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ABSTRACT: The cellular polyamines spermine, spermidine, and their
metabolic precursor putrescine, have long been associated with cell-growth,
tumor-related gene regulations, and Alzheimer’s disease. Here, we show by in
vitro spectroscopy and AFM imaging, that these molecules promote
aggregation of amyloid-beta (Af) peptides into fibrils and modulate the
aggregation pathways. NMR measurements showed that the three polyamines
share a similar binding mode to monomeric Af(1—40) peptide. Kinetic ThT
studies showed that already very low polyamine concentrations promote
amyloid formation: addition of 10 uM spermine (normal intracellular
concentration is ~1 mM) significantly decreased the lag and transition
times of the aggregation process. Spermidine and putrescine additions yielded
similar but weaker effects. CD measurements demonstrated that the three
polyamines induce different aggregation pathways, involving different forms of
induced secondary structure. This is supported by AFM images showing that the three polyamines induce Af(1—40) aggregates
with different morphologies. The results reinforce the notion that designing suitable ligands which modulate the aggregation of
Ap peptides toward minimally toxic pathways may be a possible therapeutic strategy for Alzheimer’s disease.

KEYWORDS: Alzheimer’s disease, amyloid-beta peptide, natural polyamines, protein—ligand binding, protein aggregation-pathway,
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distinctive hallmark of Alzheimer’s disease (AD) is the

aggregation of amyloid-beta (Af3) peptides into fibrils and
amyloid plaques.'™ After being cleaved from the trans-
membrane amyloid precursor protein (APP),* the 39—43
residue long AB peptides preferably adopt a random coil
structure in solution.” Relocated to a membrane environment,
they may adopt an a-helical structure,® while aggregated fibrils
consist of stacked Af peptides in parallel Fsheet structure.”®
The mechanisms behind these structural transitions are still
unclear. During the aggregation process, various intermediate
oligomeric assemblies of A peptides are formed, and evidence
is building that such oligomers are the toxic species involved in
AD pathology.”™"" However, much still remains to be
understood about (Af) peptide toxicity, aggregation, and
interaction with small molecules such as lipids, drugs, proteins,
and ions.

The negatively charged N-terminus of the Af peptide binds
metal ions like copper(Il) and zinc(II) with high affinity.">™"¢
Such binding promotes peptide aggregation and alters the
aggregation pathways.'” ™" Hence, as elevated levels of copper
and zinc have been found in brains of AD patients,w’21 metal
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ions may play a role in Alzheimer’s disease progression. But
also positively charged polyamines such as spermine,
spermidine, and their precursor putrescine (Supporting
Information Figure S1) display abnormal distribution patterns
in brains of AD patients. One study reported that the
spermidine levels were increased by 70% in the temporal
cortex of AD-affected brains, while the levels of spermine and
putrescine were decreased by, respectively, 28% in the temporal
cortex and 35% in the occipital cortex.”>”>* Polyamine
metabolism furthermore becomes up-regulated in the presence
of AP peptides.”® This raises the question whether charged
polyamines could interact with Af peptides and/or be involved
in AD disease progression.

The natural polyamines are small and flexible multivalent
cationic alkylamines (Supporting Information Figure S1) that
are essential for eukaryotic cell growth. The normal cellular
concentrations are around 1 mM for spermine (C;,H,(N,), and
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Figure 1. "H—""N-HSQC amide region spectra at 5 °C of 100 uM '*N-labeled Af(1—40) peptide in 20 mM sodium phosphate buffer at pH 7.3,
before (blue) and after (red) addition of 200 uM polyamine: (A) putrescine, (B) spermidine, and (C) spermine.
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Figure 2. NMR chemical shift differences in '"H—'°N-HSQC spectra at 5 °C of 100 uM "“N-labeled Af(1—40) peptide in 20 mM sodium phosphate
buffer at pH 7.3, after addition of 200 M spermidine and evaluated from the data in Figure 1.

