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ABSTRACT: A neuropathological hallmark of Alzheimer’s disease (AD) is the presence of large numbers of
senile plaques in the brain. These deposits are rich in fibrils that are composed of 40- and 42-residue amyloid-f3
(Ap) peptides. Several lines of evidence indicate that soluble Af aggregates as well as fibrils are important in
the etiology of AD. Low levels of endogenous soluble A aggregates make them difficult to characterize, but
several species in extracts of AD brains have been detected by gel electrophoresis in sodium dodecyl sulfate
(SDS) and immunoblotting. Individual A oligomers ranging in size from dimers through dodecamers of
4 kDa monomeric Af have been resolved in other laboratories as discrete species by size exclusion
chromatography (SEC). In an effort to reconstitute soluble Af aggregates in vitro that resemble the
endogenous soluble Af aggregates, we previously found that monomeric AB(1—42) rapidly forms soluble
oligomers in the presence of dilute SDS micelles. Here we extend this work in two directions. First, we contrast
the size and secondary structure of these oligomers with those of synthetic AB(1—42) fibrils. SEC and
multiangle light scattering were used to obtain a molecular mass of 150 kDa for the isolated oligomers. The
oligomers partially dissociated to monomers through nonamers when incubated with SDS, but in contrast to
endogenous oligomers, we saw no evidence of these discrete species prior to SDS treatment. One hypothesis to
explain this difference is that endogenous oligomers are stabilized by covalent cross-linking induced by
unknown cellular agents. To explore this hypothesis, optimal mass spectrometry (MS) analysis procedures
need to be developed for Af cross-linked in vitro. In our second series of studies, we began this process by
treating monomeric and aggregated Af(1—42) with three cross-linking agents: transglutaminase, glutar-
aldehyde, and Cu(II) with peroxide. We compared the efficiency of covalent cross-linking with these agents,
the effect of cross-linking on peptide secondary structure, the stability of the cross-linked structures to thermal

unfolding, and the sites of peptide cross-linking obtained from proteolysis and MS.

Alzheimer’s disease (AD)' is characterized by large numbers of
senile plaques in the brain that are composed of fibrillar
aggregates of 40- and 42-residue amyloid-5 (Af) peptides. A
number of investigators now propose that soluble aggregates of
Ap (protofibrils or oligomers), rather than monomers or inso-
luble amyloid fibrils, may be responsible for synaptic dysfunction
in the brains of AD patients and AD animal models (/—35). This
proposal is supported by observations that soluble aggregates
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generated in vitro from synthetic AS(1—40) and AB(1—42)
induced toxicity in cultured cells (2, 6), that soluble Af aggregates
produced in cell cultures markedly inhibited hippocampal long-
term potentiation in rats in vivo (7), and that transgenic mice
expressing human Af showed functional deficits that precede
extracellular deposition of fibrillar Af (4, §). These endogenous
soluble Af aggregates are present in brain extracts from AD
patients (9) and transgenic mice that express human Af (10), and
several species have been detected by gel electrophoresis in
sodium dodecyl sulfate (SDS) and isolated by size exclusion
chromatography (SEC) (10, 11). However, these aggregates are
present at low levels, which make it difficult to characterize their
structure.

A complementary strategy is to reconstitute soluble Af
aggregates in vitro from synthetic A which reproduce the
biochemical and pathophysiological features of the endogenous
soluble Af aggregates. However, simple incubation of Apf
peptides in aqueous buffers results primarily in mixtures of
monomers, protofibrils, and fibrils with at most a minor amount
of small oligomers (/2—14). Ap aggregation is stimulated at
interfaces that serve as templates for peptide interactions that do
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not readily occur in aqueous buffers in vitro. Previous studies
have shown that both anionic micelles composed of gangliosides
and reconstituted liposomes that resemble cellular lipid rafts
promote Af binding and fS-structure formation (15—18). We
have demonstrated that polar—nonpolar interfaces formed in
dilute hexafluoro-2-propanol (/9) and aqueous solution/chloro-
form mixtures (20) promote aggregation of Af and its conversion
to f-structure. In addition, we found that anionic micelles formed
at low concentrations of SDS have strikingly different effects on
the aggregation of AS(1—40) and AB(1—42). In 2 mM SDS,
AB(1-40) slowly generated large soluble fibers (13), but Af-
(1—42) rapidly formed small soluble oligomers that converted to
larger “globulomers™ (21) following dialysis (/4). While these
oligomers gave bands on SDS—PAGE immunoblots with sizes
that resembled those of the endogenous aggregates noted above,
the synthetic and endogenous oligomers show clear differences in
size and stability. In particular, the synthetic oligomers do not
elute as discrete dimers through dodecamers on SEC, and they
are completely disaggregated by being boiled in 1% SDS. One
possible explanation for this difference is that endogenous
oligomers are stabilized by covalent cross-linking induced by
unknown cellular agents. Previous reports have suggested that
cross-linked A dimers and tetramers are found in extracts of AD
brains (22, 23), and several agents have been shown to generate
Ap oligomers in vitro that are stable to boiling in SDS,
presumably by promoting covalent intermolecular cross-linking.
These include copper in the form of Cu(Il) (24, 25), TGase (26,
27), prostaglandin products of cyclooxygenase (28, 29), and
4-hydroxynonenal (30). These cross-linking agents could also
be important in a physiological context, particularly if they were
concentrated near cellular interfaces that promoted A aggrega-
tion.

The most direct demonstration of covalent cross-linking of
endogenous Af would involve structural analyses by mass
spectrometry (MS), but the low levels of Af oligomers in
vivo make such characterization an extremely difficult technical
task. Optimal cross-linked oligomer isolation and MS analysis
procedures need to be developed, and this optimization is more
easily conducted with aggregates produced from synthetic A
and subjected to several cross-linking procedures in vitro. We
begin this process here with fibrillar, oligomeric, and monomeric
Ap(1—42) by comparing the efficiency of covalent cross-linking,
the effect of cross-linking on peptide secondary structure, the
stability of the cross-linked structures to thermal unfolding, and
the sites of peptide cross-linking obtained from proteolysis and
MS. In these initial efforts, we have not tried to guess which
cross-linking agent might be involved in cross-linking in vivo
but instead have selected three different cross-linking agents,
TGase, glutaraldehyde, and Cu(II) with peroxide, whose sites
of reaction on peptides are well-defined. These agents are
among those previously shown to cross-link Af in vitro.
TGase catalyzes formation of a covalent bond between the
free e-amino group of a lysine residue and the y-carboxamide
group of glutamine residue. Endogenous TGase plays impor-
tant roles in apoptosis, cellular differentiation, and matrix
stabilization, and TGase-catalyzed cross-links colocalize with
Ap in senile plaques in the brains of AD patients (31).
Glutaraldehyde is a homobifunctional amine cross-linker that
generates a range of cross-linked Af species (32). Cu(Il) also
induces Ap cross-linking in the presence of hydrogen peroxide.
Cu(IT) with peroxide promotes dityrosine cross-linking of Af
to generate oligomers (25).
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EXPERIMENTAL PROCEDURES

