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Abstract

Aggregation of the amyloid B (A) peptide yields both fibrillar precipitates and soluble oligomers, and is associated with Alzheimer’s
disease (AD). In vitro, Cu®* and Zn>" strongly bind AB and promote its precipitation. However, less is known about their interactions
with the soluble oligomers, which are thought to be the major toxic species responsible for AD. Using fluorescence correlation spectros-
copy to resolve the various soluble species of AB, we show that low concentrations of Cu®>" (1 pM) and Zn*>" (4 pM) selectively eliminate
the oligomeric population (within ~2 h), while Mg®" displays a similar effect at a higher concentration (60 uM). This uncovers a new
aspect of AB—metal ion interactions, as precipitation is not substantially altered at these low metal ion concentrations. Our results suggest
that physiological concentrations of Cu®>" and Zn>" can critically alter the stability of the toxic Ap oligomers and can potentially control

the course of neurodegeneration.
© 2006 Elsevier Inc. All rights reserved.
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Deposition of the amyloid 3 peptide in the brain is a path-
ological hallmark of Alzheimer’s disease (AD) [1]. In vitro,
Zn*" and Cu®" bind APBi_40 with binding constants of
~5 puM and ~15 nM, respectively [2-4]. These divalent cat-
ions also increase the rate of AP aggregation by 100- to
1000-fold when present at more than 100 pM concentration
[5]. In vivo, these metal ions co-precipitate with Ap and have
been suspected to play a role in AD pathology [6,7].

However, the soluble oligomeric species of A are now
believed to be the dominant agents of AP neurotoxicity
[8—14]. The soluble AP load in the brain, especially that of
APi_40, has been found to be a better predictor of the severity
of AD compared to the amount of insoluble A deposits[15].
If metal ions do play a role in AD, it is likely that they affect
these oligomeric species, but very little is known about such
interactions. Here, we investigate how the different soluble
species of AP are perturbed by different divalent cations,
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viz., Zn>*, Cu®*, and Mg?", at various concentrations. We
also probe the kinetics of these perturbations.

Various scattering (dynamic light scattering, small angle
neutron scattering) [16,17], size exclusion chromatography
[18], and imaging techniques (atomic force microscopy and
electron microscopy) [9,16,19] have been used to character-
ize the AP oligomers in vitro. Depending on the method of
preparation and characterization, several soluble species of
AP have been detected. They have been classified into low
molecular weight (LMW) oligomers (up to 6-mer, 2-3 nm),
spherical oligomers (8-10 nm or larger), and protofibrils or
large oligomers (~50 nm) [9,10,16,18]. We have shown that
fluorescence correlation spectroscopy (FCS) [20,21],
together with the MEMFCS data analysis algorithm [22],
is a sensitive optical technique for resolving aggregate sizes
in a solution. FCS makes it possible to measure the size dis-
tribution in the solution state over a wide range of sizes
(from monomers to the largest soluble particles) and con-
centrations (from nM to mM), with a good time resolution
(~1 min). AP oligomers of different sizes, corresponding to
some of the species found with other techniques, have been
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observed by FCS [23]. Here, we employ FCS to study the
effects of Cu®", Zn®>", and Mngr at several concentrations
on each of the soluble species of Ap.

Theory
Fluorescence correlation spectroscopy

The measured variable for FCS experiments is the tem-
poral autocorrelation G(t) of the fluorescence fluctuation,
which is defined as

Glr) = (6F(l)6F(t2+ 7))
(F (1))
where 3F(1) is the fluctuation in fluorescence at time ¢ about
the average fluorescence (F (1)) [21]. G(z) is related to the
characteristic time 7, for a particle to diffuse through the
probe volume. For a three-dimensional Gaussian-shaped
probe volume (a reasonable approximation to our experi-
mental setup) with r and / as the characteristic radial and axi-
al dimensions (i.e., where the Gaussian function drops to 1/¢?
of its value at the maximum), G(7) for a solution with n non-
interacting fluorescent species is given by [22]

(1)
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where 15, = 72/4 D;, D; is the diffusion constant (inversely
proportional to the hydrodynamic radius of the species i)
and b, is the relative weight of ith component. b; is directly
proportional to the concentration and also to the square of
the brightness of the species i [21].