slightly higher for spermidine (C;H;oN;) and putrescine
(C,H;,N,).>” At physiological pH the polyamines appear
tully protonated, displaying charges of +2 for putrescine, +3 for
spermidine, and +4 for spermine.28 Through interactions with
negatively charged regions of DNA, RNA, and proteins, the
polyamines regulate gene expression,” promote cell migra-
tion,®® and affect the organism’s resistance to stress and
infectious diseases.’®~*> Cancer cells often display dysregulated
polyamine metabolism,*® and inhibition of polyamine synthesis
has been shown to break down the actions of known
oncogenes. For these reasons, drugs have been developed
that target polyamine metabolism. One example is 2-
difluoromethylornithine (DMFO), a specific inhibitor of
ornithine decarboxylase (ODC) for regulating putrescine,
which has proven effective in the treatment of certain hyper-
proliferative and infectious diseases.>*

Polyamines are localized inside and outside of cells, as well as
in the plasma membrane.>**® The localization of the Af
peptides in relation to their role in the development of AD
pathology has been the subject of debate. Even though the
extracellular senile plaques have Af as their major constituent,
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recent work suggests that intracellular Af has an important role
for the formation of amyloid material>”*® It therefore appears
likely that polyamines and Af have several potential interaction
sites in vivo, particularly in cellular organelles, in the cytoplasm,
and inside neuronal cells. Neuron degeneration is of course
what ultimately makes AD fatal, and polyamines regulate
important specific receptor—ligand interactions in the neuronal
cells. For example, polyamines activate N-methyl-D-aspartate
(NMDA) receptors and block the AMPA receptor.”” The
observation that polyamines promote aggregation of the a-
synuclein protein involved in Parkinson’s disease’” demon-
strates that polyamines can modulate also neurodegenerative
disease processes. Consequently, it has been suggested that
polyamines could aggravate the neuronal damage associated
with AD.>* In vitro studies of polyamine—Af interactions may
therefore be important for understanding some of the basic
mechanisms of AD pathology.

In this work, we used circular dichroism (CD) and NMR
spectroscopy, kinetic thioflavin-T (ThT) measurements via
fluorescence spectroscopy, atomic force microscopy (AFM)
imaging, and molecular dynamics (MD) and docking

dx.doi.org/10.1021/cn300170x | ACS Chem. Neurosci. 2013, 4, 454—462
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Figure 3. ThT fluorescence assays describing amyloid formation kinetics of 10 uM Af(1—40) peptide in the presence of 0 uM (white circles), 10
UM (black circles), 100 4M (white triangles), and S00 M (black triangles) polyamines, measured in a SO mM Tris buffer at pH 7.4 and +37 °C: (A)
putrescine, (B) spermidine, and (C) spermine.

Table 1. Lag Time (tlag) and Transition Time (#,,,,) for Amyloid Formation Kinetics of 10 uM Af(1-40) Peptide in the
Presence of 0, 10, 100, or 500 M Polyamines (putrescine, spermidine, or spermine), Measured in 50 mM Tris Buffer at pH 7.4
and +37 °C“

putrescine spermidine spermine
Ap(1-40)
only 10 uM 100 uM 500 uM 10 uM 100 uM 500 uM 10 uM 100 uM 500 uM
lag time, t,, (h) 49 +£2.1 47 £23 44 £21 42+18 45+19 33+13 21+06 25+08 1.9 + 04 1.9 £ 04
transition time, 7.1 +32 82+37 75+32 66+24 70x27 S59+17 45+12 55+18 42+11 41+038

t

trans

“The ti,; and t,,, times were obtained from fitting eq 1 (see Methods) to ThT fluorescence assays.

simulations to investigate the interactions between the change upon addition of excess EDTA (data not shown),
monomeric Af(1—40) peptide and the three polyamines indicating that the observed effects are not caused by
spermine, spermidine, and putrescine, and to monitor the contamination of metal ions. The tetravalent spermine
effects of these three polyamines on Af peptide aggregation molecule appears to be the strongest binder, as it induces the
and fibrillization. largest chemical shift changes for a given polyamine

concentration (Figure 1). After addition of large amounts of
B RESULTS polyamines most A(1—40) amide crosspeaks have lost their

intensities, save for V40 (Supporting Information Figure S3).
This suggests that the A peptide monomers have aggregated
into a state where only this nonbound residue remains flexible
enough to show a strong NMR signal. Similar aggregated states
with flexible C-termini have previously been observed in studies
of Af interaction with various small molecules.*

