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ABSTRACT: Precipitation of the 39-43-residue amyloidâ peptide (Aâ) is a crucial factor in Alzheimer’s
disease (AD). In normal as well as in AD-afflicted brain, the Aâ concentration is estimated to be a few
nanomolar. Here we show that Aâ1-40 precipitatesin Vitro only if the dissolved concentration is>14
µM. Using fluorescence correlation spectroscopy, we further show that the precipitation is complete in 1
day, after which the size distribution of Aâ monomer/oligomers in the solution phase becomes stationary
in time and independent of the starting Aâ concentration. Mass spectra confirm that both the solution
phase and the coexisting precipitate contain chemically identical Aâ molecules. Incubation at 68°C for
1 h reduces the solubility by<12%. Together, these results show that the thermodynamic saturation
concentration (Csat) of Aâ1-40 in phosphate-buffered saline (PBS) at pH 7.4 has a well-defined lower
limit of 15.5 ( 1 µM. Divalent metal ions (believed to play a role in AD) at near-saturation concentrations
in PBS reduceCsat only marginally (2 mM Mg2+ by 6%, 2.5µM Ca2+ by 7%, and 4µM Zn2+ by 11%).
Given that no precipitation is possible at concentrations belowCsat, we infer that coprecipitant(s), and not
properties of Aâ1-40 alone, are key factors in thein ViVo aggregation of Aâ.

Alzheimer’s disease (AD)1 (1) is the most common age-
related neurodegenerative disorder. This irreversible disorder
is caused by neuronal death, resulting in the impairment of
cognitive functions. Clinical investigations as well as experi-
ments on animal models suggest that the primary agent of
the neuronal death is a 39-43-amino acid polypeptide known
as amyloidâ peptide (henceforth called Aâ) (2-4). Aâ is a
natural component of cerebro spinal fluid (CSF) and blood
plasma, and is soluble under normal conditions (5-7). In a
diseased brain, it forms insolubleâ-sheet-rich (8, 9) fibrillar
plaques and diffusible aggregates which are cytotoxic
(10-12). Therefore, when and why Aâ loses its solubility
and how external agents may influence this process are
intensely studied questions.

The concentration below which a solute does not precipi-
tate is known as the equilibrium or thermodynamic saturation
concentration (Csat) of the solute. However, even when the

concentration of the solute is aboveCsat, it may not nec-
essarily precipitate within a finite time. Kinetic traps [which
may be “on” or “off” the pathway toward precipitation (13)]
or kinetic barriers [such as a “nucleation” barrier (14, 15)]
may indefinitely delay precipitation. An external agent that
influences aggregation may act either by modulating the
kinetic traps or barriers or by changing the thermodynamic
solubility (or both). It is thus important to have a quantitative
understanding of both.

The in ViVo concentration of Aâ in the CSF of a normal
brain is estimated to be in the low nanomolar range, and it
is not significantly higher in a diseased brain (5-7). This
has been taken to indicate that Aâ can aggregate at
approximately nanomolar concentrations, and its aggregation
is kinetically limited. In fact, epidemiology of Huntington’s
chorea, another closely related protein aggregation disease,
suggests nucleation-limited growth as the most consistent
explanation for the observed progression of the disease (15).
In Vitro studies of aggregation have thus largely focused on
the kinetics of precipitation of pure Aâ in a supersaturated
solution. Concentrations in the range of tens to hundreds of
moles per liter are typically used (16-18) to ensure that the
starting solution is supersaturated.

The determination ofCsat itself has received less attention.
It is important to quantifyCsat, as it represents the “safe”
limit of the Aâ concentration, below which no aggregation
can occur. If theCsatmeasuredin Vitro deviates significantly
from the estimated range of physiological concentrations, it
may indicate the presence of physiological factors that can
have a profound effect on the pathology. Even for modeling
nucleation-limited growth kinetics, it is crucial to measure
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the degree of supersaturation (Cinitial/Csat) in the solution that
is being studied. Also,Csatprovides a convenient benchmark
for assaying the effect of an external agent, such as a metal
ion, on Aâ aggregation. Different metal ions are believed to
play a role in the pathology of AD (19-21), and it is
important to understand whether they act by modulating the
kinetic barriers or by actively altering theCsat.

