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Abstract

Aβ40 and Aβ42 are peptides that adopt similar random coil structures in solution. Aβ42, however,
is significantly more neurotoxic than Aβ40 and forms amyloid fibrils much faster than Aβ40. Here,
mass spectrometry and ion mobility spectrometry are used to investigate a mixture of Aβ40 and
Aβ42. The mass spectrum for the mixed solution shows the presence of a hetero-oligomer, composed
of equal parts of Aβ40 and Aβ42. Ion mobility results indicate that this mixed species comprises an
oligomer distribution extending to tetramer. Aβ40 alone produces such a distribution, whereas
Aβ42 alone produces oligomers of order up to dodecamer. This indicates that Aβ40 inhibits Aβ42
oligomerization.
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Supporting Information Available: Additional mass spectra of mixtures of different ratios as well as atds from the injection energy study
of the z/n=−5/2 peak.
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The aggregation of the amyloid β-protein (Aβ) is an important event in the development of
Alzheimer’s Disease (AD)1. Although Aβ40 is roughly ten times more abundant than Aβ42
in vivo, Aβ42 is the primary component of the amyloid deposits that are a hallmark of AD.
Studies have also shown that Aβ42 is significantly more neurotoxic than Aβ402. Chemical
cross-linking studies have shown that, while both Aβ40 and Aβ42 are capable of forming
fibrils, they maintain distinct oligomer distributions3. For example, Aβ40 and Aβ42 monomers
form dimers, trimers, and tetramers in solution. Aβ42, however, may also form pentamers and
hexamers, called paranuclei, which self-associate to form dodecamers, protofibrils and
fibrils3. In vivo studies in mice and humans suggest that dodecamers of Aβ42 may be the
proximate neurotoxins in AD4,5.

Recently, new evidence has emerged in in vitro6,7 and in vivo8 studies that show that Aβ40,
in addition to its unique assembly characteristics relative to Aβ42, may inhibit protofibril and
fibril formation by the latter peptide. Here, we used mass spectrometry coupled with ion
mobility spectrometry9–12 (IMS) to elucidate potential mechanisms for the Aβ40 effect. IMS
has successfully been employed in the past to study the structure of Aβ13,14 and fragments of
Aβ15,16. For this study, Aβ40 and Aβ42 were synthesized using FMOC chemistry17 and
dissolved separately in a pH 7.4 20mM ammonium acetate buffer for a final concentration of
2mg/mL. The solutions were combined in a 1:1 Aβ40:Aβ42 ratio and filtered using Macro
Spin Column gel filters (The Nest Group, Inc.). The samples were analyzed on a home-built
nano-ESI ion mobility mass spectrometer18.

The mass spectrum of a 1:1 mixture is given in Fig. 1 (spectra and ATDs for other mixtures
are given in Supporting Information). Peaks corresponding to the z/n= −4, −3, −5/2, and −2
charge states are present for both Aβ40 and Aβ42 (z = charge, n=oligomer size). A third peak
is present between the z/n = −5/2 peaks for Aβ40 and Aβ42. This peak (m/z = 1770) represents
the −5/2 peak for a mixed oligomer containing equal parts Aβ40 and Aβ42. For a 1:1 mixture
near equal intensities are expected for the Aβ40 and Aβ42 monomer peaks (z/n = −4 and −3)
but clearly the Aβ40 peaks are much larger than the Aβ42 peaks. This result is consistent with
the fact that pure Aβ42 oligomerizes much faster than Aβ40 leading to depleted Aβ42
monomer, and that large aggregates of Aβ42 often clog the nano-ESI spray tip in our
experiments. In addition a 1:2:1 distribution is expected for the z/n = −5/2 dimer peaks but
again the Aβ42 dependent peaks are depleted, supporting the conclusion of rapid Aβ42
aggregation (See SI).

Using IMS, it is possible to separate species that have the same mass to charge ratio but differ
in shape or size. For IMS separation, the ions pass through a drift cell filled with helium gas
(~5 Torr) under the influence of a weak electric field, E. This allows species to be separated
in time according to their cross sections. If the ions are pulsed into the drift cell then their arrival
times at the detector can be measured. Measurements of the arrival time distributions (ATDs)
are given in Figure 2 for the three z/n = −5/2 peaks in the mass spectrum.

The Aβ40 peak is shown in Fig 2a and is composed of two partially resolved features. The
smallest possible oligomer at z/n = −5/2 is the −5 dimer. Injection energy studies (data not
shown: see reference 13 for a detailed discussion of injection energy methods) indicate that
the feature at longer times (between 500–525 μs) is strongly favored at high injection energies.
Since no new features appear at longer times, at highest injection energies this peak can be
assigned as the −5 dimer. At the lowest possible injection energies the shorter time feature is
favored (near 430 μs). Higher order oligomers with the same value of z/n as lower order
oligomers always appear at shorter arrival times13, allowing the 430 μs feature to be assigned
as the −10 tetramer. No other peaks appear in the Aβ40 −5/2 ATD so under the conditions of
our experiment, oligomerization stops at the tetramer.
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The ATD for the z/n = −5/2 peak of pure Aβ42 is given in Fig 2b. Clearly this ATD is more
complex than that of Aβ40. Again, using injection energy studies, the various features have
previously been assigned13. In addition, molecular modeling has been done to assign the
qualitative structure of each of the peaks19, as noted in the figure. Of interest is the fact that
Aβ42 forms a planar cyclic hexamer, a paranucleus, previously shown to exist in the Aβ42
oligomer distribution but be absent from the Aβ40 distribution. This structure is crucial for
subsequent oligomerization of Aβ423. Also of interest is the terminal (Aβ42)12 species at ~350
μs, a dodecamer formed by stacking two planar hexamer rings19. The dodecamer has been
implicated in memory impairment in transgenic mice4,20 and in human AD5.

The ATD for the mixed oligomer (one part Aβ40 and one part Aβ42) is given in Fig. 2c and
shows two incompletely resolved features. Injection energy studies (not shown) indicate the
longer time peak (~600 μs) is strongly favored at highest injection energies while the shorter
time peak (~490 μs) becomes more prominent at lower injection energies. These two features
are the only ones observed. We assign the ~600 μs peak as the −5 mixed dimer (Aβ40:Aβ42)
and the ~490 μs peak as the −10 mixed tetramer [(Aβ40)2:(Aβ42)2].

Formation of mixed tetramers with 3:1 or 1:3 ratios of Aβ40: Aβ42 may be possible but they
are not observed in the mass spectrum (Fig 1). This result supports the formation of the mixed
tetramer via dimer condensation rather than sequential monomer addition:

(2)

The second and most important aspect of the mixed oligomer ATD in Fig. 2c is that no species
larger than tetramer are observed. What this suggests is that Aβ40, present in ~10 times the
concentration of Aβ42 in a healthy human brain, actually sequesters Aβ42 in stable mixed
tetramers thus preventing further oligomerization of Aβ42 and formation of the putative
dodecamer toxic agent, and consequently potentially deterring the development of Alzheimer’s
disease.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
The negative ion mass spectrum of the 1:1 mixture of Aβ40 and Aβ42.
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FIGURE 2.
ATDs for the z/n = −5/2 charge state of a) Aβ40 b) Aβ42, and c) Aβ40/Aβ42
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