Materials. Ap(1—42) was synthesized utilizing orthogonal
Fmoc solid phase chemistry by the Peptide Synthesis Facility at
the Mayo Clinic (Rochester, MN) as described previously (/4).
MS revealed >90% purity. SDS, bovine serum albumin, and
thioflavin T were procured from Sigma (St. Louis, MO). All
other buffers and salts were obtained from Fisher Inc.

Preparation of A Monomer. Lyophilized Ap(1—42),
stored desiccated at —80 °C, was dissolved at concentrations of
0.5—2.0 mM in 30 mM NaOH (33). Monomers were isolated
by size exclusion chromatography (SEC) on a Superdex 75 HR
10/30 column (Amersham Pharmacia) equilibrated in 20 mM
Tris-HCI (pH 8.0) and run at a flow rate of 0.5 mL/min (/4).
Peptide integrity was again confirmed by ESI-MS.

Aggregation of AP(1—42). All reactions were initiated in
siliconized Eppendorf tubes. Fibrils were prepared by incubation
of monomeric AB(1—42) (50 uM) in 20 mM Tris-HCI (pH 8.0)
with 150 mM NaCl at 37 °C for 2—5 days. Fibril formation was
confirmed by thioflavin T fluorescence (/2, 34). Fibrils were
pelleted by centrifugation at 18000g for 10 min, washed with
water, and resuspended in 10 mM Tris-HCl (pH 8.0). The
AB(1—42) 2—4mers were generated by incubation of monomeric
AB(1—42) in 10 mM Tris-HCI (pH 8.0), 50 mM NaCl, and dilute
SDS for 16—24 h at 25 °C. Two incubation conditions were used:
25 uM AB(1—42) in 2 mM SDS (74) or 100 uM Ap(1—42) in
4 mM SDS. Af(1—42) oligomers were formed by dialysis of a
2—4mer preparation against 10 mM Tris-HCI (pH 8.0) for 48 h at
25 °Cin the absence of SDS, and any large aggregate contaminants
were removed by centrifugation (18000g for 10 min) (/4). Unless
otherwise noted, all oligomer preparations here were generated
from 100 uM 2—4mers and purified by SEC on Superdex 75
column as indicated for monomers above. Concentrations of all Af3
species were determined by UV absorbance with a calculated
extinction coefficient of 1450 cm™' M ™" at 276 nm (72), and all
Ap aggregate concentrations are expressed in monomer units.

Multiangle Light Scattering (MALS). Samples were
applied to a Superdex 75 SEC column attached to an AKTA
FPLC system and analyzed in-line with a DAWN EOS
MALS instrument using ASTRA for Windows 4.90.04 (Wyatt
Technology, Santa Barbara, CA) (12, 19). The analysis was
based on the Zimm formalism of the Rayleigh—Debye—Gans
model (35, 36), as presented previously (12). In brief, the excess
Rayleigh ratio (Ry) is related to the molecular structure according
toeq |

Kc 1

Ry MP(0)

where Ry is proportional to the fraction of incident light that is
scattered by the solute without interference; K is a physical
constant equal to 4m(dn/de)*n,>Na~'2, ", where n is the re-
fractive index of the solution, ¢ is the solute concentration (grams
per milliliter), n, is the refractive index of the solvent, N4 is
Avogadro’s number, and 4, is the wavelength of the incident light
in vacuum; A4, is the second virial coefficient; and M is the
molecular mass of the solute. At the low concentrations c¢
employed in this study, the 24,c¢ term in eq | may be ignored.
The function P(6) is the ratio of the scattered light intensity to the
scattered light intensity without interference. For bovine serum
albumin and the relatively small peptide aggregates here, Ry
showed no angular dependence and P(6) was set to 1. In
calibration runs with bovine serum albumin, the monomer peak
was preceded by a small shoulder of dimer, and the M for

+2A2€ (1)
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monomer was determined to be 76 & 1 kDa (average of four SEC
experiments).

Cross-Linking. AB(1—42) species (15—20 uM) were treated
with three cross-linking agents under the following conditions.
TGase (from guinea pig liver, 2 units/mg, Sigma-Aldrich) was
added to a final concentration of 4, 20, or 100 ug/mL in 10—
50 mM Tris-HCI (pH 8.0) with 5 mM CacCl, for 30 min at 37 °C.
Glutaraldehyde at 0.002, 0.01, or 0.05% in 5—10 mM Tris-HCI
(pH 8.0) was incubated with A samples for 15 min, and sodium
cyanoborohydride was then added to a final concentration of
40 mM for an additional 15 min at 25 °C. The reaction was
quenched by the addition of 1 M Tris to a final concentration of
80 mM. CuCl, (25 uM), 50, 250, or 1250 uM H,0O,, and 150 mM
NaCl were incubated with Af overnight at 37 °C.

Polyacrylamide Gel Electrophoreses (PAGE) and Im-
munoblotting. Samples were adjusted to loading buffer
(NuPAGE, Invitrogen Inc., Carlsbad, CA) containing 2%
LDS, either maintained at 25 °C or boiled for 3—5 min as
indicated, applied to NuPAGE precast 4 to 12% acrylamide gels
containing bis-Tris, and resolved in NuPAGE MES SDS running
buffer with 0.1% SDS. Dye-linked M markers (SeeBlue Plus2
Prestained Standards, Invitrogen) were run in parallel for
calibration. In some cases, gels were stained with silver (Pierce
SilverSNAP Stain Kit II). Relative intensities of silver-stained
bands were determined by densitometry after brief staining
periods that avoided band saturation (37). In other cases, gels
were electroblotted onto 0.2 um nitrocellulose membranes
(Bio-Rad, Hercules, CA), and blots were boiled for 10 min in
PBS. After an overnight incubation with blocking buffer (0.5x
PBS, 0.5% casein, and 0.01% thimerosal), the blots were probed
with monoclonal antibody Ab9 (38), which recognizes an epitope
in AB(1—16). Blots were then incubated with a goat anti-mouse
antibody conjugated to fluorophore 680 (Invitrogen) and
scanned by Odyssey (LI-COR Biosciences, Lincoln, NE). Inten-
sities of bands on the blot were quantified using Odyssey
version 2.1.