However, determination ofCsathas proven to be difficult.
Many proteins and peptides do not exhibit a very well
characterizedCsat, even in absence of obvious heterogeneity
(22). Further, it is generally difficult to establish that a
measured value represents the true thermodynamic solubility
and not merely the apparent solubility of a quasi-stable state.
In dynamic light scattering measurements at acidic pH, 25
µM is the lowest concentration at which Aâ aggregation is
reported (16). With different methods, Aâ solubility has been
measured to be 35µM (23) at pH 7.4, and 6-9 µM (24) at
pH 7.4. Together, all the results give an estimate for the
saturation concentration of Aâ in the range of 6-40 µM at
physiological pH (25). However, in the presence of cortical
Aâ plaques or plaque-rich tissue homogenates, Aâ deposition
is observed even at nanomolar concentrations (26). Thus,
there appears to be a difference of almost 3 orders of
magnitude in Aâ solubility between measurements performed
in the presence and absence of diseased brain tissue. It is
important to determine if this discrepancy is real and, if so,
whether it signifies a difference in the kinetics of aggregation,
or a true difference in the thermodynamic solubility in the
two cases.

Ideally, a sensitive determination of Aâ concentration from
a supersaturated solution that has stopped precipitating would
yield Csat. However, it is often not possible to know whether
the precipitation has truly ceased, or whether it has merely
become slow due to the presence of a kinetic trap or barrier.
A more sensitive measurement would be to follow the size
distribution of Aâ in the solution phase. When a supersatu-
rated solution reaches thermodynamic equilibrium, not only
does the precipitation cease but the size distribution in the
solution phase also becomes stationary and independent of
the starting solute concentration.

Here we use fluorescence of the single tyrosine residue
in Aâ1-40, Tyr10, for sensitive concentration determination
of Aâ in solution. Subsequent mass spectroscopy examines
the chemical identity of the components present in the
supernatant and in the precipitate. We use fluorescence
correlation spectroscopy (FCS) (27-35) to measure the size
distribution of Aâ particles (partially labeled with rhodamine).
FCS can measure the size of Aâ monomers as well as small
and/or large aggregates simultaneously, has the capability
to interrogate very low (nanomolar) to very high protein
concentrations (using partial fluorescent labeling), and has
a time resolution (for consecutive measurements) on the order
of 1 min. Reisner and co-workers (36) have used FCS to
show the presence of aggregated amyloidâ peptide in the
cerebro spinal fluid of an Alzheimer’s patient but have not
presented a particle size distribution. Rigler and co-workers
have studied the aggregation of amyloidâ peptide using FCS
(37) where they have seen formation of aggregates at and
above a concentration of 50µM. However, so far FCS has
seen limited use in Aâ aggregation, as it is difficult to
interpret the data obtained from FCS when a multitude of
diffusing species, varying in size by orders of magnitude,

are present. Parameters such as diffusion constants (and
hence size) are obtained from FCS data by fitting it to an
appropriate model. A typical FCS data analysis algorithm
interprets the FCS data in terms of a few diffusing compo-
nents. These analysis methods are not very appropriate for
highly heterogeneous systems such as an aggregating solu-
tion. Even if the data obtained from such a system can be
adequately fit by a small number of diffusing components,
this often leads to an unphysical and restricted description
of the real system that is being studied. We have used a
maximum entropy method-based analysis algorithm, MEM-
FCS (38), to analyze the FCS data obtained from the study
of amyloid â peptide aggregation. This method interprets
the data in terms of the maximum number of diffusing
components consistent with the data and thereby minimizes
the possibility of overinterpretation in the case of highly
heterogeneous systems.

In this article, we report the “saturation concentration”
(Csat) for Aâ1-40 at physiological pH as measured by
fluorimetry. With FCS, we then measure the size distribution
of the solution phase (after the apparent completion of the
precipitation), both as a function of time and as a function
of initial Aâ1-40 concentration. Finally, we quantitatively
determine the effect of metal ions and coprecipitants such
as Aâ1-42 on the measuredCsat under physiological condi-
tions.

