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ABSTRACT: β-Amyloid (Aβ) is the main protein component of the amyloid plaques associated with
Alzheimer’s disease. Transthyretin (TTR) is a homotetramer that circulates in both blood and cerebrospinal
fluid. Wild-type (wt) TTR amyloid deposits are linked to senile systemic amyloidosis, a common disease of
aging, while several TTR mutants are linked to familial amyloid polyneuropathy. Several recent studies
provide support for the hypothesis that these two amyloidogenic proteins interact, and that this interaction is
biologically relevant. For example, upregulation of TTR expression in Tg2576 mice was linked to protection
from the toxic effects of Aβ deposition [Stein, T. D., and Johnson, J. A. (2002) J. Neurosci. 22, 7380-7388].
We examined the interaction of Aβ with wt TTR as well as two mutants: F87M/L110M, engineered to be a
stable monomer, and T119M, a naturally occurring mutant with a tetrameric stability higher than that of the
wild type. On the basis of enzyme-linked immunoassays as well as cross-linking experiments, we conclude that
Aβ monomers bind more to TTR monomers than to TTR tetramers. The data further suggest that TTR
tetramers interact preferably with Aβ aggregates rather than Aβ monomers. Through tandem mass
spectrometry analysis of cross-linked TTR-Aβ fragments, we identified the A strand, in the inner β-sheet
of TTR, as well as the EF helix, as regions of TTR that are involved with Aβ association. Light scattering and
electron microscopy studies demonstrate that the outcome of the TTR-Aβ interaction strongly depends on
TTR quaternary structure. While TTR tetramers may modestly enhance aggregation, TTR monomers
decidedly arrest Aβ aggregate growth. These data provide important new insights into the nature of TTR-Aβ
interactions. Such interactions may regulate TTR-mediated protection against Aβ toxicity.

Alzheimer’s disease (AD),1 the most common age-associated
neurodegenerative disease, affects approximately 5 million
Americans. Amyloid plaques are one of the primary character-
istic features of AD, with β-amyloid (Aβ) as the main protein
component of these amyloid plaques. The two common isoforms,
Aβ(1-40) and Aβ(1-42), are generated from cleavage of the
transmembrane amyloid precursor protein (APP) by β- and
γ-secretases (1, 2). Both transgenic animal studies and numerous
in vitro studies indicate that Aβ aggregation is causally linked to
cellular toxicity, although the exact relationship between Aβ and
neuronal toxicity in the progression of AD remains an area of
controversy (3-5). Multiple studies indicate that toxicity arises
early and can be attributed to soluble Aβ oligomers and/or
protofibrils (6, 7).

Aβ is just one of many amyloidogenic proteins that will, under
certain conditions, associate into aggregates with a cross-β struc-
ture and fibrillar morphology. Another amyloidogenic protein is

transthyretin (TTR): TTR amyloid fibrils are found in patients
with familial amyloid polyneuropathy (FAP) or senile systemic
amyloidosis (SSA). SSA, characterized by deposition of wild-type
TTR, may affect as much as 25% of population over age 80 (8).
FAP is an inherited disorder, associated with one of numerous
TTR mutants (9).

TTR is a homotetramer that circulates in both blood and
cerebrospinal fluid, with each 14 kDa subunit composed of 127
residues (10). Each monomer is a β-pleat sandwich of two four-
stranded β-sheets: an inner sheet of strands D, A, G, and H and
an outer sheet of strands C, B, E, and F (with one short helix
between strands E and F). Monomers assemble into dimers
through extensive hydrogen bonding involving strands F and H.
The tetramer is formed by hydrophobically driven association of
two dimers in a face-to-face manner, held together by loops that
project from the edge of the dimer (10, 11). This creates a central
channel lined by the inner sheets of the four monomers, where
thyroxine (T4) is known to bind (12). TTR is also a transporter
for retinol binding protein (13). In vitro evidence supports a
mechanism of amyloid formation whereby TTR tetramers first
dissociate into monomers, which then undergo a slight confor-
mational rearrangement and reassemble into fibrils (14, 15).
Wild-type (wt) TTR is normally quite stable at neutral pH;
dissociation to monomer and subsequent fibril assembly are
facilitated at moderately acidic pH. Disease-associated TTR
mutants generally have less stable quaternary structures and
are more prone to dissociation (14, 16). Hydrogen-deuterium
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exchange studies along with NMR data indicate that “edge”
strands C and D are labile and likely unfold during TTR
fibrillogenesis, while strands A, B, E, and G form a stable core
that is resistant to unfolding (17, 18). FAP mutants have a less
stable core (19). TTR fibrils may arise via formation of a non-
native interface between strandsA and B on different monomers,
centered on residues 13 and 31, respectively (18).

A growing body of evidence supports the hypothesis that TTR
and Aβ interact, and that this interaction is biologically relevant.
An early study demonstrated that cerebrospinal fluid (CSF),
where TTR is the major protein component, inhibited Aβ
amyloid fibril formation (20). Several studies have now demon-
strated binding between TTR and Aβ, and in some cases, it was
also shown that TTR influences Aβ aggregation and reduces
Aβ toxicity in vitro (21-25). Interestingly, some groups have
reported that TTR levels in the CSF of AD patients are lower
than in healthy controls (26-30), although other researchers
have detected no differences (31). Relevant studies have been
conducted with Tg2576 transgenic mice, which express the
Swedish mutation of APP (APPSw) and produce extensive Aβ
deposits but lack the paired helical filaments and extensive
neuronal cell loss one would see in AD (32). Stein and Johnson
discovered that expression of TTR is greatly upregulated in
Tg2576 mice and, importantly, were able to link an increased
level of TTR expression to neuroprotection (33, 34). An increased
level of TTR expression has been recently confirmed by two other
groups (35, 36); interestingly, in one of these studies, decreased
TTR levels in aged Tg2576 mice were reported (35). Further-
more, Choi et al. (37) observed accelerated Aβ deposition in
APPSw mice with heterozygous TTR deletions, and Buxbaum
and co-workers (38) demonstrated that TTR expression was
protective in an APP23 transgenic mouse model. In contrast,
Wati et al. (39) reported that TTR accelerated vascular Aβ
deposits while Doggui et al. (40) observed essentially no effect of
TTR deletion on plaque deposition in an aggressive mouse AD
model. In summary, many, but not all, of the data point to a
biologically relevant interaction between TTR and Aβ, thus
motivating further investigation into the molecular-level nature
of this interaction.

In this study, we aim to further characterize the association
between Αβ and TTR. Experiments were conducted with both
Aβ(1-40) and Aβ(1-42), and with wt TTR as well as two
mutants: T119M and F87M/L110M (M-TTR). T119M is a
naturally occurring mutant with a tetrameric stability higher
than that of wt (41); much of the increased stability appears
to be due to subunit contacts rather than tertiary structural
changes (42, 43). T119M acts to suppress aggregation when it is
incorporated with aggregation-prone mutants into TTR hetero-
tetramers (43, 44). M-TTR is a double mutant engineered to be
stable as amonomer at neutral pHwhile fully retaining the native
secondary and tertiary structure of wt TTR (45).

