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Abstract

Alzheimer’s disease is the most common cause of the loss of cognitive function among the elderly,
and the aggregation and deposition of misfolded p—amyloid protein (Ap) contribute to this
progressive central nervous system decline. Therefore, compounds that inhibit or even reverse Ap
aggregation might be useful for the treatment or prevention of Alzheimer’s disease. To identify
potential therapeutic agents for the treatment of Alzheimer’s disease, a mass spectrometry-based
screening assay was developed to identify and rank order compounds that inhibit the aggregation of
Ap. To carry out this assay, Ap was incubated with a test compound at 37°C for 20 h followed by
ultrafiltration to separate the monomeric Ap from its aggregates. Aliquots of the ultrafiltrate were
analyzed for monomeric AP using positive ion electrospray mass spectrometry based on the
abundance the quadruply protonated molecule of AB at m/z 1083. The calibration curve for A was
linear with a correlation coefficient (r2) > 0.99 over the range of at least 11 to 110 uM. The limit of
detection was 0.224 ng (5.18 nM, 10 pL injection) and the limit of quantitation was 0.747 ng (17.2
nM, 10 pL injection). Based on previous reports of compounds that either bind to AB or are useful
in treating Alzheimer’s disease, melatonin, methysticin, 3-indolepropionic acid, and daunomycin
were assayed and ranked in order of inhibition of Ap aggregation. The most effective inhibitor of
aggregation of Ap protein was daunomycin followed in descending order by 3-indolepropionic acid,
melatonin, and then methysticin. These data suggest that this ultrafiltration LC-MS screening assay
may be used to identify potential therapeutic agents for the treatment of Alzheimer’s disease based
on the prevention of Ap aggregation.
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Alzheimer’s disease is a progressive neurodegenerative disease of the brain that is the most
common form of age-related dementia. Currently, approximately 4 million Americans and 17—
25 million people worldwide suffer from Alzheimer’s disease, and by the middle of the 215
century, the number of Americans with this form of dementia is expected to grow to at least
13 million unless preventive or curative medications are discovered.1:2 The cost of
Alzheimer’s disease in the United States has been estimated to be $100 billion annually in the
United States based on lost business productivity of the affected individuals and their caregivers
as well as the costs of health care.3 Therefore, finding treatments that can delay, prevent or
reverse Alzheimer’s disease would have a substantial impact.
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The primary cause of the inflammation, cytotoxicity and neurotoxicity associated with the
progression of Alzheimer’s disease is probably related to be the formation of Ap aggregates
and plaques.4 A is produced by endoproteolysis of the amyloid precursor protein and can
form non-covalent fibrillar aggregates in the brain that have been related to Alzheimer’s disease
neurotoxicity.Sv6 Factors that increase the production of Ap, facilitate amyloid aggregation,
facilitate deposition, or inhibit the clearance of amyloid deposits either cause Alzheimer’s
disease or increase the risk of Alzheimer’s disease.2:’ Enzymes known as secretases are
responsible for the cleavage of amyloid precursor protein that leads to Ap formation. The
normal route of amyloid precursor protein processing is cleavage by a-secretase between
residues 16 and 17 forming a soluble and non-toxic product.8 However, B- and y-secretases
cleave amyloid precursor protein between amino acid residues 596 and 597 and 637, 638, or
639, respectively, forming AP peptides which are strongly related to the development of
Alzheimer’s disease.9:10 Therefore, one of the strategies currently being investigated for
preventing Ap formation and Alzheimer’s disease consists of inhibiting y- and -secretases.

Another approach to the treatment or prevention of Alzheimer’s disease is the discovery of
drugs that prevent or perhaps reverse Ap aggregation. Several assays have been developed to
help identify compounds that inhibit 3-amyloid protein aggregation. For example, affinity-
based screening for ligands to AB have been reported that use methods such as surface plasmon
resonance.11 Affinity based screening is based on the assumption that ligands to Ap might
prevent its aggregration, but additional assays are required to determine to extent to which
these ligands actually inhibit Ap aggregation. To address this need cell based assays have been
reported to screen for the prevention of AP aggregation or amyloid toxicity. However, cell
based assays are low in throughput.