THEORY

Precipitation from a Supersaturated Solution.The super-
saturation ratio (S) is defined as the ratio of the initial solute
concentration (C0) to the saturation concentration (Csat) of
the solute at a given temperature. WhenS < 1, there will
not be any precipitation and the final concentration (Cf) of
the solution is expected to be the same as the initial
concentration. WhenS > 1, precipitation occurs until the
saturation concentration is reached, and given sufficient time,
the final concentrationCf of the solution equalsCsat. If the
specimen contains an insoluble fractionf, which precipitates
quickly and does not redissolve appreciably, then

and

So a plot ofC0/Cf versusC0 would consist of two linear
segments, one constant with a value of 1/(1- f) for C0 e
Csat/(1 - f) and a line with a slope of 1/Csat for C0 g Csat/(1
- f). These two line segments meet at

Values off andC0
/ can be obtained from the plot and can be

used to obtain a value ofCsat from eq 3.
Fluorescence Correlation Spectroscopy (FCS).FCS mea-

sures spontaneous concentration fluctuations arising from the
diffusive motion of single molecules in a small, optically
defined, open probe volume using fluorescence detection.

Cf ) (1 - f)C0 for (1 - f)C0 e Csatw
C0

Cf
) 1

1 - f
(1)

Cf ) Csat for (1 - f)C0 g Csatw
C0

Cf
)

C0

Csat
(2)

C0
/ )

Csat

1 - f
(3)

Amyloid â Is Soluble at Physiological Concentrations Biochemistry, Vol. 42, No. 35, 200310507



The time scale of this fluctuation is related to diffusion. The
characteristic residence timeτD of a molecule in the probe
volume is proportional to its hydrodynamic radius. The
measured variable for FCS experiments is the temporal
autocorrelationG(τ) of the fluorescence fluctuation, which
is defined as

whereδF(t) is the fluctuation in fluorescence at timet over
the average fluorescence〈F(t)〉. G(τ) is related toτD through
the dimensions of the probe volume. When a laser beam with
a Gaussian beam profile is used for excitation and the
fluorescence is collected through a “confocal” pinhole, the
probe volume generated can be described to a good ap-
proximation by a three-dimensional Gaussian function. Ifr
and l are the characteristic radial and axial dimensions of
the volume, respectively (i.e., where the Gaussian function
drops to 1/e2 of its value at the maximum),G(τ) for a solution
with n noninteracting fluorescent species is given by

Here

where Di values are then different values of diffusion
constants andbi values are the relative weights of these
components (35, 38).

Obtaining the Size Distribution from FCS Data.Conven-
tional models used to fit FCS data assume a small number
of discrete diffusing species and are adequate for describing
simple systems with limited heterogeneity. For extracting
physically meaningful inferences from our FCS data on Aâ
aggregation, a maximum entropy method-based analysis
algorithm (MEMFCS) has been developed (38). MEMFCS
interprets the data in terms of a quasi-continuous distribution
of particle sizes and yields thewidestpossible size distribu-
tion that is consistent with the data. FCS results included in
this article use this data analysis algorithm to achieve a bias-
free interpretation of the data.

MATERIALS AND METHODS

Materials. Synthetic amyloid â peptide Aâ1-40 and
rhodamine-labeled Aâ1-40 (labeled at the N-terminus through
a lysine, Rh-Lys-Aâ1-40) were purchased from Anaspec Inc.
(San Jose, CA). The labeled peptide was purified using
HPLC (protein and peptide C4 reversed phase column, pore
size of 300 Å, column length of 250 mm, from Vydac,
Hesperia, CA), and the purity was further verified to be
>95% using mass spectrometry. Rh-Lys-Aâ1-40 was used
for the experiments as a fluorescent probe molecule for FCS
(at a ratio of approximately 1:1000 to unlabeled Aâ). Buffer
salts were purchased from SD Fine Chemicals. Buffers used
for FCS experiments were recrystallized twice from distilled

water to make them free from fluorescent impurities. MgCl2,
CaCl2, and ZnCl2 salts were purchased from Qualigens.

Methods. Steady state fluorescence experiments were
performed in a SPEX-FluoroMax-3 spectrometer (Jobin
Yvon). Mass measurements were performed with a MALDI-
TOF mass spectrometer (Micromass) in the linear data
acquisition mode. For mass spectroscopy, the sample con-
centration was typically kept between 1 and 5µM. The
samples were prepared in 30% acetonitrile, 70% water, and
0.1% trifluoroacetic acid, and were mixed withR-cyano-4-
hydroxycinnamic acid matrix in a 1:1 (v/v) proportion for
the set of experiments described here. Bovine insulin was
used for calibrating the mass spectrum.