EXPERIMENTAL PROCEDURES

Expression and Purification of Recombinant TTR. A
recombinant plasmid of human transthyretin (pTWIN1-TTR)
was constructed as described previously (46). The IMPACT-
TWIN system was chosen because it allows for expression of
protein with a fully human sequence with native N- and
C-termini and purification by single-step affinity adsorption
without the need for proteases. TTR mutants T119M and
F87M/L110M (M-TTR) were prepared with the QuikChange

site-directed mutagenesis kit (Stratagene, La Jolla, CA) using
pTWIN1-TTR (Met-1) as the template. Plasmids were trans-
formed into ER2566 cells (Stratagene), and cells were grown on
LB medium supplemented with 0.1 mg/mL ampicillin. Protein
expression was induced with isopropyl β-D-thiogalactopyrano-
side. Cells were harvested by centrifugation and then lysed
[20 mM Tris-HCl, 500 mM NaCl, 1 mM EDTA, 20 μM PMSF,
and 1 mM DTT (pH 9.0) containing 8 M urea] as described
previously (46). Clarified cell lysate was applied to chitin beads
(NEB, Beverly, MA) equilibrated with column buffer [20 mM
Tris-HCl, 500 mM NaCl, 1 mM EDTA, and 1 mM DTT
(pH 9.0)], and protein was cleaved from the column and eluted as
described previously (46), dialyzed against PBSA [0.01 MNa2H-
PO4/NaH2PO4, 0.15 M NaCl, and 0.02% (w/v) NaN3 (pH 7.4)],
and stored at 4 �C. The protein concentration was determined by
absorbance at 280 nm, assuming an extinction coefficient of
77600 M-1 cm-1.
Characterization of TTR. wt and mutant proteins were

analyzed by a linear trap/FT-ICR MS (LTQ FT Ultra) hybrid
mass spectrometer (Thermo Fisher Scientific, Bremen,
Germany). A single peak was observed for each sample, with
molecular masses of 13761.11, 13791.02, and 13763.01 Da for wt
TTR,T119M, andM-TTR, respectively, compared to theoretical
values of 13761.04, 13791.12, and 13763.08Da, respectively. SDS
gel electrophoresis of boiled samples revealed single bands eluting
at 14 kDa; if samples were not boiled, wt TTR and T119M ran as
single bands of 55 kDa, indicating formation of tetramers, while
M-TTR ran as a 14 kDa (monomer) band. By size exclusion
chromatography on a calibrated TSK-GEL G3000SWXL col-
umn (TOSOH Bioscience, LLC), M-TTR eluted as a monomer
peakwhile wt andT119M eluted as tetramers. The determination
of molecular masses by static light scattering further established
that M-TTR was monomeric in solution while wt and T119M
were tetramers. An ANS binding assay demonstrated that
recombinant wt TTR bound thyroxine, indicating assembly into
functional tetramers (46). Circular dichroism spectra were ob-
tained to confirm that the secondary structure of the recombinant
proteins was virtually identical to that of commercially available
TTR purified from plasma. Tryptophan fluorescence emission
spectra, with excitation at 290 nm, were recorded; the maximum
fluorescence was observed at 338 nm, which is consistent with
attainment of the correct tertiary structure.
Sample Preparation. All chemicals were purchased from

Fisher (Fair Lawn, NJ) unless otherwise stated. PBSA was
double-filtered through 0.22 μm filters (Millex); 8 M urea was
prepared in 10 mM glycine-NaOH buffer (pH 10) and then
filtered through 0.22 μm filters. Aβ(1-40) (AnaSpec, San Jose,
CA) and Aβ(1-42) (American Peptide, Sunnyvale, CA) were
used for this study. TheAβ(1-40) stock solutionwas prepared by
directly dissolving lyophilized Aβ(1-40) in 8 M urea to a final
concentration of 16 mg/mL (47). Although this treatment was
sufficient to dissociate preformed Aβ(1-40) aggregates, we
found it was not sufficient for Aβ(1-42). Therefore, Aβ(1-42)
was pretreated with TFA and HFIP (48). Briefly, 0.1 mg of
Aβ(1-42) was dissolved in 100 μL of TFA and the mixture
sonicated at room temperature for 15min, and then an additional
1 mL of TFA was added to achieve complete solubilization. The
solvent was evaporated under nitrogen, and 1 mL of HFIP was
added to redissolve Aβ and then the solvent removed under
nitrogen. HFIP treatment was repeated three times to completely
remove all residual TFA. The vial was dried overnight under
vacuum, leaving a thin film of Aβ on the vial wall. TheAβ(1-42)
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stock was prepared by dissolving the film in 8 M urea to a final
concentration of 6 mg/mL. Native gel electrophoresis confirmed
that Aβ(1-40) and Aβ(1-42) stock solutions were in a mono-
meric-dimeric state.
ELISA. Mouse monoclonal anti-Aβ antibodies 6E10 and

4G8 (Covance Inc., Emeryville, CA) were selected for this study.
These antibodies recognize both monomeric and aggregated Aβ.
6E10 recognizes the N-terminus of Aβ; its epitope is believed to
be residues 4-10 (49), while 4G8 is reactive to a central sequence,
residues 17-24 (50, 51). In preliminary experiments, 6E10 and
4G8were immobilized on 96-well plates. Detection with the anti-
mouse antibody produced uniformly strong color development,
as expected; if TTR and the anti-TTR antibody were added to
these plates, no nonspecific binding was detected.

ELISA plates (Corning Inc., Corning, NY) were coated with
5 μg/mL wt or mutant TTR (100 μL/well) in coating buffer
[10 mM sodium carbonate, 30 mM sodium bicarbonate, and
0.05% NaN3 (pH 9.6)] overnight at room temperature. For
positive controls, 6E10 and 4G8 were coated onto the plate
(2.5 and 5 μg/mL, respectively), while for negative controls, only
coating buffer was added (blank wells). The plate was washed
three times with wash buffer (PBSA with 0.05% Tween 20) and
incubated with blocking buffer (5% nonfat dry milk in wash
buffer) for 1 h at room temperature. Freshly prepared Aβ(1-40)
or Aβ(1-42) was diluted to 5 μg/mL in PBSA and then
immediately added to TTR-coated and blank wells (50 μL/well).
For background, PBSA was added to TTR-coated wells. The
plate was incubated at room temperature or 37 �C for 1 h with
gentle shaking. After the plate had been washed, 6E10 or 4G8
was diluted in wash buffer following the manufacturer’s instruc-
tions added to each well (100 μL/well), and the plate was
incubated at room temperature for 1 h. After the samples had
been washed, the anti-mouse HRP antibody (Pierce, Rockford,
IL) was added to each well and the plate was incubated for 1 h.
The plate was washed three times with wash buffer, and then
100 μL of a 3,30,5,50-tetramethylbenzidine (TMB) substrate
solution (Pierce) was added to each well. After further incubation
for 15-30 min, color development was stopped by addition of
100 μL of 2 M sulfuric acid to each well. Absorbance was
measured at 450 nmwith an EL800UniversalMicroplateReader
(Biotek Instruments Inc., Winooski, VT). We reported the Aβ
binding intensity as the relative absorbance (Ar) by subtracting
the background from sample absorbance.

In some experiments, freshly prepared Aβ(1-40) or Aβ(1-42)
was added to TTR-precoated plates and incubated at room
temperature for various time intervals [0, 4, 8, and 24 h for
Aβ(1-40) or 0 and 24 h for Aβ(1-42)]. Alternatively, aggregated
Aβ samples were prepared by 20-fold dilution of an Aβ(1-40)
stock into PBSA (to 0.8 mg/mL) followed by overnight incuba-
tion at room temperature. Preaggregated Aβ(1-40) was diluted
to 5 μg/mL in PBSA right before being added to TTR-precoated
wells; plates were processed as described.
Cross-Linking and Analysis by Gel Electrophoresis and

Western Blotting. First, 2.5 μL ofΑβ(1-40) stock (16 mg/mL
in 8 M urea) or Aβ(1-42) stock (6 mg/mL in 8 M urea) was
added to 47.5 μL of PBSA (control) or TTR solution (0.1 mg/mL
in PBSA) and themixture incubated at room temperature for 2 h.
Then, 50 μL of an AβþTTR mixture or TTR alone was mixed
with 2 μL of a 25% glutaraldehyde solution and incubated at
room temperature for 2 min. The cross-linking reaction was
terminated by the addition of 2 μL of 7% (w/v) sodium
borohydride in 0.5 M sodium hydroxide. Cross-linked proteins

were precipitated with 2 μL of 78% trichloroacetic acid and
centrifuged at 14000 rpm for 10 min, and then the supernatant
was removed by suction. The precipitate was resuspended in 5%
SDS and boiled at 95 �C for 5min. The samples were analyzed on
a Precise 4 to 20% polyacrylamide gradient gel with a 4%
stacking gel (Pierce) under constant voltage conditions. In some
experiments, Aβwas incubatedwith TTRovernight before cross-
linking and processing as described.