Some alternative assays for the screening of compounds of AP aggregation have been reported.
For example, Ahn et al.13 developed an electrophoresis assay in which the mobility of DNA
incubated with aggregated AB1_sq Was shifted compared to DNA incubated with monomeric
ApB. However, this assay provides a non-quantitative and indirect measure of Ap aggregation,
relies on electrophoresis which is low in throughput, and requires a high concentration (4 mM)
of AB. A fluorescence-based assay has also been reported to screen for inhibitors of fB—amyloid
peptide aggregation, which uses the immobilized AP aggregation-core peptide, KLVFF, and
solution-phase AB1g_35 containing a fluorescent tag.14 This fluorescence-based assay is
suitable for high throughput screening but relies on the specialized reagents immobilized
KLVFF and fluorescent tagged AB1g_3s.

Here we report the development of a mass spectrometry assay to screen for compounds that
prevent Ap aggregation, which is based on the measurement of the concentration of monomeric
AP. Our approach overcomes the limitations of previous assays in that it is high throughput,
sensitive, and measures directly the extent of aggregation instead of a related property.
Melatonin, daunomycin, and 3-indolepropionic acid were used to validate our new assay since
they have been reported to inhibit the formation of § amyloid protein aggregates.15_1 The
kavalactone methysticin was assayed since kava (Piper methysticum) dietary supplements have
been reported to relieve benefit Alzheimer’s sufferers, and kavalactones such as methysticin
are the active ingredients in kava responsible for its anxiolytic effects.18

EXPERIMENTAL SECTION

HPLC-grade acetonitrile and ammonium acetate were purchased from Fisher Scientific (Fair
Lawn, NJ). Melatonin, 3-indolepropionic acid, daunomycin hydrochloride (see structures in
Figure 1), and AB1_49 Were purchased from Sigma-Aldrich (St. Louis, MO). Methysticin was
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purchased from Standardherbs (Chesterfield, MO). All additional chemicals were reagent or
HPLC grade and were used without further purification.

Stock solutions

A stock solution containing 500 mg (116 pmol) AB1_4o Was prepared in 5 pL acetic acid and
1 mL double-distilled water. Stock solutions of melatonin, 3-indolepropionic acid,
daunomycin, and methysticin were prepared in double-distilled water each containing a single
compound at 20 mM. Standard solutions of AB;_4q Were prepared by spiking AB1_4g into
double-distilled water, and then the solutions were used immediately for the determination of
the limit of detection, limit of quantitation, and for the determination of the linearity of the
mass spectrometer response (see methods for the mass spectrometric analysis below). Standard
solutions of APBy_40 were prepared by spiking Af;_4q stock solution into double distilled water,
giving final concentrations of 11.5, 34.5, 57.5, 80.5, and 114 uM AP1_40.

Sample preparation

For the screening of each compound a 1 pL aliquot of the corresponding 20 mM stock solution
was mixed with 99 uL of the 114 uM AB1_4q stock solution and then incubated at 37 °C for
20 h. The mixture was filtered through a 10,000 molecular weight cut-off (Millipore, Bedford,
MA\) regenerated cellulose ultrafiltration membrane, and a 10 pL aliquot of the ultrafiltrate
was removed for quantitative analysis of the Ap1_so monomer concentration using flow
injection electrospray mass spectrometry.