Circular Dichroism (CD) Spectroscopy. CD spectra were
recorded in the far-UV region with a Jasco J-810 spectropolari-
meter (Jasco Inc., Easton, MD) in continuous scan mode
(260—190 nm) and a 0.1 cm path length quartz cuvette
(Hellma) as described previously (/4). The temperature depen-
dence of the spectra was acquired by programming the Peltier
temperature controller as follows. After initial spectra were
collected in triplicate at 20 °C, the temperature was increased
to 30 °C and the sample was equilibrated for 2 min prior to again
recording the spectra in triplicate. This cycle was repeated in
succession for the following temperatures: 40, 50, 60, 70, 80, 90,
and 100 °C. Spectra of appropriate blanks (all components
except Af) were subtracted from the data sets.” The corrected,
averaged spectra were smoothed (/4) and converted to mean
residue ellipticity with the equation [0] = [6],,(MRW/10/c),
where MRW is the mean residue molecular weight of AB(1—42)
(4514 g/mol divided by 42 residues), / is the optical path length
(centimeters), and ¢ is the concentration (grams per cubic
centimeter). The temperature (7) dependence was expressed as

For example, complete CD spectra for temperature melts with
TGase and without Af were recorded as blanks for the spectra depicted
in Figure 6A. The TGase correction was minimal. TGase primarily
exhibited an a-helical conformation on CD, and at 20 ug/mL, the TGase
CD profile was barely above the buffer baseline. This background was
incorporated by subtracting it from the raw CD spectra with Af prior to
conversion to mean residue ellipticity.
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the difference in ellipticity values between 208 and 218 nm (A[6]
= [0]r0s — [0]215) and fitted (SigmaPlot 11) to the sigmoidal curve
ineq 2 (39).

Al6],; —Al0

[6]208 ~ 10215 = Al6], + % (2)
with four variable parameters (A[];, A[0]y, Twm, and W), where
Al = [0]h0s — [6]o15 at low temperatures, A[f]y = [0z —
[0]>15 at high temperatures, Ty is the temperature at which the
spectra are 50% converted, and W is a measure of the breadth of
temperatures over which the conversion occurs. This difference is
positive for -structure and negative for a-helical structure.

Pepsin Digestion. A samples (20—25 uM) to be digested
with pepsin were adjusted to pH 2 with trifluoroacetic acid, and
porcine pepsin (Sigma Aldrich) was added to a final concentra-
tion of 10 ug/mL. Samples were incubated for 2 h at 37 °C with
periodic brief shaking and then diluted 2—10-fold with water for
MS analysis.

Mass Spectrometry. A Bio-Rad ProteinChip System Series
4000 (Enterprise Edition) mass spectrometer was used in MAL-
DI-TOF mode. Samples were mixed in equal volume with the
energy absorbing matrix [sinapinic acid (Acros) (25 mg/mL) in
50% acetonitrile and 0.5% trifluoroacetic acid], and 1 uL
(corresponding to 1—5 pmol of Af) was spotted on a Protein-
Chip Gold Array (A-H Format). The laser intensity was adjusted
to 3000 nJ.

ESI-MS analyses were conducted with a ThermoFinnigan
DecaXP Plus ion trap mass spectrometer equipped with a
NanoMate 100 automated nanoelectrospray injection accessory.

RESULTS AND DISCUSSION

Isolation and Mass Determination for Distinct Af Oli-
gomers. Isolated monomeric forms of AB(1—40) and AS(1—42)
aggregate to fibrils when incubated in aqueous buffers. Under
identical conditions and equivalent Af concentrations, the rate of
fibril formation is several-fold higher with Af(1—42) than with
AB(1—40), but the fibrils formed by both peptides appear to be
similar as determined by electron microscopy (EM) and atomic
force microscopy (AFM) and exhibit predominant -structure by
circular dichroism (CD) (13, /4). When anionic micelles formed
by 2 mM sodium dodecyl sulfate (SDS) are included in these
reactions, the micellar interface accelerates the generation of
fibers by AfB(1—40) but induces the immediate formation of small
nonfibrillar aggregates by Ap(1—42) (14, 21). We have denoted
these small aggregates 2—4mers because they typically migrate as
a doublet of bands in the §—14 kDa region on SDS—PAGE gels,
in contrast to the single 4 kDa band observed with isolated
AfS(1—42) monomers (Figure 1A). Dialysis of the 2—4mers to
remove SDS preserves the aggregated state in a form that we
denote oligomers and Barghorn et al. have termed globulo-
mers (21). SDS—PAGE of these oligomers reveals a broad band
centered at ~40 kDa in addition to 2—4mer and monomer bands
(Figure 1A). Oligomers also exhibit predominant -structure by
CD and appear as globular particles with an average height of 1.9
nm on AFM, a height similar to those of 2—4mers and isolated
monomers (/4). Boiling samples of 2—4mers, oligomers, or fibrils
in SDS—PAGE sample buffer prior to SDS—PAGE converts all
Ap species to monomers [Figure 1B (74)]. Quantitative distribu-
tions of the AS(1—42) peptide among the SDS—PAGE bands
from these aggregates are difficult to assess because relative
immunoblot band intensities with antibody Ab9 depend on
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FIGURE 1: Variation in band intensities of AS(1—42) samples follow-
ing SDS—PAGE analysis. Lanes 1—4 correspond to monomer,
2—4mer, oligomer purified by SEC as shown in Figure 2A, and fibril,
respectively (30 pmol), that were run in triplicate before immuno-
blotting (A and B) or gel staining with silver (C). The samples in gel B
were boiled in sample buffer prior to SDS—PAGE, while those in gel
A were not.

whether the blot has been boiled (/4) and differ from immunoblot
band intensities with antibody 6E10 (/4) and from gel band
intensities obtained by silver staining. In particular, immuno-
staining of Af aggregates is enhanced relative to that indicated by
silver staining (e.g., note the differences in relative band inten-
sities between identical samples in lane 3 of Figure 1A and lane
3 of Figure 1C).