To test whether acid-monomerized TTR would correctly
reassemble into tetramers in the presence of Aβ, 34 μL of wt or
T119M (0.15 mg/mL, in PBSA) was mixed with 13.5 μL of 100
mM acetic acid (final concentration of 0.1 mg/mL, pH 4.2) and
then the mixture incubated at 4 �C for 1 day. For samples with
TTR alone, 15 μL of 100 mM NaOH was added to adjust the
final pH back to neutral, while for AβþTTR samples, 2.5 μL of
Αβ(1-40) stock (16 mg/mL in 8 M urea) was added to an
acidified TTR solution right before the pH was readjusted with
NaOH. TTR or TTR/Aβ solutions were then incubated at room
temperature for 2 h before glutaraldehyde cross-linking as
described above.

Cross-linkedAβþTTRsampleswere separated bySDS-PAGE
and then transferred onto a 0.45 μm nitrocellulose membrane
(Pierce) at 60 V for 1 h.Membranes were blocked with 5% nonfat
drymilk in TBST [20mmol/L Tris, 150mmol/LNaCl, and 0.05%
(v/v) Tween 20 (pH 7.6)] for 1 h at room temperature or at 4 �C
overnight and then reacted with the polyclonal rabbit anti-
human TTR antibody (DAKO, Glostrup, Denmark) at a
1:1500 dilution in the same TBST buffer for 1 h at room
temperature. The membrane was subsequently treated with
anti-rabbit immunoglobulins/HRP (DAKO) at a 1:1500 dilu-
tion in TBST at room temperature for 1 h. TTR was visualized
by means of an ECL Western Blotting Analysis System (GE
Healthcare, Buckinghamshire, U.K.).
Cross-Linking and Tandem Mass Spectrometry Anal-

ysis. BS3 is a homobifunctional N-hydroxysuccinimide (NHS)
ester with a spacer arm length of 11.4 Å, which reacts with
primary amines at pH 7-9. TTR and Aβ were cross-linked with
BS3-d0/d4 (Pierce). Briefly, for theM-TTRþAβ samples, 10 μLof
Αβ(1-40) stock (16 mg/mL in 8 M urea, final concentration of
93 μM)was added to 390 μL of anM-TTR solution (0.14mg/mL
or 10 μM, in PBSA). After incubation at room temperature for
2 h, 19 μL aliquots were removed and cross-linking was initiated
by addition of 2 μL of a BS3-d0/d4 solution (in a 1:1 mixture of d0
and d4 reagent at a concentration of 10 or 20mM inDMSO), thus
yielding 100- and 200-fold molar excesses of cross-linker over
M-TTR. The reaction mixture was incubated at room tempera-
ture for 30 or 60 min, and then the reaction was terminated by
addition of 1 M NH4CO3 to a final concentration of 20 mM.
Samples were boiled at 95 �C for 5 min followed by separation
with SDS-PAGE.Western blotting with the anti-TTR antibody
was also performed as described previously. For wt TTRþAβ
samples, 2 μL of Αβ(1-40) stock (16 mg/mL in 8 M urea, final
concentration of 93 μM)was added to 78μLofwtTTR (0.18mg/
mL or 3.3 μM, in PBSA), and the mixture was incubated at room
temperature for 2 h. Then, 2 μL of BS3-d0/d4 (in a 1:1 mixture of
d0 and d4 reagent at 350 mM in DMSO) was added to initiate
cross-linking (∼2650-fold molar excess of cross-linker over wt
TTR). Control samples of cross-linked wt TTR alone were also
prepared. The reaction mixtures were incubated at room tem-
perature for 60 min, and then the reaction was terminated with
1 M NH4CO3. Samples were boiled at 95 �C for 5 min before
being loaded onto the gel.
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Cross-linked gel bands of interest were excised, and enzymatic
digestion was performed with the In-gel tryptic digestion kit
(Pierce) following manufacturer’s instructions. Reduction and
alkylation were conducted to improve the recovery of cystine-
containing peptides and minimize the appearance of unknown
masses from disulfide bond formation and side chain modifica-
tion. Trypsin (∼100 ng per digestion) in ammonium bicarbonate
was used for digestion at 30 �C overnight. Peptide fragments
were separated by two-dimensional LC on an Eksigent system
(nano2DLC) with two independent binary gradient pumps. The
sample was injected into the loading pump, with a water/
acetonitrile/ethanol mixture (98:1:1, with 0.1% formic acid) as
the solvent, and the flow rate was set at 7 μL/min, with 2 min
steps. The peptides were separated with a total run of 55 min
using a gradient with the following conditions: 10 to 40% solvent
B from 1 to 40min at a constant flow of 400 nL/min, held at 40%
solvent B for 5 min, ramp for 5 min to 90% solvent B, and held
for 5 min (solvent A, water with 0.1% formic acid; solvent B,
50:50 acetonitrile/ethanol mixture with 0.1% formic acid). An
AgilentZorbax 300SBC8 trap column (300 Å pore, 5 μmparticle)
was used for the first dimension, and the Magic C18 column
(0.075mm� 120mm, 300 Å pore, 5 μmparticle) was used for the
second dimension.

Nano LC was online coupled with an LTQmass spectrometer
(Thermo Fisher Scientific). The LTQ mass spectrometer was
operated in a data-dependent triple-play mode in which each full
MS scan (m/z 400-2000, centroid) was followed by zoom scan
(5000NL minimum, m/z 10 window, þ1 charge rejection) where
the centroid ions were automatically selected and fragmented by
collision-induced dissociation (CID) using a normalized collision
energy of 35% (5000NL minimum, m/z 2.4 isolation, wideband
activation). All LTQ spectra were recorded with Xcalibur
(version 2.0.5) (Thermo Fisher Scientific). The isotopic pairs
were searched and validated manually. Cross-linked pep-
tides were identified using XQuest (http://prottools.ethz.ch/
orinner/public/htdocs/xquest/). The mass tolerance (m/z) for
precursor ions was 1.0, and the mass tolerance (m/z) for MS/
MS was 0.8.

Alternatively, an in-solution-digested sample was prepared. A
BS3-d0/d4-cross-linked M-TTRþAβ sample was prepared as de-
scribed previously except that the Aβ concentration was 47 μM.
After the cross-linking reaction had been terminated, 4-5
volumes of cold acetone (-20 �C) was added, and the sample
was kept at -20 �C for at least 2 h followed by centrifugation at
14000 rpm for 10-15 min. After supernatant had been removed,
the sample was dried at room temperature before being recon-
stituted in 100 μL of 8 M urea buffer (8 M urea in 25 mM
ammonium bicarbonate). Reducing reagent (5 μL of 200 mM
DTT in 25 mM ammonium bicarbonate) was added, and the
sample was incubated at 37 �C for 1 h. Alkylation was followed
by addition of 20 μL of 200 mM iodoacetamide (IAA) and
incubation for 1 h at room temperature in the dark. Reducing
reagent (20 μL) was added to consume any leftover IAA. The
sample was then diluted to 0.6 M urea with ammonium bicarbo-
nate and digested with trypsin (∼1:20 trypsin:protein ratio) at
37 �C overnight. After centrifugation, the supernatant was
transferred to a new tube, and ∼250 μL of ammonium bicarbo-
nate was added to lower the urea concentration to 0.4 M before
GluC was added (∼1:20 GluC:protein ratio). Digestion was
performed by incubation of the sample at 37 �C overnight.

A model 4800 MALDI TOF/TOF analyzer (Applied Biosys-
tems, Framingham, MA) equipped with a 200 Hz, 355 nm Nd:

YAG laser was used for direct peptide profiling of in-solution-
digested M-TTRþAβ sample. Acquisitions were performed in
positive ion reflectron mode. Instrument parameters were set
using the 4000 Series Explorer software (Applied Biosystems).
Mass spectra were obtained by averaging 1000 laser shots
covering a mass range m/z of 700-4000. A 6 mg/mL solution
of R-cyano-4-hydroxycinnamic acid (CHCA) in 50% (v/v)
acetonitrile was used as a matrix. For sample spotting, 0.4 μL
of sample was spotted on a MALDI plate and allowed to dry,
followed by application of 0.4 μL of matrix solution.