FCS experiments were performed in a home-built spec-
trometer with single-photon excitation. The MEMFCS fitting
routine (38) was used to obtain size distributions from FCS
data. The instrument has been described elsewhere (35). In
short, the experimental setup consisted of a high-numerical
aperture objective lens (40×, 1.3 NA, oil immersion, Carl
Zeiss, Jena, Germany), which focuses a continuous wave
green He:Ne laser (1.2 mW at 543.5 nm, Jain Laser
Technology) beam into the sample. The laser power at the
objective back aperture was kept typically below 100µW.
The beam waist in the objective focal plane was a fraction
of a micrometer for most of these experiments. Fluorescence
was collected through the same microscope objective,
separated from the excitation light by both a dichroic mirror
(560DCLP, Chroma Inc.) and an emission filter (585DF40,
Chroma Inc.), and focused with an achromat lens (F ) 150
mm, Newport) onto a multimode fiber (50µm core diameter,
Newport). The other end of the fiber was connected to a
fiber-coupled APD detector (SPCM-AQR-150, Perkin-
Elmer). The detector signal was then processed with an
autocorrelator card (ALV5000). The correlation decay traces
were then fit with eq 5 using the MEMFCS algorithm.

RESULTS

Fluorimetric Determination of the Saturation Concentra-
tion of Aâ1-40. Aâ1-40 solutions at different concentrations
ranging from 900 nM to 170µM were made in PBS buffer
(pH 7.4). Three different solutions at 120, 150, and 170µM
were prepared by weighing lyophilized Aâ1-40. Lower-
concentration solutions were prepared by serial dilution from
these three samples. Initial concentrations were accurate to
5% of the measured value. Total protein contents in these
samples were measured by Tyr10 fluorescence of Aâ1-40 at
the initial time. Fluorescence from a freshly prepared tyrosine
solution was used to calibrate the signal in terms of a
“tyrosine equivalence” in fluorescence. This accounted for
any day-to-day variation in instrumental sensitivity. Tyrosine
in Aâ1-40 was quenched, and its fluorescence was∼31% of
that obtained from free tyrosine in PBS buffer (pH 7.4). The
inset of Figure 1 shows the tyrosine (Tyr10) fluorescence
of Aâ1-40 at different starting protein concentrations (C0) at
the initial time (O). Initial time point measurements were
taken immediately after the samples were prepared. Subse-
quently, all these samples were kept in the dark at room
temperature for 2 days to allow precipitation. After 2 days,
each sample was centrifuged at 2000g for 20 min and
tyrosine fluorescence was recorded from the supernatant. The
inset of Figure 1 (0) shows the supernatant fluorescence after

G(τ) )
〈δF(t + τ) δF(t)〉

〈F(t)〉2
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2 days (Cf) for different starting concentrations of Aâ1-40.
While at smaller concentrationsCf remains proportional to
C0, in the higher concentration rangeCf attains a constant
value. Intermediate concentrations show a gradual changeover
between these two regimes. No further precipitation is
observed when the samples are kept for longer times (up to
an additional 3 days, data not shown). Figure 1 shows the
same data presented in the inset in terms ofC0/Cf versusC0

(X). The transition becomes more apparent in this plot. A
constant fractional loss (f) for all the samples at aC0 of <20
µM is observed. A linear fit to the lower concentration points
(up to 15µM) with a slope of 0 yields a value of 0.18(
0.01 for the constant fractional lossf. A fit of the higher
concentration points (>36 µM) using eq 2 yields an
intersection point with the lower concentration region fit at
18.8 µM, which yields a value of 15.5( 1 µM for Csat of
Aâ1-40 peptide at pH 7.4 (using eq 3).

The supernatant obtained from the 100µM Aâ1-40 sample
by centrifuging it at 2000g for 20 min was heated to 68°C
for 1 h. The sample was then brought back slowly to room
temperature, and the fluorescence of the supernatant obtained
after a 2000g spin for 20 min was measured. The solubility
of the Aâ1-40 sample was reduced by 11.5%.