The conversion of monomers to 2—4mers and then to oligo-
mers with these procedures does not proceed quite to completion.
Residual monomers remain after the dialysis step used to
generate oligomers, and CD spectra showed variations among
preparations in their relative S-structure content. Initial attempts
to separate the dialyzed oligomers from residual monomers by
SEC were unsuccessful because very little oligomer was recov-
ered. However, scaling up the overnight incubation from 25 uM
ApB(1-42) in 2 mM SDS to 100 uM Ap(1—42) in 4 mM SDS
preserved a high yield of 2—4mers, and following dialysis, an
oligomer peak was well separated from the residual monomer
peak on SEC (Figure 2A). The overall Af recovery from this SEC
(~70%) still indicated some oligomer loss due to adsorption on
the column matrix, but the recovery was sufficient for examina-
tion of whether any size fractionation of the oligomers themselves
was obtained. Fractions between the peaks in Figure 2A were
analyzed by SDS—PAGE, but no separation of discrete species,
from apparent nonamers in the ~40 kDa bands to apparent
dimers and trimers in the 2—4mer bands, was obtained
(Figure 2B). Densitometric scans revealed a constant ratio of
~4() kDa, 2—4mer, and monomer bands in fractions 21—27, a
pattern broken only by a more intense monomer band as the
monomer peak in fraction 33 was approached. This result
indicates that the dialyzed oligomers elute as a single species on
SEC but that this species is partially dissociated to an ~40 kDa
aggregate as well as 2—4mers and monomers in the 1% LDS
loading buffer at room temperature prior to SDS—PAGE. We
previously reached a similar conclusion about the stability of
AB(1—42) aggregates generated in vitro in the absence of
SDS (14). To estimate the molecular mass M of the oligomeric
aggregate centered at fraction 21, we monitored the SEC eluent by
MALS to obtain a continuous record of M (Figure 2A). Follow-
ing a small amount of larger aggregates near the void volume, the
oligomer peak was characterized by a nearly constant M that
averaged 150 £ 18 kDa (average of four SEC experiments).
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FIGURE 2: Fractionation of dialyzed Af(1—42) oligomers by SEC.
SEC-purified AS(1—42) monomers (100 uM) were incubated in
4 mM SDS for 20 h and dialyzed against 10 mM Tris-HCI (pH 8.0)
for 48 h at 25 °C to generate oligomers. (A) A 2 mL sample was
applied to Superdex 75 equilibrated in 20 mM Tris-HCI (pH 8.0), and
elution was monitored online by simultaneous recording of the
absorbance at 280 nm (mAU = absorbance/1000, solid line) and
MALS. Calculations of M were based on eq 1 as outlined in the
Experimental Procedures (dots). Peaks at fractions 21 (near the void
volume) and 33 corresponded to oligomers and monomers, respec-
tively. The total Af recovery (A,g0) was 70%. (B) Samples from the
indicated fractions in panel A (50 pmol) were mixed with SDS gel
loading buffer at 25 °C for PAGE analysis. The gel was stained with
silver to eliminate intense immunoblotting of the largest oligomeric
band (see Figure 1).

A number of soluble Af aggregates formed in vitro from
synthetic A monomers in vitro have been reported. These
include protofibrils (12, 40—42), amyloid-derived diffusible
ligands (or ADDLs) (6), and oligomers or globulomers generated
from AP(1—42) in dilute SDS (14, 2I). A few groups have
reported sizes of these soluble Af aggregates based on a
combination of SEC and MALS to determine the M values.
Protofibrils of Af(1—40) were quite large and had initial M
values of 7—30 x 10° kDa (12). ADDLs, which are formed only
by AB(1—42), displayed a polydisperse SEC peak that ranged in
size from 150 kDa at the trailing edge to nearly 1 x 10° kDa at the
leading edge (43). The lower M range of these ADDLs thus
corresponds closely to that of the oligomers shown in Figure 2A.
However, the oligomers here appeared to be more homogeneous,
as the M of 150 kDa was nearly constant across the entire
aggregate peak in Figure 2A, and this peak was preceded by only
a small amount of larger aggregates near the void volume. In
addition, the ratio of oligomers to monomers based on UV
absorbance in Figure 2A was higher than that shown for the
ADDL preparation. AB(1—42) globulomers generated in dilute
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FIGURE 3: CD spectra of various AfS(1—42) species in the presence
and absence of 1% SDS. Af species (15—25 uM) in 10—20 mM Tris-
HCI (pH 8.0) (A) or the same buffer with 1.0% SDS (B) were
generated as described in Experimental Procedures, and spectra were
recorded at 20 °C. (A) The monomer spectra corresponded to a
typical random coil structure with no minima above 200 nm, while
the three aggregates show a predominant f-structure with a char-
acteristic minimum at 218 nm. (B) Addition of SDS converted the
monomers to a predominant o-helical structure with characteristic
minima near 208 and 222 nm. Spectra of the three aggregates were
essentially unchanged by addition of SDS at 20 °C.

SDS were recently reported to have a molecular mass of 64 kDa
by analytical ultracentrifugation analysis (44). These reports are
noteworthy in their failure to detect discrete small oligomers in the
dimer to dodecamer size range analogous to those observed by
SEC for endogenous Af oligomers. However, Figure 2B revealed
that SDS—PAGE bands in this dimer to dodecamer size range are
generated by partial dissociation of the 150 kDa oligomers in
LDS sample buffer. Therefore, caution is advised in assuming
that oligomer sizes determined from SDS—PAGE gel bands
correspond to native molecular masses in the absence of SDS.
Thermal Stability of AB(1—42) Aggregates in 1% SDS.
A monomers show little secondary structure and give CD
spectra dominated by a random coil configuration (Figure 3A).
In contrast, AS(1—42) fibrils, 2—4mers, and oligomers each
exhibit predominant S-structure based on a CD minimum at
218 nm that is characteristic of 5-structure, but the different mean
residue ellipticity values at 218 nm indicate a higher extent of
p-structure formation in fibrils than in 2—4mers or oligomers
(Figure 3A). To gain further insight into structural differences
among these AS(1—42) aggregates, we compared their stabilities
in 1% SDS. The measurement of secondary structure changes by
CDin 1% SDS has a number of advantages. First, it allows direct
comparison to SDS—PAGE analyses because SDS—PAGE
onput samples typically contain 1—2% SDS or LDS. Second,
monomeric AB(1—42) like many other proteins (45) is rapidly
converted to a predominant o-helical structure in 1% SDS
(compare monomer spectra in panels A and B of Figure 3).
The CD spectrum of monomeric AS(1-42) in 1% SDS at 20 °C
exhibits minima near 208 and 222 nm that are characteristic of an
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a-helical conformation and readily distinguished from a spectrum
with predominant S-structure. Third, 1% SDS acts as a denatu-
rant that converts less stable S-structures to a-helices but leaves
more stable f-structures unaltered. Therefore, stability as a
function of temperature can be determined by “temperature melt”
experiments in which CD spectra are recorded in 1% SDS at
progressively higher temperatures. Finally, the o-helical spectra of
AB(1—42) after complete disruption of S-structure in 1% SDS at
high temperature show the same mean residue ellipticity values at
208 and 222 nm regardless of the initial aggregate structure. This is
particularly helpful in normalizing A5 concentrations.

