-square analysis output for
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all measurements. This least-square analysis combines inherent
calibrant error from drift tube measurements (3%), the calibration
R error, and two times the replicate standard deviation error.
Lyophilized Af,, (AnaSpec, Fremont, CA, USA) was prepared at a
concentration of 25 uM in 1 mM ammonium acetate (pH 7.0).
Aliquots of Af},, were then incubated with or without 50 yM DMPD
or BQ (1% v/v DMSO) for 24 h at 25 °C without constant agitation.
After incubation, all samples were lyophilized overnight prior to
resuspension of the samples in hexafluoro-2-propanol (Sigma-Aldrich,
St. Louis, MO, USA) ([Af,] = SO uM) and sonicated under pulse
settings for S min. Samples were diluted 50% to a final Afy,
concentration of 25 M, using 1 mM ammonium acetate (0.5 mM
final concentration) immediately prior to mass analysis.

Animals and Drug Administration. Animal studies using the
SxFAD mouse model of AD were performed in accordance with the
Guidelines for Laboratory Animal Care and Use of the Asan Institute
for Life Sciences, Asan Medical Center (Seoul, Korea). SxFAD
transgenic mice overexpressing mutant human APPg [K670N/
M671L (Swedish), 1716 V (Florida), and V7171 (London)] and
PSEN1 (M146L and L286 V) are characterized by early development
of pathological marks of AD, such as A deposits, neurodegeneration,
and behavioral disabilities.”” SXFAD mice were produced and
maintained on a B6/SJL hybrid background with free access to
chow and drinking water under a 12 h light/dark cycle.

In this study, female and male SxFAD mice were daily administered
with freshly prepared vehicle (1% v/v DMSO in 20 mM HEPES, pH
74, 150 mM NaCl) or DMPD (1 mg/kg of body weight) by
intraperitoneal injection for 30 days using Ultra-Fine II insulin syringes
(Becton Dickinson, Franklin Lakes, NJ, USA), starting from 3 months
of age. The animals were weighed immediately before the injection.
After the final injection and behavioral assessment, the mice were
sacrificed under deep anesthesia. A necropsy was performed to
evaluate the drug-induced systemic damage.

Tissue Preparation. The right cerebral hemispheres were snap-
frozen with liquid nitrogen for biochemical analyses. The 12 pm thick
sagittal sections were collected from the left hemispheres using a
cryostat (HMSS0; Microm, Walldorf, Germany) and mounted onto
1% poly-L-lysine-coated glass slides for histological evaluations.

Ap4o/AP4, Quantification. The right hemispheres were subjected
to sandwich ELISA assays for quantitative measurement of Af,, and
Apf,, in the whole brain according to previously described
methods.”>®® Briefly, the protein homogenates were prepared in
PBS (pH 7.4) containing complete protease inhibitor cocktail (Roche
Diagnostics, Mannheim, Germany) in 2% SDS (aq) and then in 70%
formic acid by serial centrifugations. The EC buffer-diluted protein
fractions were measured using the human Apf,,/Af,, ELISA kit
(Invitrogen), where FA fractions were neutralized with 1 M Tris (pH
11.0). The colorimetric quantifications were determined at 450 nm
with the Synergy H1 hybrid microplate reader (BioTek, Winooski, VT,
USA), and the cerebral Af,/Af,, levels were calculated as moles per
gram of wet brain tissue.

Quantification of Af Plaques. In order to examine the
extracellular Af deposits, immunohistochemistry was conducted on
the brain sections using an anti-human Af(17—24) antibody (4GS,
1:1000; Covance, Princeton, NJ, USA). After immunological reactions
with 4G8 and biotinylated anti-mouse secondary antibody (Vector
Laboratories, Burlingame, CA, USA), the tissue sections were
developed with 0.015% diaminobenzidine and 0.001% H,0, (in
PBS; Vector Laboratories) and examined under a light microscope
(Eclipse 80i; Nikon, Tokyo, Japan). In addition, the congophillic
amyloid plaques were detected by staining the tissues with Accustain
Congo Red amyloid staining solution (Sigma-Aldrich, St. Louis, MO,
USA). The loads of amyloid deposits in the cortex were given as the
percent area of 4G8-immunoreactive deposits or the total number of
congophilic plaques in the randomly selected cortex areas.

Behavioral Evaluation. Spatial learning and memory performance
was tested using the MWM task.”> The maze consisted of a circular
water pool with a cylindrical platform (15 cm in diameter) hidden 0.5
cm under the surface of opaque water at the center of a target
quadrant. The mice experienced three trials every day to swim and

locate the hidden platform for a maximum of 60 s, which were
performed at 3 h after each drug injection over a period of §
consecutive days starting on the day of the 26" drug injection. The
time and swimming track spent to reach the platform were analyzed on
a SMART video tracking system (Harvard Apparatus, Holliston, MA,
USA). Three hours after the final MWM task, the mice entered the
water again to swim without the platform for 60 s, and the time spent
in each quadrant area was recorded.

Statistics. All values are presented as the means + standard errors
of the mean (SEMs). Statistical analysis was performed using the
unpaired t-test or the one-way analysis of variance (ANOVA) followed
by a student—Neuman—Keuls post-hoc test. Differences with P values
< 0.05 were considered significant.
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