Peptides of the M-TTRþAβ sample from in-solution double
digest were acidified to pH 2 with TFA and analyzed by nano-
LC-MS/MS using the Agilent 1100 nanoflow system (Agilent,
Palo Alto, CA) connected to a hybrid linear ion trap-orbitrap
mass spectrometer (LTQ-Orbitrap, Thermo Fisher Scientific,
San Jose, CA) equipped with a nanoelectrospray ion source.
HPLC was performed using an in-house-fabricated column with
an integrated electrospray emitter made from 360 μm outer
diameter� 75 μm inner diameter fused silica tubing. The column
was packed with 3 μm C18 particles (Column Engineering,
Ontario, CA) to approximately 15 cm. Sample loading and
desalting were achieved using a trapping column in line with
the autosampler (Zorbax 300SB-C18, 3 μm, 5 mm � 0.3 mm,
Agilent). The sample was desalted over 20 min at a flow rate of
15 μL/min using an isocratic HPLC pump to deliver 0.1M acetic
acid and 1% acetonitrile. Peptides were gradient eluted using a
binary solvent system with solvent A (0.1 M acetic acid in water)
and solvent B [0.1 M acetic acid and 95% acetonitrile (v/v) in
water] at 200 nL/min. The gradient elution was achieved with an
increase in solvent B content from 1 to 40% over 95 min, from 40
to 60%over 20 min, and from 60 to 100% over 5 min. The LTQ-
Orbitrap was set to acquire MS/MS spectra in datum-dependent
mode as follows. MS survey scans from m/z 300 to 2000 were
collected in centroid mode at a resolving power of 100000. MS/
MS spectra were collected on the five most abundant signals in
each survey scan requiring that precursors be present in the 2þ or
higher charge state, and that they pass the dynamic exclusion
criteria. Cross-linked peptides were identified using XQuest
(http://prottools.ethz.ch/orinner/public/htdocs/xquest/). The mass
tolerance (m/z) for precursor ions was 1.0, and the mass tolerance
(m/z) for MS/MS was 0.8.
Light Scattering ofAβwith TTR.TheΑβ(1-40) stockwas

diluted 20-fold (final concentration of 0.8 mg/mL) into filtered
PBSA, or PBSA containing 0.1 mg/mL TTR. The samples were
rapidly filtered through a 0.45 μm filter directly into a light
scattering cuvette placed in a temperature-controlled (25 �C)
bath of the index-matching solvent decahydronaphthalene. A
Coherent (Santa Clara, CA) argon ion laser at 488 nm was
focused on the cuvette, and light scattering datawere collected via
a Malvern (Southborough, MA) 4700c system, as described in
more detail elsewhere (52). The average scattering intensity of the
sample, Is(90�), was measured at a 90� scattering angle repeatedly
over a 24 h interval. Scattering from toluene, Itol(90�), was
measured to account for changes in laser power or aperture, as
was background scattering from the solvent, Ib(90�). Data are
normalized to the total mass concentration of protein, ctot:

Inorm ¼ Isð90�Þ- Ibð90�Þ
ctotItolð90�Þ ð1Þ

Transmission Electron Microscopy (TEM). Aβ with
M-TTR, wt TTR, or T119M was prepared as described for
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light scattering analysis, incubated for 2 weeks at room tempera-
ture, stained with NanoW negative stain (Nanoprobes.com,
Yaphank, NY), and placed on a pioloform coating grid support
film (Ted Pella Inc., Redding, CA). Images of fibrils were taken
with a Philips CM120 transmission electron microscope (FEI
Corp., Eindhoven, The Netherlands). The number of fibrils and
their length were counted and measured manually with ImageJ
(National Institutes of Health, Bethesda, MD). The fibril length
ranged from 100 to 2250 nm. An array of 10 evenly spaced bins
(215 nm each) was chosen initially to count the fibril distribution.
Because only a few long fibrils were observed, we grouped the
larger bins (530-2250 nm) together.

RESULTS

Binding Interactions between Aβ and TTR.We looked for
direct evidence of binding between Aβ and TTR using ELISAs.
We used recombinant human wt TTR as well as two mutants:
M-TTR (F87M/L110M), an engineered mutant that retains
native structure but is a stable monomer (45), and T119M, a
naturally occurring mutant with greater tetramer stability than
wt (43, 44).Wewere interested in determining whether there were
differences between binding of Aβ to monomeric versus tetra-
meric TTR, or differences in binding of freshly prepared versus
preaggregated Aβ to TTR. We used two different antibodies to
Aβ, with distinct epitopes, to probe for binding of Aβ to TTR,
reasoning that differences in binding of the antibody toAβ-TTR
complexesmay shed light on the nature and/or site of any binding
interaction. 6E10 and 4G8 react with monomers, oligomers, and
fibrils of Aβ (53, 54). 6E10 recognizes the hydrophilic N-terminal
sequence (residues 1-16) of Aβ; its epitope is reportedly residues
4-10 (49), while 4G8 is reactive to Aβ residues 17-24 (50).

Freshly prepared Aβ was added to wells precoated with TTR
(wt or mutant). After incubation for 1 h, binding of Aβ to
immobilized TTR was probed with 6E10 or 4G8 (Figure 1A).
With 6E10 as the probe, binding was observed for all three TTRs,
but the signal was significantly higher when M-TTR was
immobilized than when either wt or T119M was coated on the
wells. With 4G8 as the probe, weakly positive binding was
observed for all three TTRs. We repeated this experiment with
Aβ(1-42) and obtained results that were very similar to those
with Aβ(1-40) (Figure 1B): specifically, the strongest signal was
obtained for binding of Aβ to M-TTR when probing with 6E10.
We repeated the experiment at 37 �C rather than room tempera-
ture and obtained virtually identical results (data not shown).

We repeated the experiments, except after Aβ addition the
plates were incubated for longer periods of time before the probe
antibody was added. With both Aβ(1-40) (Figure 1C) and
Aβ(1-42) (not shown), we observed a substantial (3-12-fold)
increase in the amount of 6E10 bound over 24 h. Again, the
strongest binding was detected when M-TTR was immobilized.

In another experiment, Aβ(1-40) was preaggregated (1 day at
room temperature) prior to being added to TTR-coated wells
(Figure 1D). In all cases, the signal was substantially stronger
with preaggregated Aβ than freshly prepared Aβ. (Quantitative
comparison between fresh and aggregated Aβ is not possible
because the difference was greater than the dynamic range of the
experiment. When Aβ was prepared and processed under other-
wise identical conditions, color development was very strong and
immediate with preaggregated Aβ while it took several minutes
with fresh Aβ.) Aβ binding was detected for wt- and mutant-
coated wells, with the strongest signal again observed with

M-TTR-coated wells. However, in contrast to the case with
freshly prepared Aβ, detection of preaggregated Aβ binding with
4G8 and 6E10 was not statistically different.
Cross-Linking of TTR-Aβ Complexes. To further inves-

tigate the specific interaction of TTR with Aβ, we cross-linked
solutions with glutaraldehyde and then analyzed the resulting
complexes by SDS-PAGE and Western blots.