Thioflavin T Kinetic Assay. Thioflavin T (ThT)

NMR Spectroscopy. In order to slow down the aggregation
process and allow studies of monomeric Af(1—40) peptide, the
NMR experiments were performed at low temperature and
without agitation. The '"H—""N-HSQC NMR spectra of "*N-
labeled Af(1—40) before and after addition of polyamines
(Figure 1) demonstrate clear differences in amide chemical
shifts and decreased cross-peak intensities, proving that all three ) ; -
polyamines bind to the monomeric AB(1—40) peptide with fast ﬂuores.cence is con.51dered a very sen51t%ve marker for the
exchange on the NMR time scale. In particular, the amide amyloid state of various aggregating proteins and peptides, as

cross-peaks of Af residues 4—7, 15—17, and 27—28 display ThT in solution displays weak fluorescence in its free form but

. 41
significant chemical shift changes in the presence of poly- strong fluorescence when bound to aggregated amyloid fibrils.

amines, indicating specific interactions at these three locations However, the mechanism of ThT binding to am.yiloidogenic
(Figure 2 and Supporting Information Figure S2). The aggregates is not flilzly understood, and false positive results
chemical shift changes do not display any pattern typical for have been reported.™ Thus, ThT binding studies are best used

induction of well-ordered secondary structures, such as a- in combination with other results. Here, ThT kinetic
helical or ff-sheet conformations. Because the three polyamines fluorescence assays were performed to investigate the effect
induce strikingly similar chemical shift changes, they all appear of different concentrations of the three polyamines on Ap(1-
to interact with the Af peptide in a similar manner. The Aj/ 40) amyloid formation. The resulting kinetic fluorescence
polyamine interaction is further supported by the chemical shift curves, obtained using partially agitating conditions, are shown
changes induced in the 1D NMR spectra of the polyamines in Figure 3. Lag and transition times, calculated from eq 1, are
when Af(1—40) is added (Supporting Information Figure S4). shown in Table 1. All three polyamines promote aggregation of
From the NMR data, it is not possible to tell if the polyamines the AB(1—40) peptide, with spermine being the most efficient
bind with a 1:1 ratio, or if several polyamines bind to different and putrescine the least efficient promotor. For 10 uM of free

loci on the same Af molecule. The NMR spectra did not AB(1—40) peptide, the lag time is 4.9 h and the transition time
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Figure 4. CD data describing kinetics of secondary structure transitions of 10 uM Af(1—40) peptide in a 20 mM sodium phosphate buffer at pH 7.3
and 37 °C, after 0, 1,2, 3, 4, 5, 6, 7, 8, and 10 h incubation with 100 uM of added polyamine: (A) no polyamines, (B) putrescine, (C) spermidine,
and (D) spermine. Row 1 shows recorded CD spectra, while row 2 shows CD intensities at 198 nm (open circles) and 216 nm (filled circles) plotted

versus time.

is 7.1 h under the present conditions. After addition of 10—500
UM spermine, the lag time becomes around 2 h, and the
transition takes 4—5 h (Table 1; Figure 3C). For spermidine,
the lag time remained virtually unchanged after a 10 uM
addition, but decreased to 3 h in presence of 100 uM
spermidine, and to 2 h after addition of 500 yM spermidine
(Table 1; Figure 3B). The transition times show a similar
concentration-dependency, decreasing from 7 h for pure Af
peptide to 6 h with 100 #M spermidine and to 4.5 h with 500
UM spermidine. Again, adding only 10 yM spermidine had no
significant effect. For putrescine, the effects are very modest, as
the 10, 100, and 500 M additions decrease the lag time from
4.9 h to, respectively, 4.7, 4.4, and 4.2 h. The transition times
change by respectively +1.1, +0.4, and —0.5 h. Thus, the lower
putrescine concentrations actually seem to prolong the
fibrillization process (Table 1; Figure 3A). Control experiments
showed that addition of EDTA did not shift the ThT
fluorescence curves (Supporting Information Figure SS), nor
did the polyamines themselves increase the ThT fluorescence
in absence of Af} peptide (data not shown). Measurements in
presence of 0.1—100 mM NaCl confirmed previous results*
that salt concentration to some extent affects amyloid formation
and the corresponding ThT curves. However, the effects
induced by the polyamines are too large to be explained by
changes in ionic strength alone (Supporting Information Figure
$6).