Mass spectrometric analysis

Flow-injection positive ion electrospray mass spectrometry was carried out using a Micromass
(Manchester, UK) Quattro Il triple quadrupole mass spectrometer equipped with a Waters 2690
HPLC system. The mobile phase consisted of water (containing 0.1% formic acid) and
acetonitrile (1:1, v/v) at a flow rate of 200 uL/min. Positive ion electrospray was used to form
quadruply protonated molecules of the ABq_s9 monomer at m/z 1083, using the optimized ion
source conditions of a capillary voltage of 3000 V, cone voltage 35 eV, source block
temperature 150 °C, and a desolvation temperature of 300 °C. Selected ion monitoring (SIM)
with a dwell time of 1.00 s was used during flow-injection to monitor the AB1_4q signal of m/
z 1083 for test samples, control solutions and standards. A scheme summarizing the mass
spectrometry-based screening assay for the discovery of compounds that inhibit the
aggregation of AB1_aq is summarized in Figure 2.

RESULTS AND DISCUSSION

Although several Ap proteins are produced by the y- and p-secretases including AB_4o,
APB1-41, and AB1_4p AP1-40 Was selected for use in the mass spectrometry-based screening
assay due to its higher water solubility, lower cost, and higher abundance in vivo. During
positive ion electrospray, the most abundant ion of AB4_sg corresponded to [M+H]** and was
detected at m/z 1083 (see Figure 3). Therefore, selected ion monitoring of m/z 1083 was used
for the determination of the concentration of monomeric AB,_49 remaining in solution after
the removal of aggregates using ultrafiltration.

The calibration curve for AB_so was linear (r2 > 0.990) up to the maximum concentration used
in the screening assay (114 pM) and was described by the equation, y = 1.55x — 10. The limit
of detection of ABy_49was 0.224 ng (5.18 nM, 10 L injection) based on a signal-to-noise ratio
of 3:1, and the limit of quantitation was 0.747 ng (17.2 nM, 10 puL injection), based on a signal-
to-noise ratio of 10:1. Since a linear response was obtained for monomeric AB1_4g over the

range of concentrations that were anticipated (between 11.5 and 114 uM), mass spectrometric

Anal Chem. Author manuscript; available in PMC 2007 January 23.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cheng and van Breemen Page 4

detection was possible for the comparison of the concentrations of AB1_49 in test solutions as
part of a screening assay for inhibitors of AB1_49 aggregation.

After incubation of AB1_40 with or without test compounds, AB1_40 aggregates were removed
by ultrafiltration through a membrane with a molecular weight cut-off of 10,000. Since the
mass of AB1_4q is 4,328, aggregates consisting of 3 or more molecules of AB;_4¢ did not pass
through the ultrafiltration membrane. Therefore, the ABq_49 in the ultrafiltrate represented
unaggregated protein.

Since melatonin, methysticin, 3-indolepropionic acid, and daunomycin have been reported to
be either useful in the treatment of Alzheimer’s disease or to prevent Ap aggregation, these
compounds were screened to establish the feasibility of the new screening assay and to evaluate
the potential of each of these compounds to prevent aggregation of AB;_4¢. After incubation
of each compound with AB1_40, the solutions were ultrafiltered. The concentrations of
monomeric ABy_4q in the ultrafiltrates were measured using flow injection mass spectrometry
and compared to a control incubation containing no test compound. In the sample flow injection
mass chromatogram for the screening of these compounds shown in Figure 4, the area of each
peak represents the concentration of monomeric AB1_4¢. The largest peaks (daunomycin and
3-indolepropionic acid incubations) corresponded to the greatest inhibition of AB1_4g
aggregation, and the smallest peak (in this case the control incubation without any ligand)
represented the most extensive aggregation of AB1_40.

Based on a minimum of three assays normalized to the control incubation, the inhibition of
aggregation of AB1_4q for each test compound was determined, and the results are summarized
in Table 1. The interassay coefficient of variation for these measurements was 4.7%. The order
of anti-aggregation activities for the four test compounds was daunomycin > 3-indolepropionic
acid > melatonin > methysticin. Furthermore, a wide range of potencies was observed ranging
from 90% inhibition of AB1_4¢ aggregation compared to control for methysticin to more than
260% inhibition of aggregation for daunomycin. Since methysticin was the only compound
tested that was not already known to inhibit AB1_49 aggregation, it is not surprising that it was
the least effective in this assay.