Mass Spectroscopic Characterization of the Supernatant
and the Precipitate.Small portions of the supernatant as well
as the precipitate from the 2-day-old Aâ1-40 sample (initial
concentration of 100µM), separated by centrifuging the
sample at 2000g for 20 min, were characterized using
MALDI-TOF mass spectroscopy. Figure 2 shows the mass
spectrum obtained with the supernatant (A) and with the
precipitate (B). Both traces exhibit a mass peak at∼4331
Da indicating the presence of Aâ1-40 in them as the
predominant peptide.

Time Dependence of the Size Distribution of Aâ1-40 in
Solution.Aâ1-40 samples (158µM) in PBS buffer (pH 7.4)
were prepared and kept at room temperature and in the dark
for different periods of time. All the specimens contained

∼100 nM Rh-Lys-Aâ1-40 as a probe for FCS measurement.
Before the measurement, all specimens were centrifuged at
2000g for 10 min. Figure 3A shows the supernatant
rhodamine fluorescence (4) for specimens kept for different
periods of time. Supernatant fluorescence decreases with time
and finally reaches a constant value after 940 min. A 10
µM Aâ1-40 sample with∼100 nM Rh-Lys-Aâ1-40 was used
as a control for this set of experiments. Circles in Figure 3A
represent the supernatant fluorescence recorded with the
control, each value multiplied by a factor of 2.5 for
convenience of representation. The supernatant fluorescence
of the control does not change with time. FCS measurements
were performed with the supernatants at each time point,
and the autocorrelation traces that were obtained are pre-
sented in Figure 3B. The autocorrelation traces obtained with
158 µM Aâ1-40 vary with time initially [45 min in Figure
3B (- - -), 230 min in Figure 3B (-‚-), and 1300 min in Figure
3B (s)]. However, the autocorrelation trace stops changing
after 1300 min, as shown by the nearly overlapping auto-
correlation traces at 1300 min [Figure 3B (s)] and 2400
min [Figure 3B (‚‚‚)]. In contrast, the autocorrelation trace
obtained from the 10µM Aâ1-40 control sample does not
change with time. The autocorrelation trace was obtained at
45 min [Figure 3B (O)] and overlaps that obtained at 1300
min [Figure 3B (-‚‚-)]. Figure 3C shows the different size
distributions obtained from FCS data as a function of time
using MEMFCS analysis: rhodamine B (C1); 10µM Aâ1-40

after 1300 min (C2); and 158µM Aâ1-40 after 45 min (C3),
after 230 min (C4), after 1300 min (C5), and after 2400 min
(C6). For the 158µM Aâ1-40 sample, initially the soluble
fraction contains a monomer/dimer-like species (2.5 times
the diffusion time of rhodamine B) and also soluble oligo-
meric species. With time the oligomeric peak becomes more
pronounced, but the distribution does not change after 1300
min as is evident from the distributions in panels C5 and
C6 of Figure 3. At both these time points, the distributions
show a peak around 1.5 ms (24 times greater than the
diffusion time of rhodamine B).

Initial Concentration Dependence of the Final Size
Distribution.Aâ1-40 peptide solutions at different concentra-
tions (175, 155, 126, and 11.4µM) were prepared by serial
dilution from a concentrated (200µM) stock solution
containing∼100 nM Rh-Lys-Aâ1-40 as the fluorescent probe.
All the samples were prepared in<1 min before substantial
aggregation could take place. These solutions were incubated
at room temperature, in the dark, to allow aggregation. After

FIGURE 1: Aâ1-40 fluorescence as a function of initial concentration.
The ratio of initial to final (day 2) fluorescence of the soluble
fraction of Aâ1-40 (C0/Cf) as a function of initial concentrationC0
(X). A fit of the lower concentration points with eq 1 (solid line 1
with a slope of 0) and a fit of the higher concentration points with
eq 2 (solid line 2) when extrapolated meet at 18.8µM (point marked
with an arrow). The intersection point of these two lines yields a
Csat value of 15.5( 1 µM using eq 3. The inset shows the Tyr10
fluorescence of Aâ1-40 as a function of starting concentrationC0
at initial time (O) and after 2 days (0) (same data as the main
figure). Error bars denote the standard deviation of six measure-
ments.

FIGURE 2: Mass spectra obtained with Aâ1-40. Mass spectra of the
supernatant (A) and the precipitate (B) obtained from a 100µM
Aâ1-40 sample, after incubation for 2 days at room temperature.

