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Accumulation of amyloid �-protein (A�) into brain paren-
chymal plaques and the cerebral vasculature is a pathological
feature of Alzheimer disease and related disorders. A� peptides
readily form �-sheet-containing oligomers and fibrils. Previ-
ously, we reported a strong interaction between myelin basic
protein (MBP) and A� peptides that resulted in potent inhibi-
tion of fibril assembly (Hoos, M. D., Ahmed, M., Smith, S. O.,
and Van Nostrand, W. E. (2007) J. Biol. Chem. 282, 9952–9961;
Hoos, M. D., Ahmed, M., Smith, S. O., and Van Nostrand, W. E.
(2009) Biochemistry 48, 4720–4727). MBP is recognized as a
highly post-translationally modified protein. In the present
study, we demonstrate that human MBP purified from either
brain or a bacterial recombinant expression system comparably
bound to A� and inhibited A� fibril assembly indicating that
post-translational modifications are not required for this activ-
ity. We also show that purified mouse brain MBP and recombi-
nantly expressed mouse MBP similarly inhibited A� fibril
formation. Through a combination of biochemical and ultra-
structural techniques, we demonstrate that the binding site for
A� is located in the N-terminal 64 amino acids ofMBP and that
a stable peptide (MBP1) comprising these residues was suffi-
cient to inhibit A� fibrillogenesis. Under conditions compara-
ble with those used for A�, the fibrillar assembly of amylin,
another amyloidogenic peptide, was not inhibited by MBP1,
although MBP1 still bound to it. This observation suggests that
the potent inhibitory effect of MBP on fibril formation is not
general to amyloidogenic peptides. Finally,MBP1 could prevent
the cytotoxic effects of A� in primary cortical neurons. Our
findings suggest that inhibition of A� fibril assembly by MBP,
mediated through its N-terminal domain, could play a role in
influencing amyloid formation in Alzheimer disease brain and
corresponding mouse models.

The histopathology of Alzheimer disease (AD)2 is character-
ized by the prominent presence of plaques of amyloid�-protein

(A�) in the brain parenchyma (1). Dystrophic neurons and neu-
ronal loss are often associated with A� accumulation leading to
the clinicalmanifestation of cognitive decline andmemory loss.
A� is derived from the amyloid �-protein precursor (A�PP)
through sequential proteolysis by �- and �-secretases yielding
peptides of between 39 and 43 residues (2–5). These peptides
exhibit a high propensity to self-assemble into�-sheet-contain-
ing oligomers and fibrils of which the oligomeric forms are
widely believed to be the most toxic species of the peptide,
responsible for the majority of neuronal loss (6). A condition
known as cerebral amyloid angiopathy (CAA) is prevalently
found in AD and is characterized by fibrillar deposition of A�
along arteries and arterioles of the cerebral cortex, leptomen-
inges, and cerebral microvasculature (6–8). Apart from the
more typical CAA, which commonly occurs in AD, familial
forms of CAA exist that are the result of specific point muta-
tions within the A� sequence of the A�PP gene (9–15). Two
well studied examples of familial CAA areDutch type, resulting
from an E22Q substitution in A� (9, 10), and Iowa type, result-
ing from a D23N substitution in A� (15).

Elucidating the molecules and processes in brain that regu-
late A� assembly and accumulation as parenchymal plaques
and cerebral vascular deposits is important for understanding
the pathogenesis of AD and related disorders as well as for pro-
viding opportunities for development of potential therapeutic
interventions. Previously, we found that myelin basic protein
(MBP) strongly bound to a highly fibrillogenic A�40 peptide
that contains both the Dutch and Iowa mutations (A�40DI)
compared with the less fibrillogenic wild-type A�40 peptide
(A�40WT) (16). The presence of both of these CAAmutations
together in the same A� peptide is known to enhance its fibril-
logenic and pathogenic properties in vitro (17). It was shown
that thestrong interactionofMBPwithA�40DIpotently inhibited
its fibril formation (16).We also demonstrated thatMBP strongly
binds the longerwild-typeA�42 peptide (A�42WT) and similarly
blocks its fibril formation (18). Because theA�42WTpeptide con-
tainsnosubstitutions,wepostulated thatMBPwas likelynot inter-
acting with themutated residues of A�40DI but rather some olig-
omeric conformer that is commonly formed by both A�42WT
and A�40DI.
The gene encoding MBP belongs to a large family of devel-