CD Spectroscopy. CD spectroscopy was used to monitor
the kinetics of the secondary structure conversions of 10 M
Ap(1—40) peptide at 37 °C during 10 h, both in the absence
and presence of polyamines (100 uM putrescine, spermidine,
or spermine). In Figure 4, CD spectra obtained using partially
agitating conditions and recorded with 1 h intervals are shown.
At time zero, the A#(1—40) peptide displays a random coil CD
spectrum, with a distinct negative peak around 198 nm. In the
absence of polyamines, the CD spectrum gradually adopts a
different shape with a positive peak emerging around 197 nm
and a negative peak around 216 nm (Figure 4A). The CD
signals at 198 and 216 nm are shown as a function of time in
Figure 4, demonstrating that the structural transition for free
AB(1—40) begins after ca. 4 h, and is completed after ca. 6 h.

457

The final spectrum is characteristic of an antiparallel § sheet
structure, and the isodichroic point around 206 nm indicates a
1:1 structural transition. These results are in line with previous
research, as beta sheets are known to be the building blocks of
aggregated A fibrils.”

In the presence of 100 yM putrescine, a similar behavior is
observed (Figure 4B). After 4 h, the random-coil Af peptide
slowly starts to adopt a conformation characterized by two
positive peaks around 194 and 204 nm, and two negative
minima around 216 and 224 nm. Such a spectrum might result
from a heterogeneous secondary structure, possibly involving a
mixture of parallel and antiparallell beta sheets, with minima
around respectively 215 and 222 nm, and perhaps even
containing some a-helix conformation with minima at 208 and
222 nm.*** This result indicates that the AB peptide with
bound putrescine converts into a different secondary structure
than the pure A(1—40) peptide. The isodichroic point at 210
nm indicates a general 1:1 transition, which appears not to be
fully completed even after 10 h, suggesting slow structural
conversion when putrescine is present.

Addition of 100 M spermidine, on the other hand, induces a
rapid structural change that begins after 1 h and ends after 3—4
h (Figure 4C). In the presence of spermidine, the A peptide is
converted into a structure displaying a positive CD peak around
196 nm and a negative peak around 216 nm (Figure 4). This
appears to be the same antiparallel S-sheet structure as that
formed by Af(1—40) alone. The 1:1 transition is evidenced by
the isodichroic point at 206 nm. After 4 h, the CD spectrum no
longer changes its shape, but the CD signal instead grows
weaker, most likely a result of peptide aggregation.

Figure 4D shows the kinetic behavior of AS(1—40) in the
presence of 100 #M spermine. Again a structural transition is
observed, yielding a CD spectrum with a positive peak around
203 nm and a negative peak with two minima around 216 and
224 nm. This resulting spectrum is similar to the putrescine-
induced CD spectrum, suggesting that the two polyamines
induce similar secondary structures in AS(1—40). The
structural change is very fast: it begins after 1 h and is
completed after 4 h, after which the CD spectrum starts to lose
signal intensity, most likely a result of peptide aggregation.

dx.doi.org/10.1021/cn300170x | ACS Chem. Neurosci. 2013, 4, 454—462
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Figure S. Scanning force microscopy images of aggregated A(1—40) peptides, after 6 h (row 1) or 24 h (row 2) of room temperature incubation in
50 mM TRIS buffer at pH 7.4 and different amounts of added polyamines: (A) no polyamines, (B) 25 uM putrescine, (C) 125 uM putrescine, (D)
25 uM spermidine, (E) 125 uM spermidine, (F) 25 uM spermine, and (G) 125 uM spermine. Each image measures 2 X 2 ym.
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Figure 6. Different possible conformations of the AB(1—40) peptide in complex with putrescine (A, D, and G), spermidine (B, E, and H) and

spermine (C, F, and I), after 10 ns of MD simulation. Initial structures were obtained by docking using the HEX docking server.”’

Shown here are

different conformations of the polyamines complexed with the same isoform of A#(1—40) from the NMR fits, and a number of key interactions have
been highlighted (see main text for further interaction details). Coordinates of 27 runs using three different conformations of each of three
polyamines and three different isoforms of the peptide are provided in the Supporting Information, as are coordinates of the relaxed uncomplexed
form of the peptide for all nine computationally amenable isoforms provided in the NMR fit.