Although different assays of the same compounds produced the same rank ordering and relative
concentrations of ABq_4g for both test solutions and control solutions, the concentration of
monomeric AB1_49 in the control solutions varied as much as 3-fold between different
commercial lots of ABq_4g that were tested (data not shown). This variation was probably the
result of different degrees of aggregation during the preparation of commercial AB1_49. Since
the batch-to-batch shift in AB;_s4o concentration of the control was also reflected in a shift in
APB1_40 concentrations in the test solutions, values for compounds assayed using different
batches of AB1_4p may still be compared by normalizing the test values to the control and
expressing the values as a percentage of the control as shown in Table 1.

CONCLUSIONS

A mass spectrometry-based screening assay has been developed that may be used to discover
compounds that inhibit Ap protein aggregation for the potential treatment or prevention of
Alzheimer’s disease. The scale of this assay (100 uL incubations) should be regarded as a proof
of principle, and the incubation volumes could be reduced if desired to conserve reagents.
Nevertheless, this assay in its present form exhibits excellent sensitivity so that only low levels
of AB1_40 and test compounds are required. This is an advantage over many other assays that
require much more AB which adds considerably to the cost of those assays. Other advantages
of this mass spectrometry-based assay are that it exhibits good linearity of response and is
quantitative.
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In addition, this simple assay utilizes flow-injection electrospray mass spectrometry instead of
chromatography so that high throughput may be achieved. In the feasibility study reported
here, samples were analyzed in less than 1 min each, and even faster throughput should be
possible. Another advantage of flow-injection mass spectrometry is the ability to automate the
assay, which was demonstrated here using a commercially available autoinjector. Finally, this
assay has the potential to accelerate the discovery of compounds that inhibit Ap aggregation
which might lead to the control or prevention of the growing threat of Alzheimer’s disease in
the aging population of developed countries.
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Figure 1.
Structures of (1) melatonin, (2) 3-indolepropionic acid, (3) methysticin, and (4) daunomycin
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Figure 2.

Design of the ultrafiltration mass spectrometric screening assay for the discovery of ligands
that prevent AP aggregation. After incubation of ABy_49 with either a blank control solution
or a series of test compounds, aggregated AB1_4g is removed by ultrafiltration, and the relative
amount of monomeric AB1_4q in the control (untreated) solution is compared to that in each of
the treated solutions using flow injection electrospray mass spectrometry. Compounds that
prevent AB1_40 aggregation produce solutions containing the highest concentrations of
monomeric AB1_4o.
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Figure 3.

Positive ion electrospray mass spectrum of amyloid B protein 1-40 (AB1_40). The most
abundant ion of m/z 1083 corresponds to [AB1_40 +4H]**. During screening analyses, the ion
of m/z 1083 was monitored during flow-injection for the quantitative analysis of monomeric

AB1-40-
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Figure 4.

Selected ion monitoring mass chromatogram of m/z 1083 corresponding to the [M+4H]** ion
of AB1_40 obtained during flow injection with positive ion electrospray of solutions containing
APB1_49 incubated with or without test compounds. (A) Control (containing only AB1_40); (B)
melatonin; (C) methysticin; (D) 3-indolepropionic acid; and (E) daunomycin. The area of each
peak is proportional to the concentration of monomeric AB1_40 and indicates the relative
efficacy of the test compound at preventing aggregation of AB1_4o.
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Table 1
Comparison of inhibitors of ABi_49 aggregation. Values* are expressed as the concentration of monomeric

APBq_40 Or as a percent change in ABy_4g concentration relative to control.

Sample Concentration £SD (uM) Change in Ag,_jpaggregation relative to control
Control 23.3+13 0
Melatonin 58.2 +2.7 150 +4
Methysticin 443 £1.6 90.1+1.4
3-Indolepropionic acid 744 +£2.6 219 +6
Daunomycin 85.4 5.3 267 £14

Mean = std dev (N = 3)
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