Amyloid â Is Soluble at Physiological Concentrations Biochemistry, Vol. 42, No. 35, 200310509



48 h, the soluble fraction from each sample was separated
by centrifugation at 2000g for 20 min. The FCS data recorded
at different starting concentrations are presented in Figure
4A. Rhodamine B was used for calibration (autocorrelation
trace not shown). The autocorrelation traces recorded with
a sample for whichC0 < Csat [Figure 4A (s), 11.4µM] are
different from those for whichC0 > Csat [Figure 4A, 126
µM (- - -), 155 µM (- - -), and 175µM (-‚-)]. The data

that were obtained were analyzed using the MEMFCS fitting
routine. The size distributions obtained from fitting the
autocorrelation functions are shown in Figure 4B. The
distributions obtained at starting concentrations below the
saturation concentration (11.4µM) exhibit a peak diffusion
time of∼200µs (panel B1 of Figure 4), which is∼2.1 times
greater than that of the peak obtained with rhodamine B (peak
at 95µs). On the other hand, the distributions obtained with
the supernatant of the solutions whose starting concentrations
are above the saturation concentration of Aâ1-40 (126, 155,
and 175µM) show the presence of soluble oligomers with
peak diffusion times in the range of 3.1-4.0 ms (panels B2-
B4 of Figure 4, respectively). The size distributions obtained
with the supernatant for different starting concentrations
whereC0 > Csat are very similar. Variation of the position
of the peak does not show any trend vis-a`-vis the starting
concentration.

Effect of Ca2+, Mg2+, and Zn2+ on Csat. We prepared near-
saturating concentrations of these ions (2 mM Mg2+, 2.5µM
Ca2+, and 4µM Zn2+) in PBS (pH 7.4) and measuredCsat in
these buffers. All these samples were kept at room temper-
ature and in the dark for 24 h. Each sample was then
centrifuged at 2000g (for 20 min) to separate the precipitate
from the supernatant, and fluorimetric concentration mea-
surements were performed with the supernatant. All of the
ions that were investigated were observed to lowerCsat, but
by relatively small amounts (6-11%; see Table 1).

DISCUSSION

Tyrosine Fluorescence Measures the Soluble Aâ Concen-
tration. Tyrosine (Tyr10) fluorescence from Aâ1-40 presents

FIGURE 3: Size distributions of the soluble fraction of Aâ1-40 at different incubation times. (A) Supernatant fluorescence from 158µM (4)
and 10µM Aâ1-40 (O) at different incubation times. Both the samples contain∼100 nM Rh-Lys-Aâ1-40. (B) Autocorrelation traces obtained
with rhodamine B (- - -), 158µM Aâ1-40 supernatants at different incubation times [45 (- - -), 230 (-‚-), 1300 (s), and 2400 min (‚‚‚)],
and 10µM Aâ1-40 at different incubation times [45 (O) and 1300 min (-‚‚-)]. (C) Size distribution obtained from MEMFCS analysis of
autocorrelation traces presented in panel B: rhodamine B (C1), 10µM Aâ1-40 after 1300 min (C2), and 158µM Aâ1-40 after 45 (C3), 230
(C4), 1300 (C5), and 2400 min (C6).

FIGURE 4: Size distribution of the soluble fraction of Aâ1-40 at
different starting concentrations. (A) Autocorrelation traces obtained
with Aâ1-40 remaining in solution after 2 days at different starting
concentrations: 11.4 (s), 126 (- - -), 155 (- - -), and 175µM
(-‚-). (B) Size distribution obtained with MEMFCS analysis of the
autocorrelation curves presented in panel A: Aâ1-40 samples with
initial concentrations of 11.4 (B1), 126 (B2), 155 (B3), and 175
µM (B4).
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a sensitive yet robust measure of protein concentration. The
inset of Figure 1 shows that at the initial time (t ) 0), Aâ
fluorescence in tyrosine equivalence remains linear with Aâ
concentrations (O), showing that concentration- or aggrega-
tion-dependent artifacts are negligible over the concentration
range that was studied. Tyrosine in Aâ1-40 exhibits∼31%
of the fluorescence intensity of free tyrosine in PBS buffer.
This is not surprising, as the presence of other residues
around the tyrosine in Aâ can quench its fluorescence.