Thus, both the structural conversion and the peptide
aggregation processes seem to occur at an enhanced rate
when spermine is present, and it is likely that both processes
take place in parallel, which might explain why no isodichroic
point is observed.

AFM Measurements. Atomic force microscopy (AFM)
was used to examine the morphologies of the aggregated Af
peptides, as different aggregation pathways seem to produce
different fibril structures that may vary in length, width,
curvature, and so forth.”*” In Figure 5, we show AFM images of
AB(1—40) peptides that have fibrillated either alone (Figure
SA) or in the presence of different polyamines (Figure SB—G).
The aggregation products formed in the presence of poly-
amines clearly display different morphologies compared to the
AB(1—40) peptides aggregated in Tris buffer only, where no

aggregates were observed after 6 h and small globular
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aggregates had formed after 24 h (Figure SA). In the presence
of putrescine, the AB(1—40) peptides form a large number of
extensively cross-linked thin fibrils (Figure 4B and C). As
expected, the fibril formation increases with time and
putrescine concentration. When 25 yM spermidine is present,
the Af(1—40) peptides form large globular, possibly oligo-
meric, aggregates after 6 h, which assemble into a cluster after
24 h incubation (Figure SD). In the presence of 125 uM
spermidine, similar clusters of globular aggregates form already
after 6 h and grow into large cluster networks after 24 h (Figure
SE). Addition of 25 uM spermine yields formation of thin,
smooth, and isolated fibrils already after 6 h (Figure SF1). After
24 h, these isolated fibrils display little change, except for having
grown somewhat longer (Figure SF2). At the same, time small
globular aggregates of the same kind that are observed for
Ap(1—40) alone can be observed (Figure SF2; cf. A2). The

dx.doi.org/10.1021/cn300170x | ACS Chem. Neurosci. 2013, 4, 454—462
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aggregation in the presence of a higher spermine concentration,
125 uM, is markedly different. Now very large amorphous
aggregates are formed already after 6 h, and after 24 h the
aggregation is even more massive (Figure 5G).

Molecular Dynamics Simulations. Molecular dynamics
simulations were used to explore the interactions between
monomeric Af(1—40) and the three polyamines. Our CD data
indicate that the presence of polyamines triggers structural
transitions in the Af(1—40) peptides on time scales spanning
several hours. Such time scales are clearly beyond the scope of
computer simulations. We can therefore only study the initial
interactions between polyamines and the soluble peptide, in the
hope that this might provide clues for the very first steps of the
aggregation process. Thus, a relatively short simulation time of
10 ns was deemed sufficient to monitor these initial
interactions.

Figure 6 shows the resulting structures after 10 ns
simulations of A(1—40) in complex with either putrescine,
spermidine, or spermine. All three polyamines appear to
preferentially interact with N-terminal residues, and also with
some of the central and more ordered charged helical residues
such as D23. Three representative structures from the docking
ensemble are shown for each isoform, with key interacting
residues highlighted in the figure. The coordinates of the
corresponding structures for other selected isoforms of the
peptide are presented in the Supporting Information. All nine
presented structures were stable after 10 ns of simulation at 300
K when only neutralizing counterions were added (Figure 6).
When the ion concentration was increased, a gradual unraveling
of the helix around residues 23 and 27 was observed already
after 10 ns. This unraveled region corresponds to the flexible
hinge region when the Af peptide adopts a hairpin structure
(see discussion section below). The Af central helix has
previously been shown to completely unfold at 360 K during
the course of 20 ns simulation runs,*® while staying stable at
lower temperatures, suggesting that the observed stability
would not necessarily be maintained over much longer
simulation time scales (running the simulation at higher
temperature serves to accelerate potential conformational
transitions).