In the first set of experiments, TTR was mixed with freshly
prepared Aβ(1-40) (1:8 mass ratio) and incubated at room
temperature for 2 h before cross-linking. Sampleswere boiled and
then analyzed by gel electrophoresis (not shown) and byWestern
blot with anti-TTR antibody detection (Figure 2). Under these
conditions, un-cross-linked TTR and Aβ were both monomeric
(not shown).OnCoomassie-stained gels, crosslinkedwt andT119M
ran as tetramers while M-TTR ran primarily as a monomer (not
shown), demonstrating that the cross-linking conditions pre-
served the native quaternary structure without inducing excessive
aggregation. Cross-linked Aβ exhibited a mix of monomers
(∼4 kDa) and multimers, with a strong dimer band and what
appeared to be weaker trimer, tetramer, and/or pentamer bands.
Samples containing Aβ cross-linked with wt TTR or T119M
appeared to be a simple additive ofTTRandAβ alone, while with
M-TTR/Aβ samples, a series of protein bands with molecular
masses in the ∼20-30 kDa range were observed. We analyzed
these samples further by Western blotting, probing with anti-
bodies to TTR (Figure 2A). No signal was detected with the Aβ

FIGURE 1: ELISA analysis of TTR-Aβ association. wt TTR,
T119M, or M-TTR was immobilized on ELISA plates. (A) Freshly
prepared Aβ(1-40) was added to each well; after incubation for 1 h
and washing to remove unboundmaterial, anti-Aβ antibody 6E10 or
4G8 was used to detect bound Aβ. *p<0.05, and n=6. (B) Freshly
prepared Aβ(1-42) was added to each well; after incubation for 1 h
and washing to remove unboundmaterial, anti-Aβ antibody 6E10 or
4G8was used to detect boundAβ. *p<0.05, and n=4. (C) Binding
of Aβ(1-40) to immobilized TTR as a function of time measured
with anti-Aβ antibody 6E10. *p < 0.05, and n = 6. (D) Preaggre-
gated Aβ(1-40) was added to TTR-coated ELISA plates. Anti-Aβ
antibody 6E10 or 4G8 was used to detect bound Aβ. *p< 0.05, and
n = 6. When Aβ was added to blank wells (negative controls), no
absorbance was detected above empty wells (data not shown); these
wells were used as “zero” absorbance.
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sample, as expected. We observed a small dimer band along with
the strong tetramer band for wt and T119M alone. As with the
Coomassie-stained gel, for wt and T119M there was no clear
difference between TTR alone and TTR with Aβ, while distinct
differences were evident upon comparison of M-TTR alone
versus M-TTR with Aβ. With M-TTR alone, a dimer band
was detected, suggesting that M-TTR formed transient dimers
that were locked in place by the cross-linker. Interestingly, when
M-TTR was mixed with Aβ, we obtained a ladder of bands. The
spacing of the bands suggests that these cross-linked speciesmake
up a series ofM-TTR-(Aβ)n complexes. Of additional note is the
disappearance of the dimer band from the cross-linkedM-TTR-
Aβ sample compared to M-TTR alone. These data suggest that
Aβ competes with the TTR monomer for self-association. We
repeated these experimentswithTTRandAβ(1-42), with similar
results (Figure 2B). As with Aβ(1-40), there were no obvious
differences between wt or T119M alone and with Aβ, and the
dimer band detected was much weaker in the cross-linked
M-TTR-Aβ complex than in cross-linked M-TTR.

Next, TTRþAβ samples were preincubated for 1 day, cross-
linked, and then analyzed by SDS-PAGE and Coomassie
staining (Figure 3). With M-TTR, we again observed a ladder
of complexes upon addition of Aβ. When wt and T119M were
incubated for 1 day with Aβ, there was a subtle but measurable
and reproducible shift toward higher-molecular mass species,
relative to the TTR tetramer band. Furthermore, the TTR-Aβ
band was reproducibly “streaky”. Such streaks on the gel are
frequently considered diagnostic of protein aggregates (55). The
shift upward in molecular mass and the streaking in the band
were observed only with the longer incubation period, suggesting
either that Aβ associates only very slowly with TTR tetramers or
that Aβmust be allowed to aggregate before it will associate with
TTR tetramers.

Reassembly of TTR Tetramers after Acid-Induced Dis-
sociation in the Presence of Aβ. Given the distinctly different
interaction of monomeric versus tetrameric TTR with Aβ, we
wondered if this was simply a function of the introduced
mutations in M-TTR or was related to the loss of quaternary
structure. At neutral pH, wt TTR tetramer assembly is strongly
favored: the half-life for tetramer dissociation is ∼24 h while
reassembly occurs within seconds (56). wt TTRdissociates slowly
to the monomer at moderately acidic pH and will remain
monomeric if the sample is held at 4 �C (14). Much of the native
tertiary structure is retained at acidic pH, although there is
evidence of some conformational changes involving the EF helix
and adjacent loop (15). We obtained monomers fromwt TTR by
acid dissociation and then tested their reassembly to the tetramer
in the absence and presence of Aβ. Specifically, we first dis-
sociated TTR tetramers by incubating a solution at pH 4.2 and
4 �C overnight. Native gels confirmed complete dissociation into
monomers under our conditions (data not shown). We then
added Aβ and immediately adjusted the pH back to 7.4. Samples
were cross-linked after incubation for 2 h. In the absence of Aβ, a
return to neutral pH allowed TTR tetramers to reassemble, as
assessed by both SDS-PAGE and Western blotting (Figure 4).
Overexposure of the Western blot revealed a strong tetramer
smear aswell as dimer andmonomer bands (the latter bands were
not visible on the Coomassie-stained gel likely because of their
low concentration). There were no apparent differences in the
intensity of the tetramer, dimer, andmonomer bands between the
dissociated and reassembled TTR compared toTTR that had not
been acidified at all. This demonstrates that both wt and T119M
will fully reassemble into tetramers after acid dissociation fol-
lowed by a return to neutral pH. With Aβ present during
reassembly, most of the TTR again reassembled into tetramers;
however, there were faint but distinct bands detectable at ∼18
and ∼22 kDa. These bands were not present if Aβ was absent;
because the bands were detected with the anti-TTR antibody,
they contain TTR. The molecular mass of these bands corre-
sponded closely to those obtainedwhenM-TTRwas cross-linked
with Aβ. These data indicate that complexes between wt TTR
monomer and one or two Aβ molecules (TTRmon-Aβ, 18 kDa;
TTRmon-Aβ2, 22 kDa) will form if the TTR tetramer is first
dissociated. In other words, Aβ binding to TTR monomers
competes with reassembly to the tetramer.
Mass Spectrometry Analysis of Cross-Linked TTR-Aβ

Fragments.To identify region(s) of TTR that interact withAβ, we
prepared cross-linked samples (wt or M-TTR with Aβ), isolated

FIGURE 2: Cross-linking of TTR and Aβ. Aβ was incubated with
TTR for 2 h and then cross-linkedwith glutaraldehyde. Sampleswere
boiled and analyzed by SDS-PAGE. Samples were then transferred
to a membrane and detected with the anti-TTR antibody. The gels
were heavily stained to detect minor species: wt TTR alone (W) or
withAβ (WþA), T119Malone (T) or withAβ (TþA),M-TTR alone
(M) or with Aβ (MþA), and Aβ alone (A). (A) Aβ(1-40) cross-
linked with TTR. (B) Aβ(1-42) cross-linked with TTR.

FIGURE 3: Cross-linking of TTR and Aβ. Aβ(1-40) was incubated
with TTR for 1 day and then cross-linked with glutaraldehyde.
Samples were boiled and then analyzed by SDS-PAGEand detected
withCoomassie stain: wtTTRalone (W) orwithAβ (WþA),T119M
alone (T) or with Aβ (TþA),M-TTR alone (M) or with Aβ (MþA),
and Aβ alone (A).
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the cross-linked material by gel electrophoresis, in-gel-digested
the sample, and analyzed fragments by mass spectrometry. The
homobifunctional, amine-reactive cross-linker BS3-d0/d4 was
used. BS3 forms amide bond-coupled peptides that cause a
characteristic mass shift of 138.067 Da (BS3-d0), whereas the
partially hydrolyzed cross-linker causes a mass shift of 156.078
Da (BS3-d0). BS

3-d0/d4 was used to facilitate the identification of
cross-linked peptides on the basis of the appearance of isotopic
pairs with a 4.025 Da mass difference in the mass spectra.

Figure 5A shows a Western blot of BS3-d0/d4-cross-linked
M-TTR and Aβ. At a 100-fold molar excess of cross-linker and
with a 30 min reaction time, 1:1 and 1:2 M-TTR-Aβ complexes
readily formed. No obvious differences were obtained with
further increases in the quantity of cross-linker or the reaction
time. The gel bands corresponding to 1:1 complexes were excised
and subjected to in-gel tryptic digestion.