A Saturation BehaVior Is ObserVed.At low concentrations,
the final fluorescence (att ) 2 days) remains proportional
to the initial Aâ concentration [Figure 1 inset (0)]. At high
concentrations, the final fluorescence attains a constant value
[Figure 1 inset (0)]. This is the hallmark of a supersaturated
solution attaining thermodynamic equilibrium. But even at
very low concentrations (∼1 µM) there is some loss (∼18%)
of soluble protein over the course of 2 days. The amount of
this loss is independent of the starting protein concentration
as is obvious from Figure 1. This constant fractional loss is
attributed to an insoluble fraction of the lyophilized Aâ1-40.
The existence of an insoluble fraction does not alter the
theoretical description of the aggregation process. These may
be large particles that have been produced and/or retained
by the lyophilization process. Such insoluble fractions are
routinely observed in other experiments involving Aâ (16,
18, 24).

We observed that the transition to supersaturation is not
very sharp. The data indicate that there is no precipitation
below 14 µM, whereas if the initial concentration of the
solution is much higher than the saturation concentration,
the final solubility becomes∼36µM in PBS buffer (pH 7.4).
This lack of sharpness in the concentration region near the
saturation concentration suggests possible heterogeneity in
the solution (22). If the insoluble fraction is taken into
account (Figure 1), the saturation concentration manifests
itself more clearly. The two-segment linear fits, based on
eqs 1 and 2, describe the data well (Figure 1). The value of
the insoluble fraction is found to be 0.18( 0.01. TheCsat

value obtained from the intersection point of the fits using
eq 3 is 18.8µM. Our primary focus here is the lower limit
of the Aâ solubility, and we take 15.5( 1 µM to be the
observed saturation concentration of Aâ1-40 in PBS buffer
(pH 7.4).

The Supernatant and the Precipitate Contain Chemically
Indistinguishable Aâ1-40. A tyrosine-like impurity (for
instance, a fragment of Aâ) may affect our solution phase
Aâ estimates. In an extreme case, the entire fluorescence
signal in the solution phase may come from such an impurity,
with the actual Aâ1-40 completely precipitated. Mass spec-
trometric characterization of the supernatant and the pre-
cipitates obtained from a 100µM Aâ1-40 sample (Figure 2)
shows Aâ1-40 (formula weight of 4331) is the major
component above 700 Da in both. This establishes that
Aâ1-40 is present in the supernatant, and it coexists with
precipitated Aâ1-40 when saturation is observed.

Is the ObserVed Csat the True Thermodynamic Csat? Before
we accept the observedCsat as the thermodynamicCsat, we
need to verify that no further precipitation occurs even if
the duration of the experiment is increased. However, it is
not possible to continue the experiment indefinitely. The size
distribution of the Aâ particles in the solution phase can serve
as a sensitive indicator of the completion of precipitation. A
development of the size distribution, even when no precipita-
tion is observed, would indicate that equilibrium has not yet
been attained. Kinetic barriers (e.g., requirement for nucle-
ation or a conformational transition) may make the size
distribution apparently stationary, but the kinetics would be
sensitive to the variation of initial concentrations. Kinetics
of barrier crossing are also expected to be strongly affected
by a variation in temperature.

The Aâ Size Distribution in the Solution Phase Becomes
Independent of Time and Initial Concentration.After 1300
min, the fluorescence of the supernatant (obtained from an
initial concentrationC0 of 158 µM) does not change any
further with time [Figure 3A (4)]. The size distributions
obtained at and after this time are also similar (panels C5
and C6, respectively, of Figure 2). This indicates that the
same species are present in the sample at and after 1300
min, indicating a completion of the aggregation process.

The size distributions obtained after 2 days from the
soluble fractions depend strongly on whether the starting
concentration is above or below the saturation concentration.
However, the size distributions obtained with different
starting concentrations above the saturation concentration of
Aâ1-40 are very similar (panels B2-B4 of Figure 4). The
small variations in the peak positions and the widths are not
deemed to be significant for a data set analyzed with
MEMFCS, as this algorithm actively widens the distribution
as much as the errors allow. Moreover, the small variation
does not correlate with the initial concentration.