In our simulations, we see hydrogen bonding between Af
Lys16 and Aspl and Glu3 in the absence of polyamines, which
appears to be important for the structure (Supporting
Information Figure S8 and S9). These hydrogen bonds are
disrupted by the binding of the polyamines, which show a
preference for forming hydrogen bonding interactions with
charged Ap residues such as Aspl, Glu3, Asp7 and Asp23, as
well as also interacting with Arg$S, His6, Ser8, Tyr10 and Lys16.
These results tie in with the observation of significant NMR
chemical shifts for residues 4—7, 15—17, 23 and 27—28, even
though the MD data did not indicate interactions between the
polyamines and Af residues 27—28. In the absence of
polyamines, two of our three neutralizing Na* counterions
demonstrated a tendency to move toward the N-terminus: one
interacted with His6, Asp 7, and Ser8, and the other with Aspl,
Glu3, and Lysl16. This position is then replaced by the
polyamines, an observation in line with recent reports showing
that the major binding site for metal ions like copper and zinc is
located in the Af N-terminus.'#*7*®

B DISCUSSION AND CONCLUSIONS

In this study, we showed that the three polyamines spermine,
spermidine, and putrescine interact with and promote the
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fibrillation of Af}(1—40) peptides. Kinetic studies with ThT and
CD spectroscopy demonstrated significantly faster structural
transitions and aggregation of the AB peptide in presence of the
polyamines; the largest effects were seen for spermine, and the
smallest for putrescine (Figure 3 and 4; Table 1). The CD
measurements suggest that, in the presence of spermidine, the
monomeric A(1—40) peptides first convert from a random
coil to an antiparallel S-sheet structure and then aggregate in
this f-sheet form. This is compatible with previous observations
that Af peptides in hairpin f-sheet form constitute the building
blocks of aggregated A amyloid fibrils. After addition of
putrescine and spermine, the Af peptides adopt different — and
possibly heterogeneous — secondary structures of f-sheet or
even a-helix type before aggregating. These different pathways
induced by the different polyamines are confirmed by the AFM
imaging, which revealed different aggregation products in
presence of the three different polyamines.

NMR spectroscopy demonstrated that all three polyamines
bind to the monomeric AB(1—40) peptide, displaying fast
exchange on the NMR time scale. This suggests weak binding,
with probable Kj values in the millimolar range. The three
polyamines induced similar chemical shift changes in the
HSQC amide spectrum of the Af peptide, suggesting common
specific binding sites around residues 4—5, 15—17, and 27-28.
This is in agreement with the computational data, which also
indicates binding sites in the central and N-terminal parts of the
peptide (Figure 6).

Because the Ap peptide at neutral pH contains three
positively charged and six negatively charged residues
(excluding the charged termini), most of which are located in
the N-terminal and the middle part of the peptide, electrostatic
interaction between these regions and the positively charged
polyamines appears likely. Indeed, the MD simulations show
formation of hydrogen bonds between the polyamines and
many amino acids in these regions, including the negatively
charged residues Glu3, Asp7, Glu22, and Asp23. However, as
the NMR data indicate specific interactions with residues 15—
17 and 27-28 rather than the charged Glu22 and Asp23,
electrostatic attraction alone is not sufficient to explain all
binding interaction. The polyamines bind to an N-terminal
region known to be the binding site for metal ions like Cu(II)
and Zn(Il), suggesting that in vivo the polyamines might
compete with metal ions for binding to the Af peptide. This
possibility is corroborated by the computational results, which
show that the added polyamines compete out a bound sodium
ion upon binding to the N-terminus. As metals such as Cu(II)
bound to A may contribute to the toxic mechanisms behind
AD, possibly by combining redox reactions involving O, with
differentially promoting and modulating aggregation pathways,
binding competition between metal ions and charged poly-
amines could be a factor affecting AD progression. Other
molecules also compete for binding to the Af N-terminus, such
as apolipoprotein E, where charged residue interactions may
lead to a structural rearrangement that renders the protein
incapable of performing amyloid beta peptide clearance.*’