For BS3-d0/d4-cross-linked wt TTR and Aβ, a higher molar
ratio of cross-linker to TTR (∼2650:1) was required to maintain
TTR’s tetrameric structure when denaturing samples. Even with
excess cross-linker, some TTR dimers and monomers were
observed (Figure 5B). Further adjusting the quantity of cross-
linker or reaction time did not improve the cross-linking effi-
ciency (data not shown). Compared to wt TTR alone, the center
of wt TTR-Aβ bands exhibited a slight shift toward a higher
mass. Given the fact that the mass of the wt TTR-Aβ complex
(1:1) is just 4 kDa higher than that of wt TTR itself, this small
mass shift suggests the formation of a cross-linked wt TTR-Aβ
complex (1:1). This band was excised and subjected to in-gel
tryptic digestion.

The digested peptides were analyzed by LC-MS/MS. On each
TTR monomer unit there are eight lysines that can participate in

cross-linking (residues 9, 15, 35, 48, 70, 76, 80, and 126). On Aβ
there are two lysines (residues 16 and 28). After enzymatic
fragmentation of cross-linked materials, intra- and intermole-
cular cross-linking products as well as “dead-end” peptides
(modified by a partially hydrolyzed cross-linker) are obtained. In
addition, the mixture contains many non-cross-linked fragments.
Because we are interested in finding the interacting sites on TTR
and Aβ, the intermolecular cross-linked species are the targeted
peptides. To find these, we manually screened for precursor ions
with isotopic patterns, indicating the presence of the cross-linker.
The corresponding MS/MS data of each isotopic pair were
analyzed with XQuest to identify the cross-linking type as well
as to unambiguously identify the cross-linking sites. Because
reduction and alkylation were performed before enzymatic
digestion, the mass increase (57.02 Da) caused by alkylation
with iodoacetamide was taken into consideration for each MS/
MS calculation.

For the M-TTR-Aβ complex, one (and only one) intermole-
cular cross-linked product was detected. Intramolecular and
dead-end cross-linked peptides were also observed, but not
further analyzed. Figure 6A gives the CID spectrum at m/z
1023.29 of the intermolecular cross-linked product ([Mþ 4H]4þ).
Series of y-type and b-type ions were observed, with the frag-
mentation patterns identifying the cross-linking site on Lys-9 of
M-TTR and Lys-28 of Aβ (Scheme 1A). For the wt TTR-Aβ

FIGURE 4: Acid dissociation and reassembly of TTR with Aβ. wt
TTR was acid-dissociated into monomers and then reassembled at
neutral pH in the absence or presence of Aβ(1-40). Samples were
cross-linkedwith glutaraldehyde and then analyzed by SDS-PAGE:
wt TTR (W), acid-dissociated and reassembled wt TTR alone (diW)
or with Aβ (diWþA), T119M (T), acid-dissociated and reassembled
T119M alone (diT) or with Aβ (diTþA), M-TTR with Aβ (MþA),
and Aβ alone (A).

FIGURE 5: Cross-linked samples used in LTQMS/MS analysis. Aβ-
(1-40) was incubated with TTR for 2 h and then cross-linked with
BS3-d0/d4. Boxes indicate the gel bands that were excised for enzy-
matic digestion. (A)M-TTR andAβwere cross-linkedwith a 100- or
200-fold molar excess of BS3-d0/d4, and then the reaction was termi-
nated after 30 or 60 min. Samples were analyzed by SDS-PAGE,
transferred toamembrane, anddetectedwith the anti-TTRantibody.
(B) wt TTR and Aβ were cross-linked with an ∼2650-fold molar
excess of BS3-d0/d4, and then the reaction was terminated after
60 min. Samples were analyzed by SDS-PAGE. Dashed lines mark
the center of protein bands.
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complex, only one intermolecular cross-linked peptide was
identified (Figure 6B). MS/MS data analysis indicated that
Lys-15 of wt TTR was linked to Lys-16 of Aβ as shown in
Scheme 1B. Lys-9 is located near the start of strand A of TTR,
while Lys-15 is near the center of strandA. Thus, analysis of both
M-TTR and wt TTR clearly implicates residues in strand A of
TTR in interactions with Aβ.

The advantage of in-gel digestion is that the cross-linked
sample is isolated from non-cross-linkedmaterials, thus reducing
the number of fragments present. A possible disadvantage,
however, is that some fragments, particularly cross-linked mate-
rials, can be difficult to elute from the excised gel band. We
decided therefore to conduct in-solution digestion of the cross-
linked M-TTR-Aβ complex as an alternative approach, to
improve sample recovery. A second enzyme, GluC, was intro-
duced after trypsin to reduce the size of digested fragments.
Because of the anticipated additional complexities of the mixture
when tetrameric rather than monomeric TTR is used, particu-
larly the large number of intramolecular cross-links, we chose not
to attempt this procedure with wt TTR. MALDI and LC/
Orbitrap with higher resolution than LTQ were combined as
complementary techniques to increase the sequence coverage.

As shown inFigure 7, two intermolecular cross-linked peptides
were identified for theM-TTR-Aβ complex. In both cases, Lys-
28 was confirmed as the cross-linking site on Aβ (Scheme 2).
Figure 7A gives the product ion spectrum at m/z 983.16
([M þ H]4þ). In this fragment, Lys-15 on TTR is identified as

carrying the cross-linker. Thus, consistent with the LTQ studies,
strand A of TTR is identified as a region involved in binding to
Aβ. Figure 7B shows the CID spectrum of precursor ion at
m/z 949.99 ([M þ H]4þ). This fragmentation pattern identifies a
cross-linked peptide involving Lys-76 of TTR and Lys-28 of Aβ
(Scheme 2). Lys-76 lies near the beginning of the EFhelix, the sole
helix in TTR.
Effects of TTR on Aβ Aggregation Kinetics and Aβ

Aggregate Morphology.We next examined whether the inter-
action of TTR with Aβ affected Aβ aggregation. The rate of
aggregation of Aβ in the presence of each TTR mutant was
studied via laser light scattering. The scattering intensity at a 90�
scattering angle was measured over time and normalized for the
total protein concentration. The scattering intensity is approxi-
mately proportional to the average molecular mass of the
particles in solution. Experiments were conducted at a low
TTR:Aβ ratio (1:8 mass ratio or 1:110 molar ratio), to minimize
the contribution of TTR to the total signal. Aβ alone aggregated
at a moderate rate over time, as indicated by the increase in
intensity. wt TTR had very little effect on the Aβ aggregation
rate, while T119M moderately increased the rate of Aβ aggrega-
tion over the time course of measurement (Figure 8). The
strongest effect was detected with M-TTR, which significantly
suppressed Aβ aggregation, lowering both the total intensity and
the rate of increase over ∼20 h.

AβþTTR samples were incubated at room temperature for
2 weeks and then examined by TEM (Figure 9).WithAβ alone, a
few long, rigid fibrils were observed while the majority of the

FIGURE 6: MS/MS spectra of cross-linked peptides from trypsin in-
gel digestion. (A) CID spectrum of the signal at m/z 1023.29 ([M þ
4H]4þ) corresponding to a cross-linked product between M-TTR
(residues 1-15) andAβ (residues 17-40) cross-linkedwith a 100-fold
excess of BS3-d0/d4, with a reaction time of 30min. (B) CID spectrum
of the signal at m/z 1382.72 ([M þ 4H]4þ) corresponding to a cross-
linked product between wt TTR (residues 10-34) and Aβ (residues
6-28) cross-linked with a 2650-fold excess of BS3-d0/d4, with a
reaction time of 60 min.

Scheme 1: Fragmentation Patterns (LTQ) of (A) Cross-Linked
M-TTR-Aβ Peptides and (B) Cross-Linked wt TTR-Aβ
Peptides
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aggregates were shorter and semiflexible, with lengths typically
around ∼100-350 nm. EM images of Aβ alone or with wt TTR
were very similar to each other (Figure 9A,B). With the
T119MþAβmixture (Figure 9C), there appeared to be relatively
more long fibrils. The most striking difference was with the
M-TTRþAβ mixture (Figure 9D), where very few long fibrils
were observed. We measured the length of 100-200 aggregates
for each sample and plotted a histogram of the results to obtain
quantitative estimates of the fibril length distribution (Figure 10).
This quantitative data confirmed the qualitative observations
made from the images. Approximately 15-20% of the Aβ,
Aβþwt TTR, and AβþT119M aggregates were long (530-
2250 nm), with a slight increase in the fraction of these longest
aggregates in the following order: Aβ < Aβþwt TTR <
AβþT119M. However, virtually none of the AβþM-TTR ag-
gregates fell into this category. At the other end of the size
spectrum, only a few percent of the aggregates of Aβ and the
Aβþwt TTR and AβþT119M aggregates were shorter than
100 nm, while roughly 50% of the AβþM-TTR aggregates were
this short. More than 95% of the AβþM-TTR aggregates were
shorter than 315 nm. Thus, these TEM results are consistent with
our light scattering observations, specifically, that T119Mmodestly
enhanced Aβ aggregation while M-TTR strongly suppressed
aggregation.