The Ap(1—42) aggregate samples in Figure 1A show little
disaggregation to monomer upon addition of LDS to 2% at
room temperature prior to SDS—PAGE, so it is not surprising
that CD spectra in Figure 3B show retention of most 5-structure
in the aggregates in 1% SDS at 20 °C. However, the oligomeric
and higher aggregate bands observed for Af(1—42) 2—4mers,
oligomers, or fibrils are all converted to a monomer band when
samples are boiled for 5 min in 2% LDS sample buffer prior to
SDS—PAGE [Figure 1B; (/4)]. Boiling in 1% SDS also converts
these aggregated samples to predominant a-helical structures as
measured by CD. This conversion is irreversible, as the CD
spectra remain characteristic of an a-helical structure after the
samples are cooled to 20 °C. To monitor the temperature
dependence of the conversion, we recorded successive CD spectra
at increasing 10 °C temperature intervals in 1% SDS. Panels A
and B of Figure 4 show selected spectra from such progressive
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FIGURE 4: Temperature dependence of CD spectra for various
ApB(1—42) species in 1.0% SDS. SDS was added to AS(1—42)
samples (15—20 uM) to a final concentration of 1.0%, and consecu-
tive spectra were recorded at increasing temperatures as described in
Experimental Procedures. Representative spectra are shown for
2—4mers (A) and fibrils (B). Spectra for oligomers (not shown) were
very similar to those of 2—4mers. (C) Individual temperature melts
indicate relative 5-structure ([6]0g — [0]215) as a function of tempera-
ture for monomer (O), 2—4mer (A and dashed line), oligomers (a),
and fibrils (@) (points are averages of four or five experiments). Lines
were calculated with eq 2. Average values of Ty; and W from eq 2
were 59 &3 and 12+ 1 °C for fibrils, 66 &= 1 and 5 4= 1 °C for 2—4mers,
and 63 &+ 1 and 6 & 1 °C for oligomers, respectively. The AB(1—42)
monomer did not exhibit substantial spectral changes with tempera-
ture since it is already converted to an o-helical structure at 20 °C, as
shown in Figure 3B.
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FIGURE 5: Cross-linking of various AfB(1—42) species with three cross-linking agents. A samples were treated without and with three
concentrations of each indicated cross-linking agent, boiled in 2% LDS, and analyzed by SDS—PAGE and immunoblotting with antibody
AD9 as outlined in Experimental Procedures. The concentrations of each agent examined are given in panels G—I, and immunoblots of treated
samples (with agent concentrations increasing from lanes 1 to 4) are shown in panels A—F. The procedure is illustrated with A monomers (A—C)
and 2—4mers (D—F). Immunoblots of A oligomers and fibrils (not shown) showed cross-linked oligomeric bands, primarily in the 100—200 kDa
range, with all three cross-linking agents. The extent of cross-linking was quantified by the relative intensity of the monomeric band using Odyssey
LI-COR. Intensities of this band in each blot were normalized by setting the intensity of the monomeric band in the absence of cross-linking agent
to 100%. Panels G—I show relative band intensities for monomer (®), 2—4mer (O), oligomers (¥), and fibrils (A) at each cross-linking agent
concentration. Oligomers in these experiments were dialyzed samples prior to SEC purification. Points are averages of three or four

measurements.

temperature melts of AS(1—42) 2—4mers and fibrils, respectively.
As expected from Figure 3B, both species begin at 20 °C with
predominant 5-structure but are converted to a-helical structures
as the temperature increases. Since the spectra were recorded only
2 min after each step in temperature, the changes in spectra
largely reflected the kinetics of thermal refolding. A similar
procedure was used to reveal differences in the temperature
dependence of unfolding between two alternative conformations
of a yeast prion protein (39), and we examined whether differ-
ences could also be observed among these aggregated AB(1—42)
samples. Relative secondary structure was quantified as the
difference in mean residue ellipticity between 208 and 218 nm
(A[0] = [0]0s — [0]215). This difference is positive when f-
structure predominates but decreases to negative values as the
structure is converted to a-helix. Values of A[#] at 20 °C in Figure
4C are larger for fibrils than for 2—4mers or oligomers, indicating
a greater level of relative S-structure in fibrils at this temperature.
The Ty at which 50% conversion to o-helical structure occurred
(59—66 °C) was similar for all three aggregates, but differences
were observed in the temperature range over which the conver-
sion occurred. If this range is defined by 5—95% conversion
(corresponding to 6}/ in eq 2), the range for 2—4mers was 30 °C,
that for oligomers was 38 °C, and that for fibrils was 72 °C,
essentially the entire 30—100 °C span. In fact, some residual
p-structure in fibril samples was suggested by the plot in
Figure 4C even after the final step at 100 °C. We concluded that
the region of S-structure in 2—4mers and oligomers was quite
homogeneous, whereas fibrils have heterogeneous regions of
p-structure that are disrupted by heating in 1% SDS at quite
different rates. These observations indicate structural differences

in the f-structured regions in 2—4mers and oligomers relative to
fibrils.