G(7)

Obtaining the size distribution from FCS data

Conventional models used to fit FCS data assume a
small number of diffusing species and are adequate for
describing simple systems with limited heterogeneity. Such
an approach is inadequate for extracting physically mean-
ingful inferences from an aggregating protein solution
where a large number of species of different sizes may coex-
ist. We use a maximum entropy method-based data analy-
sis algorithm (MEMFCS) [22]. This, using Eq. (2),
interprets the data in terms of a quasi-continuous distribu-
tion of particle sizes (here we use 150 components) and
yields the widest possible size distribution that is consistent
with the data. To follow the kinetics of aggregation, we
make repeated FCS measurements in time (starting from
the time of preparing the solution) and assume that the
kinetics are slow enough so that the system can be consid-
ered to be in a quasi-equilibrium state during each FCS
measurement.

Materials and methods

Preparation of AP solutions for FCS measurements. AP;_49 was
purchased from American Peptide Company (Sunnyvale, CA) and

rhodamine-labeled AB; 40 (RAP;_40) was purchased from RPeptide
(Athens, GA). Powdered A was weighed and directly dissolved in Hepes
buffer [compositions 20 mM Hepes (Sigma-Aldrich, MO), 150 mM NaCl,
and 5mM KCI] at pH 7.4. All salts used were recrystallized twice in
distilled water to eliminate trace impurities. To probe the effect of the
metal ions on AP aggregation, a Hepes-buffered solution containing
60 UM ABj_4 and 100 nM RAB; 40 (the latter is a reporter molecule
present at low concentrations) is prepared and distributed in different
aliquots. At this concentration the solutions are initially supersaturated,
and visible precipitates are observed within 2 days. Freshly prepared ali-
quots are incubated with different concentrations of Zn**, Cu®* or Mg*"
(all added as their respective chloride salts) for 48 h. The concentrations of
the metal ions used do not exceed their solubility in Hepes as was con-
firmed by scattering measurements performed on the solutions using a
fluorimeter (Fluoromax-3, Jobin Yvon Horiba, Edison, NJ). All the
solutions are then centrifuged at 2000g for 20 min to get rid of heteroge-
neous large particles present in the solutions, and the supernatants are
taken for FCS studies.

FCS measurements. FCS experiments are performed with a home-built
spectrometer using single-photon excitation as described elsewhere [24].
Briefly, the experimental setup consists of a high-numerical aperture
objective lens (60x, 1.2 NA, water immersion, Nikon, Melville, NY),
which focuses a continuous wave green He—Ne laser (1.2 mW at 543.5 nm,
Jain Laser Technology, Mumbai, India) beam into the sample. The laser
power at the objective back aperture is kept typically below 100 uW.
Fluorescence is collected through the same microscope objective, sepa-
rated from the excitation light by both a dichroic mirror (560DCLP,
Chroma Inc., Brattleboro, VT) and an emission filter (585DF40, Chroma
Inc., VT), and focused with an achromat lens (F = 150 mm, Newport,
Irvine, CA) onto a multimode fiber (50 pm core diameter, Newport). The
other end of the fiber is connected to a fiber-coupled APD detector
(SPCM-AQR-150, Perkin-Elmer, Fremont, CA). The detector signal is
then processed with an autocorrelator card (ALV5000E, ALV Laser
VmbH, Langen, Germany). The correlation decay traces are then fitted
with Eq. (2) using the MEMFCS algorithm [22].

Measurement of Af content in the solution. AP 40 has a tyrosine resi-
due at the 10th position whose fluorescence is used as a measure of the AP
concentration in the solution. The tyrosine residue is excited at 285 nm
and the emission spectra are recorded from 295 to 350 nm.