DISCUSSION

OurELISA data demonstrate that Aβ binds to a greater extent
to monomeric (M-TTR) than to tetrameric TTR. Interestingly,

detection of binding of freshly preparedAβ toM-TTRwasmuch
stronger with 6E10 than with 4G8. 6E10 binds to the N-terminus

FIGURE 7: MS/MS spectra of cross-linked peptides from trypsin/
GluC in-solution digestion. (A) CID spectrum of the signal at
m/z 983.16 ([M þ 4H]4þ) corresponding to a cross-linked product
betweenM-TTR (residues 10-21) andAβ (residues 17-40). (B) CID
spectrumof the signal atm/z 949.99 ([Mþ 4H]4þ) corresponding to a
cross-linked product between M-TTR (residues 71-80) and Aβ
(residues 17-40).

Scheme 2: Fragmentation Patterns of Cross-Linked M-TTR-
Aβ Peptides (Orbitrap) in Which Aβ Residues 17-40 Were
Cross-Linked to (A) M-TTR Residues 10-21 and (B) M-TTR
Residues 71-80

FIGURE 8: Normalized scattering intensity (Inorm) at a 90� angle for
Aβ alone (�) or Aβ with 0.1 mg/mL wt TTR (2), T119M (b), or
M-TTR ([). Scattering due to the solventwas subtracted, and results
were normalized to the scattering intensity of toluene, to account for
changes in laser strength and aperture, and to themass concentration
of the peptide or protein.
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of Aβ, while the 4G8 epitope lies within residues 17-24. Assum-
ing that 6E10 and 4G8 bind equally to monomeric unbound Aβ,
this result suggests that the central domain of Aβ (4G8 epitope)

but not the N-terminus (6E10 epitope) is partially blocked by
binding to M-TTR. Thus, it is likely that residues in or near the
central hydrophobic domain (residues 17-24) of Aβ are involved
in the initial binding of Aβ to M-TTR.

Further confirmation that freshly prepared Aβ binds more
readily to monomeric than to tetrameric TTR is obtained
through cross-linking studies, in which TTR-Aβ complexes
were more readily detected with M-TTR than with wt or
T119M. Cross-linking of M-TTR alone yielded some dimers,
likely because of trapping of transient dimers. Interestingly, these
dimers disappeared when Aβ was co-incubated with M-TTR. In
its place appeared a ladder of bands with molecular masses
corresponding to complexes of M-TTR with one or more Aβ
molecules. We checked to see if similar behavior could be
detectedwithwtTTRmonomers. Acid-dissociatedwtmonomers
rapidly reassembled into tetramers when the pHwas shifted back
to neutral. However, if Aβ was present during reassembly, we
found that a small fraction of the TTRmonomers associatedwith
Aβ, forming a TTR-Aβn ladder that was virtually identical to
that made withM-TTR and Aβ. Thus, we conclude that it is not
the mutations in M-TTR per se that are required for binding of
Aβ to TTR monomers; rather, it is the exposure of residues in
dissociated TTR that would be sterically blocked or otherwise
less accessible in the assembled tetramer. Furthermore, our data
demonstrate that Aβ competes, albeit inefficiently, with TTR
monomers for assembly into multimers.

Preaggregated Aβ bound to a greater extent to M-TTR than
freshly prepared Aβ, but there was no difference between 4G8
and 6E10 detection. Because other researchers have demon-
strated that both epitopes are exposed in Aβ aggregates (54),
we suspect that the 4G8 but not the 6E10 epitope is involved with
initial binding of Aβ toM-TTR, that initially bound Aβ provides
a template upon which more Aβ is slowly deposited (57), that
there are multiple Aβ molecules bound per TTR, and that the
depositedAβ aggregates have exposed 4G8 and 6E10 epitopes. In
other words, the 4G8:6E10 ratio could be a marker for the
relative amount of aggregated versusmonomeric Aβ: as this ratio
approaches 1:1, the fraction of Aβ bound that is aggregated
increases. Our data do not allow us to distinguish formation of
aggregates in solution from subsequent deposition and deposi-
tion of monomers onto a growing aggregate; most likely, both
mechanisms are in play.

From the ELISA results, we found that freshAβ bound poorly
to tetrameric TTR (either wt or T119M), while binding of
preaggregated Aβ was stronger. The difference in binding of
preaggregated Aβ to TTR tetramers versus M-TTR, although
still significant, was smaller than the difference with fresh Aβ. In
almost all cases [Aβ(1-40), Aβ(1-42), freshly prepared, pre-
aggregated], there was no statistically significant difference in
6E10 vis-�a-vis 4G8 detection of Aβ bound to TTR tetramers, in
contrast to the different 6E10 versus 4G8 pattern with M-TTR.
There are several possible explanations. First, there may be no
special orientation of Aβ binding to tetrameric TTR, unlike
the case with M-TTR: both 6E10 and 4G8 epitopes could be
partially blocked. Second, perhaps a different part of Aβ,
distant from both epitopes, is involved with binding of Aβ to
TTR tetramers, and there is simply less total Aβ bound to
tetrameric than to monomeric TTR. Third, there could
be binding of Aβ aggregates but not Aβ monomers to tetra-
meric TTR; this idea is consistent with the notion that the
4G8:6E10 ratio correlates with the degree of aggregation of the
bound Aβ.

FIGURE 9: TEM images of (A) Aβ alone or Aβ with (B) wt TTR,
(C) T119M, or (D)M-TTR. Samples were prepared with 0.8 mg/mL
Aβ and 0.1 mg/mL TTR in PBSA. Images were recorded 2 weeks
after sample preparation.

FIGURE 10: Histogram of the Aβ fibril distribution of Aβ alone (A)
and Aβ with wt TTR (WþA), T119M (TþA), or M-TTR (MþA).
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Consistent with the ELISA results, in cross-linking studies in
which Aβ was incubated with wt or T119M, no Aβ-TTR
complex was observed when the incubation time was short.
However, when samples were incubated for a full day, we noticed
a small shift toward highermolecularmasses in the tetramer band
as well as streaking (Figure 3), usually taken as an indicator of
protein aggregates. We did not observe the low-molecular mass
ladder that was seen with M-TTR (Figure 2) or with acid-
dissociatedTTR (Figure 4); in other words, therewas no evidence
that Aβ strips monomers from stable TTR tetramers. Taken
together with the ELISA data, these data suggest that Aβ binds
only slowly and relatively weakly to the TTR tetramer, and that
the binding is mediated primarily through Aβ aggregates rather
than through Aβ monomers.

Costas et al. (25) reported no differences in binding of TTR to
Aβ monomers, oligomers, or fibrils, in apparent contrast to our
findings that Aβ aggregates bind more than monomers. In their
experiments, Aβ was prepared at different stages of aggregation
and then coated onto wells at pH 9.6, and binding of TTR (at
neutral pH) was measured using a competitive inhibition assay.
There are several differences between their study and ours that
may explain this apparent discrepancy. First, we immobilized a
constant quantity of TTR and measured the difference in the
quantity of preaggregated versus fresh Aβ bound to TTR,
whereas Costas et al. immobilized a constant quantity of Aβ
and measured the binding affinity of TTR by varying its
concentration. There is also the possibility that the high pH
required to coat Aβ in the study by Costas et al. leads to
dissociation of preformed aggregates (58). Another possibility
is that there are differences in TTR stability arising from different
preparation methods: this group previously reported that a
significant fraction of recombinant wt TTR dissociated into
monomers at 0.3 μM (59), whereas we observed no dissociation
of tetramers under similar conditions (not shown). Alternatively,
the discrepancies between their work and ours could be due to
other differences in methodology or materials.