Cross-Linking Efficiency Varies with the AB(1—42)
Species and the Cross-Linking Agent. The aggregation of
Ap into fibrils or the association of Af in oligomers at SDS
micelle interfaces could have two opposing effects on the
efficiency of cross-linking reactions. Cross-linking could be
enhanced by bringing reactive groups on adjacent peptides into
closer contact. Alternatively, cross-linking could be inhibited
because reactive groups are buried within the region of peptide
contact and inaccessible to the cross-linking agent. To examine
which effect predominates with the three cross-linking agents
employed in this study, samples were prepared over a range of
cross-linking agent concentrations and examined by SDS—
PAGE and immunoblotting (Figure 5). Samples were boiled
prior to SDS—PAGE to preserve only covalently linked oligo-
meric bands. While immunoblotting provides the most sensitive
measure of the conversion of Af monomers to higher-order
oligomers, quantifying band intensities on these blots can be
confounded in several ways. We noted above that relative band
intensities with antibody Ab9 (1) depend on whether blots have
been boiled and (2) differ from the relative intensities of bands on
corresponding silver-stained gels (Figure 1). We therefore fo-
cused just on the relative intensities of monomer bands in boiled
blots to assess the extent of intermolecular cross-linking. For
example, panels A and D of Figure 5 compare immunoblots of
monomers and 2—4mers cross-linked by TGase. Many bands
with masses greater than 4 kDa are apparent, and the intensities
of these bands appear to be greater in the monomer sample
than in the 2—4mer sample. This impression is supported by
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quantitative analysis of the relative monomer band intensities in
Figure 5G. Monomer bands in the blots of the cross-linked
monomer sample are barely detectable at the two highest TGase
concentrations, while these bands from the 2—4mer as well as
fibril and oligomer samples retain at least 50% of the intensity of
the non-cross-linked control at all TGase concentrations. These
data indicate that A monomers were cross-linked by TGase
more efficiently than any of the three Af aggregates examined
here. Panels A and D of Figure 5 also illustrate a second concern
in immunoblot interpretation when the cross-linking agent is
itself a protein. Immunostained bands near 100 kDa increase in
rough proportion to the amount of TGase in the sample. Hartley
et al. (46) have reported that TGase cross-links itself to Af, and
such a cross-link would result in an ~100 kDa band that
immunostains for AS. To minimize this undesired cross-linking
in the remaining experiments here, TGase was limited to the
penultimate concentration shown in Figure 5G (20 ug/mL).

Interpretation of immunostaining also may be compromised if
the epitope(s) for antibody interaction becomes blocked during
the cross-linking reaction. Glutaraldehyde cross-linking resulted
in a loss of monomer band immunostaining without a corres-
ponding increase in higher-mass bands (Figure 5B). Silver
staining of gels of paired samples, however, showed no decrease
in monomer band intensity even at the highest glutaraldehyde
concentration (data not shown). MS data below helped to
reconcile this discrepancy, as it showed pronounced reactivity
of glutaraldehyde with the N-terminal primary amine group of
Ap to form a piperidine conjugate. This modification appears to
be sufficient to block the binding of antibody Ab9 and eliminate
immunostaining of the modified peptides. The fact that immu-
nostained oligomeric bands were apparent following glutaral-
dehyde cross-linking of Ap 2—4mers (Figure SE) as well as
oligomers and fibrils (data not shown) suggests that the N-
terminus may become less accessible to glutaraldehyde in aggre-
gated Ap species.

Cross-linking with Cu(IT) and peroxide resulted in covalent
oligomeric bands for A monomers (Figure 5C) and 2—4mers
(Figure SF), as well as oligomers and fibrils (data not shown), and
the dependence of monomer loss on peroxide concentration was
similar for all four Af species (Figure 5I). Loss of immunostain-
ing at the highest peroxide concentration (e.g., Figure 5F) may
also reflect modification of the epitope for Ab9 binding; however,
comparison to silver-stained gels was not informative as the
extent of silver staining of the monomer band also decreased at
higher peroxide concentrations, and little silver staining of
oligomeric bands was apparent (data not shown).

Increased Thermal Stability of Some Cross-Linked A
Aggregates. The f-structure inferred for aggregated Ap(1—42)
species from the CD spectra in Figure 3 was largely retained
following treatment with all three cross-linking agents. In addi-
tion, this S-structure was maintained in the presence of 1% SDS.
Temperature melt curves in 1% SDS for fibrils, 2—4mers, and
oligomers after treatment with the cross-linking agents are shown
in Figure 6, and in general, values of A[#] at 20 °C are similar to
those in Figure 4C. However, cross-linking did have an effect on
some of the curves at higher temperatures in Figure 6. Fibrils
exhibited less conversion to a-helical structure at high tempera-
tures after treatment with each of the cross-linking agents,
indicating that cross-linking stabilized the fibril S-structure. In
fact, it appears that not all AS peptides in a fibril need be cross-
linked for their S-structure to be influenced by a neighboring
cross-linked Af. Cross-linking with TGase stabilized most of the
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FIGURE 6: Temperature dependence of CD spectra following cross-
linking of various Af3(1—42) species. The AS(1—42) species indicated
in panel A were cross-linked with (A) TGase (20 ug/mL), (B)
glutaraldehyde (0.05%), or (C) Cu(Il) with peroxide (1250 uM) as
described in the legend of Figure 5, and the temperature dependence
of CD spectra of the samples was obtained as described in the legend
of Figure 4C. Points are averages of three to five experiments, and
lines were calculated with eq 2. Average values of Ty and W fromeq 2
for TGase were 63 &= 10 and 20 & 5 °C for fibrils, 70 =3 and 9 &= 3 °C
for 2—4mers, and 65 + 1 and 6 £ 1 °C for oligomers, respectively, and
for glutaraldehyde 72 & 5 and 12 + 7 °C for oligomers, respectively.
Equation 2 could not fit the glutaraldehyde data for fibrils or
2—4mers unless one parameter was fixed, and the lines shown were
fit with a W of 10 °C. Average values of Ty and W from eq 2 for
Cu(II) with peroxide were 76 &= 6 and 12 + 4 °C for fibrils, 67 &+ 3 and
14 + 6 °C for 2—4mers, and 81 4 24 and 18 4 16 °C for oligomers,
respectively.

fibril S-structure (Figure 6A), even though fewer than half of the
monomers in the fibril sample were cross-linked by TGase
(Figure 5G). In contrast, the stability of S-structure in 2—4mers
and oligomers was not increased by treatment with TGase or
Cu(IT) with peroxide, as A[f] at high temperatures (A[f]y =
—1900 to —3100 from Figure 6A,C) was not significantly
different from that of 2—4mers and oligomers prior to cross-
linking (A[f] = —1900 to —2700 from Figure 4C). Glutaralde-
hyde cross-linking preserved more f-structure in 2—4mers and
oligomers at high temperatures (A[f]ly = 300—600 from
Figure 6B).