Results
Size distribution in an aggregating Af solution

We use fluorescence correlation spectroscopy (FCS) to
measure the total size distribution of the soluble particles
present in a 60 uM A solution, soon after the preparation
of the solution. The FCS data with the fit (obtained using
the MEMFCS fitting routine [22]) are shown in Fig. 1A
(stars), where the abscissa corresponds to the delay time
and the ordinate corresponds to the normalized autocorre-
lation value (see Eq. (1)). The size distribution obtained
from the fit is shown in Fig. 1B (stars). Here, the abscissa
indicates the hydrodynamic size of the particles in nanome-
ters, and the ordinate represents the population weighted
by the square of the particle brightness (see Eq. (2)). The
size axis is calibrated using Rhodamine B (hydrodynamic
radius = 0.78 nm) as a standard (filled squares, Fig. 1B).
The size distribution shows three predominant peaks. The
first peak contains particles from 1.2 to 3.0 nm. The esti-
mated size of an AR monomer is 1.6 nm, hence this peak
primarily contains monomers and low molecular weight
oligomers. The second peak ranges from 50 to 120 nm
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Fig. 1. Effect of Zn>" on the particle size distribution of an AP solution.
(A) Fluorescence autocorrelation data (discrete symbols) as a function of
delay time with the corresponding fitted curves (continuous lines). Freshly
prepared AP without centrifugation (stars); AP centrifuged 48 h after
preparation (open circles); Ap incubated with 4 pM Zn?", centrifuged 48 h
after preparation (upright triangles); similar preparation incubated with
50 uM Zn®" (inverted triangles); and 600 uM Zn?" ( open squares);
Rhodamine B in buffer (filled squares). (B) The particle size distribution
obtained from fitting of the data in (A). The abscissa is calibrated using
Rhodamine B as a standard. The ordinate represents concentration
weighted by the square of the particle brightness.

particles which are the larger oligomers. The third peak
shows even bigger particles (>1 pm). The particles in this
size range are too large to be sustained in the solution,
and they precipitate in the time scale of minutes to hours.

Effect of metal ions on a quasi-stable Af solution

We then investigate the effect of Zn*", Cu?*, and Mg>"
ions on the different soluble species of AB. A solution con-
taining 60 uM AP is incubated for 48 h at room tempera-
ture with these metal ions at various concentrations.
Finally, the solutions are centrifuged for 20 min at 2000g
to precipitate any insoluble species and the supernatants
are collected for FCS measurements.

We use Zn”" concentrations of 4, 50, and 600 uM, and
also record data from a rhodamine solution and a control
AB solution (without any metal ions added). Fig. 1A shows
the FCS data with the fit and Fig. 1B shows the size distri-
bution obtained from these solutions. The control solution
shows two peaks (Fig. 1B, open circles). The first peak

extends from 1.0 to 3.5 nm, clearly indicating the presence
of the monomers and the LMWs and the second peak
extends from 20 to 130 nm, indicating protofibrils or larger
oligomers or both. Remarkably, even with the lowest con-
centration of Zn>" (4 uM), the larger species disappear and
only the monomer-like species remain (Fig. 1B, upright
triangles).

Similar experiments are performed with Cu?" in the
buffer at concentrations of 1, 10, and 100 uM. The FCS
data with the fit and the size distribution are presented in
Fig. 2A and B, respectively. The dataset shows the control
specimen (open circles), and specimens containing 1 uM
Cu”" (upright triangles), 10 pM Cu*" (inverted triangles),
and 100 uM Cu”" (open squares), respectively. It can be
seen that Cu®" also makes the larger oligomers disappear
even at the lowest concentration used (1 pM).