However, polyamines binding to the Af N-terminus or
elsewhere does not in itself explain why Af aggregation would
be promoted. Monomeric Af is mainly unstructured in aqueous
solution,” and a first step in A} aggregation may be the
transient formation of monomeric f-hairpins, which are prone
to self-assemble. The Ap peptide can readily form an
intramolecular hairpin with central and C-terminal segments
as legs, as demonstrated by solid-state NMR on AS(1—42)

dx.doi.org/10.1021/cn300170x | ACS Chem. Neurosci. 2013, 4, 454—462
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fibrils”® and by solution NMR on AB(1—40) in complex with
an engineered affibody molecule.>®' This conformation is
further supported by solution NMR studies showing a general
tendency for structure induction in the central and C-terminal
segments of AB*> The exact residues involved in the f-strand
formation varies between the reports, and may even vary
depending on the sample conditions. A reasonable estimate is
that residues 17—23 and 29—36 comprise the legs of the
hairpin, while residues 24—28 constitute the connecting hinge
region. Two hypothetical structure-altering mechanisms by the
polyamines then appear feasible: the polyamines may interact
with the core Af fragment and increase the stability of the
central region (as was observed in MD simulations of the
binding of Pep1B and Dec-DETA to Af),>* or the polyamines
may bind to the N-terminal and “pull” on the core fragment,
thus facilitating formation of the hairpin. Especially spermine,
with its higher charge and longer sequence of aliphatic
hydrocarbon chains, should be able to interact both with the
central and the N-terminal region (cf. Figure 6C and F), and
perhaps this is why spermine promotes Af} aggregation more
efficiently than spermidine and putrescine. On the other hand,
the existence of multiple polyamine binding sites on the Af(1—
40) peptide, observed in the NMR results (Figure 1 and 2) and
supported by the MD simulations (Figure 6), raises the
question whether one Af peptide may bind multiple poly-
amines (or vice versa). Hence, it is possible that the molecular
mechanisms behind the observed polyamine effects cannot be
explained from monomeric interactions alone. Elucidating
precise structural effects via molecular simulations of multiple
polyamines and multimeric forms of the Af peptide in varying
stoichiometry is however out of the scope of the present work.
Addition of polyamines furthermore increases the molecular
crowding in the sample, thereby possibly modulating the
amyloid formation process.>> Although the crowding is low
under the employed in vitro conditions, it cannot be ruled out
that increased crowding, due to polyamines and/or other
molecules, affects the A aggregation pathways in vivo.

Our present results provide atomic-level insight into the
structural dynamics of the Af peptide/polyamine interactions,
which helps to explain how the three different polyamines can
promote different aggregation pathways of the Af peptide.
These differential aggregation-facilitating mechanisms are
particularly important in light of recent evidence showing
that the toxic species in Alzheimer’s disease is not the
aggregated fibrils, but rather the intermediate oligomers.gf11
As different intermediate states show varying levels of toxicity,
the observed modulation of the aggregation pathways by the
naturally occurring polyamines remind us that the key to
fighting Alzheimer’s disease might not be to prevent Ap
aggregation per se, but to direct the aggregation toward a
minimally toxic path.>

B METHODS

Af(1-40) Peptide Preparation. Spermine, spermidine, and
putrescine were purchased from Sigma Inc. The 40 aa long amyloid-
S peptide AB(1—40) was bought either unlabeled or '*N-labeled from
AlexoTech AB (Umed, Sweden) and prepared according to previously
described protocols.*”

Thioflavin T (ThT) Fluorescence Assays. A 10 mM ThT stock
solution was prepared in SO mM tris buffer pH 7.4 and filtered to
remove ThT particles. To aliquots of this solution was added
polyamines in suitable amounts, and last freshly prepared Af(1—40)
peptide, yielding final samples containing S M ThT, 10 uM AS(1—
40), SO mM Tris buffer, and 10, 100, or S00 4M polyamine (spermine,
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spermidine, and putrescine). For some control measurements, 1 mM
EDTA was added, while other control experiments were carried out in
presence of 0.1—100 mM NaCl. All buffers and samples were prepared
on ice. The samples were pipetted into a well-plate with 384 wells,
holding 45 uL each. Fluorescence measurements were recorded with
an Infinite M1000 PRO microplate reader every 1S min, using
excitation and emission wavelengths of 446 and 490 nm, respectively.
The plate was held at +37 °C, and the wells were automatically shaken
30 s before each measurement step. Each sample was prepared in
duplicate, and average fluorescence signals were calculated after
subtracting the baseline fluorescence of control samples without
Ap(1-40) peptide. The fluorescence intensity (I) data were fitted to a
sigmoid curve with a sloping baseline, using the equation:

I(t) = kit + A/(1 + exp(—k,(t — t1/2))) (1)

where the parameter k; describes the sloping baseline, A is the
amplitude, k, is the elongation rate constant, and t, /, is the time of half
completion of the aggregation process. The lag time (tlag) can then be
defined as the intercept between the time axis and the tangent with
slope k, from the midpoint of the fitted sigmoidal curve, that is, f,; =
ti, — 2/ k.>” By similar reasoning, the completion time is t; n+ 2/k
and it follows that the total transition time (fy,,s) is 4/k.