We used cross-linking combined with tandem mass spectro-
metry in an attempt to identify the region(s) on TTR involved
with Aβ association. Because our focus was finding heteroge-
neous intermolecular TTR-Aβ cross-links, we tried to select
conditions that would yield TTR-Aβ complexes at a 1:1 ratio
and maximize the number of these heterogeneous cross-links
compared to homogeneous cross-links (e.g., between TTR
monomers or between Aβ monomers). The mixed isotope
cross-linker was chosen to facilitate identification of cross-linked
peptides in the presence of a large number of other fragments.Gel
electrophoresis and excision of the appropriate bandwere used to
isolate the 1:1 TTR-Aβ complex prior to in-gel digestion. Both
wt and M-TTR were used in this experiment. Because larger
fragments sometimes fail to elute after in-gel digestion, we also
used in-solution digestion on a cross-linked mixture of M-TTR
and Aβ as a complementary approach.

Using these methods, we identified four cross-linked peptides
containing fragments from Aβ and TTR (Schemes 1 and 2). MS/
MS analysis localized the cross-linker on TTR toLys-9 (M-TTR,
in-gel digestion), Lys-15 (wt, in-gel digestion), Lys-15 (M-TTR,
in-solution digestion), and Lys-76 (M-TTR, in-solution diges-
tion). The positions of these lysines are highlighted (Figure 11).
No other sites were detected.

These data clearly identify strand A as a major site of binding
between Aβ and TTR, because both Lys-15 and Lys-9 are on or
next to this strand. A Kyte-Doolittle analysis identifies this

region as a sequencewith high hydrophobicity. StrandA is on the
inner β-sheet of TTR, lining the channel in the center of the
assembled tetramer (Figure 11B). This inner sheet is solvent-
exposed inM-TTR, but accesswould be sterically restricted in the
TTR tetramer. This finding could explain why we observed
stronger binding of Aβ to M-TTR than to wt. It also explains
why Aβ binding to acid-dissociated TTR monomers could
compete with reassembly into tetramers.

Strands A, B, E, andG form a highly stable protein core that is
resistant to unfolding, while strands C and D are “edge” strands
that are fairly labile (17, 18). NMR structural analysis of TTR
fibrils supports the hypothesis that strands C andDbecomemore
exposed during fibrillogenesis and that a novel interface forms
betweenA strands of differentmonomers, centered on residue 13,
as monomers assemble into fibrils (18). Given this, it is tempting
to speculate that strand A of TTR is an “amyloidogenic” domain
that is recognized by a similar amyloidogenic domain on Aβ.

The involvement of the EF helix in TTR-Aβ association is
suggested by the MS/MS data in Figure 7B. In the tetramer, this
region protrudes out from the protein surface (Figure 11B). In
contrast to strand A, the EF helix is highly solvent exposed and
relatively labile. Under acidic conditions (conditions that support
tetramer dissociation and subsequent fibrillogenesis), the EF
helix and adjacent loop begin to unfold, becoming completely
disordered as the pH decreases (15). On the basis of strictly steric
considerations, one can easily imagine that Aβ binding to or near

FIGURE 11: (A) Crystal structure of the TTR monomer (Protein
Data Bank entry 1DVQ) with the side chains of Lys-9, Lys-15, and
Lys-76 indicated that were found to be cross-linked with the Aβ
peptide. The AB loop is highlighted in yellow. Because the 10
N-terminal residues were not in the crystal structure because they
are disordered, we added this strand by hand to indicate its relative
position. (B) Crystal structure of the TTR tetramer in which the side
chain of Lys-15 of each monomer is shown.

http://pubs.acs.org/action/showImage?doi=10.1021/bi101280t&iName=master.img-012.jpg&w=239&h=311
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the EF helices of the TTR tetramer would be much less restricted
than binding to strand A. Furthermore, one can speculate that
there may be opportunities for multivalent attachment of Aβ
aggregates to two helices along one “side” of the tetramer.

We next examined the effect of TTRonAβ aggregation, with a
focus on the relative size of aggregates. Our light scattering and
electron microscopy studies show conclusively that M-TTR
arrests Aβ aggregate growth, even at substoichiometric ratios.
The long fibrils that appear in samples containing only Aβ
disappeared in the presence of M-TTR. In contrast, wt TTR
andT119Mdid not prevent the appearance of fibrillar aggregates
and did not arrest Aβ growth; rather, they may have enhanced
aggregation slightly.

Previously, we have shown that TTRmay accelerate or inhibit
Aβ aggregation, depending on the source (purified from plasma
vs recombinant) and the degree and nature of modification at
Cys-10 (24, 46). Post-translational modification of Cys-10 in
plasma and cerebrospinal fluid is common (60, 61). In this study,
we were careful to prevent Cys-10 modification, confirmed by
mass spectrometry, to reduce this source of variability. We are
currently conducting a systematic investigation of the effect of
specific Cys-10 modifications on TTR-Aβ association.

On the basis of these combined findings, we propose the
following scenario. Briefly, we hypothesize that TTR monomers
bind to Aβ, with the interaction involving the residues on or near
strand A on TTR, and the central hydrophobic domain on Aβ
(near residues 17-24, the 4G8 epitope). This central domain is
well-known to be a critical structural element in fibrillar Aβ
aggregates (62-64), and both Lys-16 and Lys-28 of Aβ flank this
domain. If a small Aβ aggregate, with an exposed hydrophobic
domain, encounters a TTR monomer rather than another Aβ
monomer, then binding between the Aβ hydrophobic domain
and strand A of the TTR monomer would effectively arrest
further growth ofAβ aggregates. This outcome is indeed what we
observed by light scattering and EM (Figures 8 and 9).

MS/MS data indicate that TTR tetramers can also bind to Aβ
via residues on or near strand A. However, ELISA and cross-
linking studies support the conclusion that Aβ does not bind as
much to TTR tetramers as it does to TTR monomers. Because
strand A lies in the inner sheet of the TTR tetramer, steric
constraints would likely limit the extent to which Aβ could be
accommodated inside the channel. Data from the experiment in
which TTR tetramers were acid-dissociated and then reas-
sembled (Figure 4) suggest that Aβ can compete with TTR
monomers for binding during tetramer reassembly, although not
particularly effectively. This is reasonable as the rate of TTR
tetramer reassembly is extremely fast (56).

We tentatively identified the EF helix as another site on TTR
that may be involved with TTR-Aβ association. This helix is
solvent-exposed in both monomer and tetramer, and one can
imagine that binding of bothAβmonomers and aggregates could
be easily accommodated. The driving force for association is
unknown. The helix is relatively labile, and Lys-76 forms a weak
salt bridge with Glu-89 that is lost at low pH (15). A highly
speculative possibility is that this weak intramolecular salt bridge
is replaced with an intermolecular salt bridge between Lys-76
(and possibly Lys-80) on TTR and acidic residues on Aβ, of
which there are several in the unstructured N-terminus of Aβ
(e.g., Asp-1 and Glu-3). Structural models of Aβ fibrils indicate
that the N-terminus remains disordered and is not incorporated
into the fibril (65). Thus, it is plausible that association between
TTR tetramers andAβ aggregatesmediated through the EFhelix

would not interfere with continued growth of Aβ aggregates,
consistent with light scattering and EM data. Also, the limited
effect of TTR tetramers compared to monomers on Aβ aggrega-
tion could be simply due to less binding. One caveat to this
analysis is that we have not yet obtained quantitative data for the
relative importance of each site on TTR (strand A and the EF
helix) in mediating TTR-Aβ association.

The biological significance of our results remains to be
established. There are several intriguing studies suggesting that
TTR plays a neuroprotective role by binding to Aβ and that the
loss of such protection is linked to the onset of Alzheimer’s
disease (33, 34, 38). If true, then characterization of themolecular
basis for TTR-Aβ association is needed to elucidate the mecha-
nism of neuroprotection and to understand why such protection
might be lost.
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