The results obtained from solutions containing Mg~ at
concentrations of 0 pM (open circles), 4 pM (upright trian-
gles), 60 uM (inverted triangles), and 1 mM (open squares)
are shown in Figs. 3A and B. Fig. 3A presents the FCS
data with the corresponding fit and Fig. 3B presents the
particle size distributions. The size distribution obtained
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Fig. 2. Effect of Cu®" on the particle size distribution of an AP solution.
(A) Fluorescence autocorrelation data (discrete symbols) as a function of
delay time with the corresponding fitted curves (continuous lines). AP
centrifuged 48 h after preparation (open circles); AP incubated with 1 pM
Cu®', centrifuged 48h after preparation (upright triangles); similar
preparation incubated with 10 pM Cu®* (inverted triangles); and 80 pM
Cu®" (open squares); Rhodamine B in buffer (filled squares). (B) The
particle size distribution obtained from fitting of the data in (A).
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Fig. 3. Effect of Mg”" on the particle size distribution of an Ap solution.
(A) Fluorescence autocorrelation data (discrete symbols) as a function of
delay time with the corresponding fitted curves (continuous lines). AP
centrifuged 48 h after preparation (open circles); AB incubated with 4 pM
Mg®", centrifuged 48 h after preparation (upright triangles); similar
preparation incubated with 60 pM Mg®" (inverted triangles); and 1 mM
Mg®" (open squares); Rhodamine B (filled squares). (B) The particle size
distribution obtained from fitting of the data in Fig. 1A.

from the AP solution incubated with 4 pM Mg?" (upright
triangles) shows both the peaks unlike the solutions incu-
bated in presence of similar concentrations of Zn>" and
Cu*". 60 uM and 1 mM of magnesium make the oligomers
disappear (inverted triangles and open squares, respective-
ly). The solutions in which the oligomers disappear also
show a narrowing and leftwards shift of the first peak,
which indicates a simultaneous decrease of the LMW pop-
ulations in these solutions. The second peak actually
appears to grow upon incubation with 4 pM Mg>". How-
ever, while the position of a peak in MEMFCS analysis
is robust, its height and width can vary somewhat depend-
ing on the errors of the data [22]. Therefore, the growth of
the second peak may not be significant.

Kinetics of disappearance of the oligomers

The results shown above are obtained from AP solu-
tions incubated with metal ions for ~2 days. We investi-
gate whether the actual disappearance of the oligomers
occurs at a faster time scale. We add 1 uM Cu’' to an
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Fig. 4. Evolution of the size distribution of an A solution after addition
of 1 uM of Cu®*. (A) Before addition of Cu®", it shows monomer and
oligomers (the tail of the distribution). The black thick arrow shows the
time at which 1 pM Cu?" is added. (B) After 45 min of Cu®" addition; (C)
after 1 h of Cu®" addition; (D) after 2 h of Cu®>" addition and (E) after two
and a half an hour of Cu®" addition.

AP solution containing the oligomers and record FCS
data every 3 min. Fig. 4 shows the time development
of the particle size distribution from the A solution
before and after the addition of Cu®*. Initially, in the
absence of the metal ions, the particle distribution is
broad and its tail extends up to ~1 pm. Within 45 min
of application of Cu®", the initial broad distribution is
separated into two parts. The first part, with a peak at
3nm, is narrower than before and extends up to
~10 nm, while the second part represents larger particles
and ranges from 100 to 400 nm. Within 2 h after the
addition of the Cu*", the oligomeric peak completely dis-
appears, and now the size distribution extends only up to
~10 nm. The oligomers do not reappear later (see time
point E, 2.5h).

Effect of metal ions on the solubility of Ap

We further looked at the effect of these metal ions on the
saturation concentration (i.e., the total solubility without
regard to the soluble species) of AP by steady-state fluorim-
etry. The fluorescence at 305 nm upon excitation at 285 nm
reports the fluorescence of the tyrosine residue at position
10 of AP and measures the total soluble AP present in
the solutions. We can see from Fig. 5 that the total soluble
AP content is not significantly affected by the presence of
1 uM Cu?? or 4 uM Zn>". However, a similar experiment
with 15 uM AB in the presence of 600 uM Zn*" reveals that
the soluble AP content after 2 days reduces by a factor of
10. Our results agree with the previous reports that Zn>"
and Cu®" at low concentrations does not increase Ap
precipitation significantly, but reduces its solubility at
higher concentrations (>100 uM) [5].
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Fig. 5. Precipitation of AR by metal ions. The bar graph shows the total
A concentration remaining in solution, 2 days after preparation.
Compared to plain buffer (normalized to unity), presence of 1 uM Cu*"
or 4 M Zn*" does not substantially alter A precipitation, while 600 pM
Zn*" reduces it by a factor of ~10.