Panels C5 and C6 of Figure 3 and also panels B2-B4 of
Figure 4 show peaks at large diffusion times. It has been
recently shown that the diffusion time distribution derived
from single-photon-excited FCS experiments can have some
artifacts (39). However, we have repeated some of these
experiments with two-photon-excited FCS, and the size
distributions obtained are very similar (data not shown). This
peak thus indicates the presence of relatively large soluble
oligomers in the saturated solution at equilibrium. We note
that oligomers have been suggested to be the major toxic
agents in Alzheimer’s disease (40).

Metal Ions at Low Concentrations Do Not HaVe a Large
Effect on the ObserVed Csat. Metal ions are suspected to play
a role in Aâ precipitationin ViVo (19-21, 41). They can
affect precipitation either by speeding the kinetics or by
lowering theCsatof Aâ. In cerebro spinal fluid, Ca2+, Mg2+,
and Zn2+ are present and hence can affect Aâ solubility. In
addition to that, Zn2+ is found in brain plaques and is
believed to promotein ViVo Aâ aggregation. We have
investigated the effect of three different divalent metal ions,
viz. Ca2+, Mg2+, and Zn2+, on Aâ aggregation. The solubili-
ties of metal ions in PBS buffer are calculated from the metal
ion phosphate solubility products (42). The theoretically
obtained solubility limits for these metal ions are verified
experimentally by monitoring the Rayleigh scattering signal
at 500 nm in a fluorimeter. At levels close to their solubility
limits in PBS buffer (pH 7.4), these metal ions only reduce

Table 1: Relative Solubility of Aâ1-40 in the Presence of Different
Divalent Metal Ions in PBS Buffer (pH 7.4)

Ca2+ Mg2+ Zn2+

ion concentration 2.5µM 2 mM 4 µM
percent solubility reduction for Aâ1-40 6.9% 6.3% 10.8%
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theCsat value by 6-11% (Table 1). We note that these ions
are not buffered in the solution, and their concentration may
change with Aâ aggregation. Even if thein ViVo concentra-
tions of these ions vary, it appears to be unlikely that they
would changeCsat by orders of magnitude. A variation of
pH cannot effect such a large change either [percent
aggregation of Aâ1-40 changes by a factor of<5 with a pH
change in the range of pH 3-8 (43)].

Incubation at Higher Temperatures Does Not Appreciably
Alter the ObserVed Csat. If a kinetic barrier stalls precipitation,
incubation at higher temperatures should markedly change
precipitation. Yet incubation of the supernatant of a 100µM
Aâ sample (after precipitation for 2 days) at 68°C for 1 h
changes the soluble concentration by<12%. When the
possibility that thermally activated chemical processes may
also lower the fluorescence is considered, the actual extent
of precipitation may be even lower.

The ObserVed Csat Is in Sharp Contrast with in ViVo
Estimates.Given that (a) the precipitation is complete in 2
days and shows a clear signal of saturation, (b) the solution
phase and the precipitate contain chemically identical Aâ
molecules, (c) the size distribution in the solution phase is
stationary in time and independent of initial concentration
(even in the presence of bigger aggregates that may serve
as nuclei), and (d) incubation at higher temperature does not
lead to appreciable additional precipitation, we conclude that
Csat measured by us is the true thermodynamic saturation
concentration. We also note that none of the reportedin Vitro
experiments have observed aggregation at a concentration
much lower than 10µM. The in Vitro concentration of Aâ
even in a diseased brain is estimated to be in the nanomolar
range (6, 7, 26). In presence of plaque-rich tissue homoge-
nates, aggregation of Aâ1-40 is reported even in the nano-
molar concentration range (26). Since no aggregation can
occur at a starting concentration that is lower than the
thermodynamic saturation concentration, our measurements
show that the solubility of Aâ in ViVo is orders of magnitude
lower than thatin Vitro. Small differences in metal ion
concentrations, temperature, pH, ionic strength, etc., between
in Vitro and the actualin ViVo conditions are unlikely to
bridge this large gap. Aâ1-42 is known to coprecipitate with
Aâ1-40 in physiological plaques. However, the saturation
concentration of Aâ1-42 by itself and that of an equimolar
mixture of Aâ1-40 and Aâ1-42 are bothJ2 µM (data not
shown).

It therefore appears likely that some other coprecipitant-
(s) drives theCsat for Aâ in ViVo to a value which is lower
by orders of magnitude. The key to dealing with Aâ
aggregationin ViVo may lie in understanding these agents.
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