CD spectra of monomeric AS(1—42) in 1% SDS indicated
predominant a-helical structures at all temperatures in
Figure 4C, and no conformational melt was detected. This melt
pattern was retained after treatment of monomers with glutaral-
dehyde or Cu(Il) with peroxide, and a similar level of o-helical
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FiGUure 7: Time dependence of transglutaminase cross-linking of
ApS(1—42) monomers. AS(1—42) monomer (20 uM) was incubated
with 20 ug/mL TGase in 50 mM Tris-HCI (pH 8.0) at 37 °C as
described in the legend of Figure 5, and CD spectra were collected
every 8 min for 1 h. (A) Spectra recorded at 0, 8, 32, 56, and 60 min
(see panel B). (B) Difference spectra obtained by subtracting each
spectrum in panel A from the spectrum recorded at the beginning of
the incubation (0 min).

structure was preserved (A[f] = —1700 to —2300 from
Figure 6B,C). However, treatment of monomers with TGase
resulted in partial formation of S-structure, as indicated by an
increase in A[6] to an average of 0 over the course of the melt
(Figure 6A), and this p-structure remained stable at high
temperatures. To examine the effect of TGase on monomeric
ApB(1—42) more closely, the time course of progressive monomer
treatment with TGase was monitored by CD as shown in Figure 7A.
The spectra indicate that the monomer initially corresponded to
a random coil at the start of the incubation but began to convert
to f-structure by 8 min. The conversion is shown more clearly in
the difference spectra in Figure 7B. Only a slight further increase
in the level of S-structure was observed after 32 min.
Identification of AP Residues Modified or Cross-Linked
during Cross-Linking Reactions. Cross-linking agents highly
specific to certain residues should prescribe a well-defined set of
potential cross-links in AB(1—42). For example, with TGase, the
specific linking of lysine and glutamine side chains requires that
cross-linking in AB(1—42) be limited to Lys;s and/or Lys,g and
Gln;s. A convenient method for identifying cross-linked residues
involves specific proteolytic fragmentation followed by MS,
because cross-linked peptide fragments can be identified from
masses that are distinct from those of fragments obtained in the
absence of cross-linking. Proteolysis of Af peptides has been
investigated (47, 48), and pepsin has been found to cleave
preferentially between Phejg and Phe,,, between Leus, and
Met;s, and between Glu; and Phe, (48). We verified these
cleavages following pepsin digestion of monomeric AS(1—42).
The three most prominent peptic fragments observed with
MALDI-TOF MS were AB(1-19) [M + H)" = 2315 Dal],
AB(4—19) (2000 Da), and AB(20—34) (1492 Da) (Figure 8B), and
these assignments were confirmed by MS/MS analysis with ESI-
MS. Pepsin cleaved virtually all of the monomer, as no peak was
observed corresponding to intact AB(1—42) [M + H)" = 4515
in the control in Figure 8A]. We also examined proteolytic
fragments of Af produced by pepsin digestion after treatment
with cross-linking agents. Following cross-linking of monomeric
Af(1—42) with TGase, pepsin digestion produced two additional
species at 3474 and 3983 Da (Figure 8C). These species allowed us
to identify the residues involved in the cross-linkage. Since TGase
cross-links Lys and Gln residues, A42 cross-links could involve
Gln;sto Lys;s or Glnys to Lys,g. The 3474 Da peak corresponded
to AB(4—19) linked to AB(20—34) [(M + H)" = 3474], and the
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FiGURE 8: MALDI-TOF mass spectrometry analysis of peptic frag-
ments of AB(1—42) species before and after cross-linking. Samples of
Ap(1—42) treated with cross-linking agents as described in the legend
of Figure 5 or untreated were adjusted to pH 2 and incubated with
pepsin as outlined in Experimental Procedures. Aliquots were then
mixed with matrix for mass spectrometry. (A—F) Right-hand col-
umns indicate the Af species (monomer, M; fibril, F), the cross-
linking agent CL [no cross-linking, —; TGase, TG; glutaraldehyde,
Glu; Cu(II) with peroxide, Cu], and treatment with pepsin Pep (+) or
without (—). The y-axis denotes ion current, and numbers in panels
show observed molecular masses of indicated peaks.

mass of 3983 indicated AB(4—19) linked to AB(4—19) [M + H)* =
3982]. Furthermore, the 3474 Da peak was considerably larger
than the 3983 Da peak, suggesting that with AS(1—42) mono-
mers TGase primarily links Gln;s to Lysyg rather than Gln;s to
Lysy. Pepsin digestion following TGase cross-linking of Ap-
(1—42) fibrils also produced these cross-linked fragments, but
with two notable differences (Figure 8D). First, the relative
abundance of the 3474 Da fragment was much lower than that
in the TGase-cross-linked monomer digest. This result is con-
sistent with immunoblots like those in Figure 5. The lower
immunostaining intensities of cross-linked dimer, trimer, and
tetramer bands from Af aggregates relative to monomers were
noted above, and less overall cross-linking would be expected to
result in lower levels of cross-linked pepsin fragments. Second,
the amount of the 3983 fragment relative to the 3474 fragment
was much higher in pepsin digests of cross-linked fibrils. Analysis
of MS ion currents from several digests indicated a 3983 to 3474
peak ratio of 0.29 &+ 0.04 from A monomers and of 1.8 + 1.2
from fibrils. Current models of secondary structure in Af
fibrils (49) place Gln;s near Lys;¢ at the end of intermolecular,
parallel, in register -strands formed by residues 18—26 (50),
and this proximity may allow more efficient intermolecular



11804  Biochemistry, Vol. 48, No. 49, 2009

cross-linking of Glnys in one AfS peptide with Lys;s on an
adjacent peptide compared to what can occur with monomers.

Although TGase cross-linking of monomers led to an increase
in the level of S-structure based on the CD spectra in Figure 6A,
the MS data suggest that most of this cross-linking involved
linkage of Glnys to Lysys and thus would probably not be
compatible with enhanced fibril formation. Previous reports
are inconclusive. TGase treatment of AS(1—40) has been re-
ported to induce formation of elongated structures that resemble
protofibrils in EM images (46). However, TGase-catalyzed
intramolecular cross-linking of tau, a-synuclein, and truncated
Sup35 blocked both the nucleation and the fiber extension steps
associated with amyloid fibril formation (57). It does not appear
that any of the TGase cross-linking of monomeric AS(1—42)
observed here involves intramolecular linkage of Gln;s to Lysog.
Such a cross-link would result in a loss of 17 Da (52) from (M +
H)" of 4515 for AB(1—42), but only the 4515 peak was observed
in mass spectra of TGase-cross-linked Af(1—42) prior to pepsin
digestion (data not shown).