Circular Dichroism (CD). Circular dichroism (CD) spectroscopy
was carried out on 400 L samples of 10 uM Af(1—40) peptide in 20
mM sodium phosphate buffer at pH 7.3, either in the absence or in the
presence of 100 uM of one of the polyamines (spermine, spermidine,
or putrescine). The samples were put in a 2 mm path-length quartz
cuvette with a plastic cap, kept at +37 °C, and subjected to 30 min
alternating steps of shaking/nonshaking. During the 30 min of shaking,
the cuvettes containing the samples were put on a shaking board
operating at 225 rpm and +37 °C. During the 30 min of nonshaking,
the cuvettes with the samples were kept inside the CD instrument (a
Chirascan CD unit from Applied Photophysics, Surrey, U.K.) at +37
°C, and CD spectra were recorded between 190 and 260 nm. In this
fashion, CD spectra were recorded once every hour across a 10 h
period.

Atomic Force Microscopy (AFM). Samples of 125 uM Af(1—40)
peptide were incubated with and without polyamines at room
temperature for 6 or 24 h. The samples were then diluted 1:1 with
Tris buffer (S0 mM at pH 7.4) and kept on freshly cleaved mica for 3
min. The excess liquid was shaken off, and the mica plate with
deposited sample was rinsed once with SO mM Tris buffer (pH 7.4)
and dried in a stream of dry nitrogen at room temperature. Specimens
were mounted on a Multi-Mode atomic force microscope (Digital
Instruments Nanoscope III), and images were collected in tapping
mode at frequencies around 70 kHz. The imaging was carried out in
air, using silicon cantilevers with an asymmetric tip and a force
constant of 3 N/m.

NMR Spectroscopy. A Bruker Avance 500 MHz spectrometer was
used to record 'H—""N-HSQC spectra at +5 °C of 100 yM “N-
labeled Af(1—40) peptide in 20 mM sodium phosphate buffer at pH
7.3 (90/10 H,0/D,0), both in the absence and presence of 200, 300,
or 500 uM polyamine (spermine, spermidine, or putrescine). For
some control measurements, also 1 mM EDTA was added. The
spectrometer was equipped with a triple-resonance cryogenically
cooled probe head, and the spectra were referenced to the water signal.
All NMR measurements were done at +5 °C to slow down the
aggregation process. The assignment of the amide peaks for the
AB(1—40) peptide is known from previous work.*>

Computational Protocol. The initial atomic coordinates of the
AB(1-40) peptide®® were obtained from the Protein Data Bank,
accession code 1BA4. Simulations were performed on the native,
uncomplexed, monomeric form of A#(1—40) and on the peptide in
complex with putrescine, spermidine, and spermine. Best-fit
conformations of the peptide were obtained using the HEX docking
package,”® as outlined in the Supporting Information. In both the
native, unliganded form of the peptide as well as in the peptide—ligand
complexes, all ionizable residues were set to their default ionization
states at physiological pH (with the exception of histidines, which were
kept neutral), and the total system was neutralized by Na* or Cl~ ions
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as relevant. For comparison, we also performed simulations on the
uncomplexed form of the peptide in the presence of 200 mM NaCl
Ions were added using AmberTools 12, via the CHIMERA software
package.60 Molecular dynamics simulations of 10 ns using a 1 fs time
step were performed at 300 K following from a 125 ps equilibration
run in which the system was gradually heated from 30 to 300 K. All
simulations were performed using the MOLARIS simulation package
and the ENZYMIX forcefield.%" Further simulation details can be
found in the Supporting Information.

B ASSOCIATED CONTENT

© Supporting Information

Additional NMR measurements, ThT measurements, and
molecular dynamics simulations, as Figures S1—S9. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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