Discussions

To understand the effect of metal ions on AD, it is
important to understand how metal ions interact with
the monomers and various types of aggregates. To date,
only the increased precipitation of AR by metal ions has
been studied. It is not known whether there is any selec-
tivity regarding the soluble species in this precipitation.
The different types of soluble aggregates characterized
in different experiments most likely have different levels
of toxicity [8—14], so such selectively can be rather signif-
icant. It is likely that the supramolecular structure adopt-
ed by these different oligomers actually modulates their
ability to bind metal ions. Therefore, in principle, metal
ion binding can have very different effects on the stability
of these individual species. FCS lets us uncover these
effects systematically.

Copper and zinc make oligomers disappear

FCS measurements on the supernatant of a 60 uM A
solution after 48 h of preparation show the presence of
oligomers in equilibrium with the monomers and LMWs
(Fig. 2B, open circles). The hydrodynamic size of the olig-
omers lies within 20-130 nm. Oligomers of similar sizes
have been reported earlier and have been characterized as
protofibrils [16]. Application of 1 uM Cu*" or 4 uM Zn*"
eliminate the oligomers (Fig. 2B and 1B, upright triangles).
If there is substantial precipitation of all the soluble species
of AP due to the presence of these metal ions, then such dis-
appearance may not be remarkable. However, it can be
seen from Fig. 5 that the saturation concentration of Af
does not change within the experimental errors in presence
of 1 uM Cu?* or 4 uM Zn>". Our results thus show that the
oligomers, a potent toxic species in AD, can be eliminated
with the application of small concentrations of Zn>" and
Cu?*", without substantially affecting the AP solubility.
However, we do not know whether the oligomers disappear

by dissociation or aggregation. The solubility measure-
ments show no increase of overall precipitation in presence
of Zn*" and Cu®*. This suggests that if the oligomers dis-
appear by mutual aggregation, then their overall popula-
tion must be too low to be detected by fluorimetry
measurements. We note that a mechanistic explanation of
why Cu®" and Zn>" are able to selectively precipitate the
oligomeric species remains to be found.

Precipitation of the monomers and LMWs by metal ions at
high concentrations

From Fig. 1B, 2B, and 3B it can be seen that the first peak
containing the monomers and LM Ws narrow down towards
smaller sizes at the higher metal ion concentrations. The fluo-
rimetry data in Fig. 5 suggest that the solubility of AP is con-
siderably less at high Zn>" concentrations. The overall
precipitation is 90% more for 600 uM Zn*" compared to
solutions lacking Zn**. It is also known that 30 uM Cu’**
induces 20% more precipitation of AB[25]. Our observations
thus suggest that the metal ions at high concentrations inter-
act with all soluble AP species including the large and the
small oligomers to form larger particles and promote precip-
itation. While Cu*" and Zn?" are known to specifically bind
AP, the effect of Mg”" is somewhat unexpected. It is possible
that the Zn>"- and Cu®"-binding mechanism of Ap (which is
mediated by His (6), His (13), and His (14) [26-28]) also helps
the binding of other divalent ions such as Mg>" at high
enough concentrations.

Possible physiological relevance

The normal concentrations of Zn** and Cu®" in the
cerebrospinal fluid are ~3 and ~1 puM, respectively [29],
which are similar to the concentrations of the Cu®" and
Zn*" we have used. During synaptic transmission, Zn>"
concentrations can reach 300 uM [30]. Zn>" is found co-
precipitated with AP in the amyloid plaques formed in
the brain and is thus suspected to be potentially harmful
in AD [6,7]. Instead, what we find suggests that Zn>"
(and Cu”") at such concentrations may actually be playing
a beneficial role. The oligomers of ~50 nm range are
known to be toxic [31]. Preferential precipitation of the
oligomers may be the natural way of keeping the toxic oli-
gomer population down in the brain. It is interesting to
note that concentrations of Zn*" and Cu®* are found to
be lower in the AD brains compared to the age-matched
controls [29]. If the oligomeric species are primarily respon-
sible for AD, then the ability of these ions to destabilize the
oligomeric species can potentially be an important key for
chemical intervention in AD.
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