The immunostaining in Figure 5 suggested that glutaraldehyde
or Cu(Il) with peroxide is an effective cross-linker of both
monomeric and aggregated Apf(1—42). MALDI-TOF MS
supports this conclusion, as peaks in the 4500—5000 mass range
are largely eliminated in these cross-linked samples prior to
pepsin digestion. However, few conclusions could be drawn
about cross-linked Ap residues from analysis of peptic fragments
following treatment with these agents. With glutaraldehyde,
cross-linking reactions must compete with piperidine formation
resulting from cyclization at a single primary amine group (53).
This reaction increases the mass of a peptide by 68 Da for each
piperidine addition. Piperidine formation was the most obvious
feature when peptic fragments of Af species cross-linked by
glutaraldehyde were examined by MS. The peptic digest of cross-
linked fibrils in Figure 8E gave prominent peaks at 2384 and 2452
Da, increments of 68 Da and twice 68 Da from the 2316 fragment
corresponding to AB(1—19). This fragment contains two primary
amine groups, the N-terminus and Lys;s, and both amines
appear to be accessible to glutaraldehyde reaction in the fibrils.
Less explicable in Figure 8E was the nearly complete loss of peaks
corresponding to AS(4—19) (2000 Da) or ABS(20—34) (1492 Da)
in either piperidine-modified or unmodified form. A similar
loss of the AB(4—19) peak was observed following pepsin
digestion of glutaraldehyde-treated Ap(1—42) monomer,
although these digests contained some AfS(20—34) and its
piperidine adduct (data not shown). No peptic fragments with
cross-links were detected following glutaraldehyde treatment.
MS analysis of peptic fragments following cross-linking with
Cu(Il) and peroxide was not very informative. Sharp peaks
corresponding to AS(1—19) (2315 Da) and AB(4—19) (2000
Da) were replaced by broad peaks, indicating that several
oxidation products of varying mass had been generated on
residue(s) in AS(1—19) (Figure 8F). These oxidative reactions
did not appear to extend to AB(20—34), however, as a sharp peak
at 1492 Da remained evident.

CONCLUSIONS

Other laboratories have reported the resolution of endogenous
Ap oligomers ranging in size from dimers to dodecamers by SEC
and contended that some of these oligomers are primary toxic
species in AD. In an effort to reconstitute soluble Af aggregates
in vitro that resemble the endogenous soluble Af oligomers, we
have generated soluble oligomers by incubation of synthetic
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AB(1—42) monomers in dilute SDS followed by dialysis. SEC
and multiangle light scattering indicated a molecular mass of 150
kDa for the isolated oligomers (Figure 2A), but these oligomers
partially dissociated in 1% LDS to give ~40 kDa, 2—4mer, and
monomer bands on SDS—PAGE (Figure 2B). Although the
masses of these bands correspond to some of those reported for
endogenous A oligomers, the bands did not fractionate on SEC
as a ladder of discrete species as reported for the endogenous
oligomers. No SEC separation of discrete ~40 kDa bands from
apparent dimers and trimers in the 2—4mer bands was obtained
in Figure 2B. Furthermore, these synthetic ~40 kDa and 2—4mer
bands were completely disaggregated to monomers by being
boiled in 1% SDS (Figure 1B and ref /4), in contrast to
endogenous oligomer samples, which appear to be routinely
boiled in sample buffer containing 1—-2% SDS in preparation for
SDS—PAGE without disruption of the oligomer gel bands (10,
11). It appears that endogenous oligomeric Af aggregates are
stabilized by an undefined process that has not yet been
incorporated into in vitro Af aggregation procedures.

One hypothesis to define this process is that endogenous Af
oligomers are stabilized by covalent cross-linking induced by
unknown cellular agents. To develop techniques to examine this
possibility, we have cross-linked synthetic AS(1—42) monomers
and aggregates with three well-defined cross-linking agents and
initiated the investigation of sensitive MS analyses to detect and
characterize A cross-linking. We first compared the efficiency of
covalent cross-linking with these agents. Af monomers were
cross-linked by TGase more efficiently than any of the three Af
aggregates examined here (Figure 5G). Aggregation had a
weaker effect on cross-linking by glutaraldehyde or Cu(Il) with
peroxide. The dependence of monomer loss on the concentration
of these cross-linkers was similar for all four Af species
(Figure SH,I). We then assessed the effect of cross-linking on
peptide secondary structure and thermal stability. Treatment of
all four Af species with the three cross-linking agents in general
had little effect on Af secondary structure as measured by CD.
The one exception involved TGase cross-linking of A mono-
mers, where a modest increase in the level of f-structure was
observed (Figure 7). However, the predominant S-structure in
fibrils was stabilized by all three cross-linking agents, as indicated
by retention of some S-structure in 1% SDS at high temperatures
(Figure 6). In contrast, the f-structure in 2—4mers and oligomers
was not stabilized following treatment with TGase or Cu(II) with
peroxide and only partly stabilized by treatment with glutaralde-
hyde (Figure 6).

From the perspective of developing MS analyses to detect Af3
cross-linking and identify the cross-linked residues, our initial
results here showed TGase to be the most useful cross-linking
agent. Peptic fragments corresponding to each of the two possible
sites of Af cross-linking by TGase were identified by MALDI-
TOF MS (Figure 8C,D). Analysis of glutaraldehyde cross-
linking was complicated by a competing side reaction in which
piperidine was formed on single primary amine groups. Treat-
ment with Cu(II) with peroxide led to very broad peaks in regions
corresponding to peptic fragments AS(1—19) and AB(4—19),
indicating formation of heterogeneous oxidation products that
prevented precise interpretation of the reaction. These observa-
tions demonstrated that the convenience and speed of the
MALDI-TOF technique allows a quick survey of a wide range
of cross-linked samples and proteolysis conditions. However,
additional peaks corresponding to larger cross-linked fragments
were difficult to detect with this technique. Further analysis by
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ESI-MS may reveal larger cross-linked species in a mass range
where MALDI-TOF MS has low sensitivity.

In summary, these studies have characterized various synthetic

AB(1—-42) aggregates in terms of their size, thermal stability,
susceptibility to cross-linking, thermal stability as a result of
cross-linking, and sites of cross-linking. Endogenous Af aggre-
gates have been difficult to isolate in quantities sufficiently large
for characterization by these biochemical and biophysical techni-
ques, and we anticipate that these studies with synthetic aggre-
gates will add to current structural information that can be used
for the rational design of agents for the treatment of AD.
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