opmentally regulated genes called the Golli complex (genes of
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the oligodendrocyte lineage) (19–21). Members of this family
are primarily produced by oligodendrocytes in the central nerv-
ous system and Schwann cells in the peripheral nervous system
and are most often associated with the formation and mainte-
nance of myelin sheaths. The Golli locus contains two distinct
start sites under independent regulation and consists of 11
exons that can be alternatively spliced to form the variousGolli/
MBP proteins. Included in the Golli locus are seven exons that
encode the MBP proteins (20). The major species of MBP have
molecular masses of 21.5, 20.2, 18.5, and 17.2 kDa (22). These
variations can result from deamidation, phosphorylation,
C-terminal arginine loss, and deimination of arginyl residues.
The 21.5-, 20.2-, and 17.2-kDa proteins are found in fetal and
developing brain. In adults, the 18.5- and 17.2-kDa species are
predominant (23). In addition to the different molecular mass
species, at least eight charge isoforms have been shown to exist
for the prominent adult 18.5-kDa protein. These numerous
post-translational modifications in many cases are thought to
regulatemyelin assembly,MBP-ligand interactions, and signal-
ing functions (24). It is not known whether post-translational
modifications are required for the ability of MBP to bind A�
and inhibit its fibrillar assembly or what region of the MBP
protein is responsible for this activity.
In the present study, we show that unmodified human MBP

purified from bacterial recombinant protein expression also
bound to A� and exhibited the same fibril assembly inhibiting
properties as MBP purified from human brain indicating that
post-translational modifications are not necessary for these
activities. Similar results were observed with purified mouse
brain MBP and recombinantly expressed mouse MBP protein
demonstrating that this function is shared across these two spe-
cies. Furthermore, we demonstrate through a combination of
biochemical and ultrastructural techniques that the binding
site for A� is located in the N-terminal 64 amino acids of MBP
and that a stable peptide (MBP1) comprising these residues is
responsible for A� binding and sufficient to inhibit the fibrillo-
genesis of A�40DI and A�42WT. The active MBP1 fragment
did not inhibit fibril formation of a different amyloidogenic
peptide, islet amyloid polypeptide (IAPP), although MBP1
could bind to IAPP, suggesting that fibril inhibition is some-
what specific for A� peptides. Lastly, we show that MBP1 can
prevent the cytotoxic effects of A� in primary cortical neurons.
These findings further our understanding of this novel function
of MBP and warrant its further investigation as to what role it
may play in the pathogenesis of AD and related disorders
involving A� assembly and deposition.

EXPERIMENTAL PROCEDURES

Reagents and Chemicals—A� peptides were synthesized on
an ABI 430A solid phase peptide synthesizer (Applied Biosys-
tems, Foster City, CA) using t-butoxycarbonyl chemistry, puri-
fied, and structurally characterized as described previously
(25). A� peptides were initially prepared in 1,1,1,3,3,3-
hexafluoro-2-propanol, flash frozen, lyophilized to remove sol-
vent, and resuspended in dimethyl sulfoxide (DMSO) (26).
Thioflavin T was purchased from Sigma-Aldrich. IAPP was a
kind gift from the laboratory of Dr. Dan Raleigh (Stony Brook
University).

Isolation and Purification of MBP from Normal Human
Brain or Mouse Brain—MBP was purified from normal human
white matter or pooled mouse brains following procedures
described previously (27). The predominant human 18.5-kDa
MBP or mouse 14.3-kDa MBP exists as a family of charge iso-
forms that differ in net charge and result from various post-
translational modifications. To isolate the individual charge
isoforms of MBP, the human or mouse brain homogenates
were loaded onto a CM52 cation exchange column, and the
components were eluted with a 0–0.2 M NaCl gradient. Com-
ponent 8 was found in the void volume, whereas the more cat-
ionic components (C5, C4, C3, C2, and C1) eluted with an
increasing salt gradient. The components were dialyzed against
water, lyophilized, and stored at �80 °C. The most abundant
MBP C1 component was used in all subsequent studies. Yields
were �2.5 mg of MBP from 20 g of human brain white matter
and �500 �g of MBP from 20 g of pooled mouse brains.
Recombinant Human and Mouse MBP Expression and

Purification—The cDNA for human 18.5-kDa or mouse
14-kDa MBP was cloned into the vector pPROEXHT (Invitro-
gen). This vector allowed production of recombinantMBPpro-
teinwith anN-terminalHis6 tag (His-MBP). Plasmidwas trans-
formed into competent Escherichia coli BL21 DE3 cells by heat
shock. Cells were grown at 37 °C in 1-liter cultures of LB broth
containing 0.1 mg/ml ampicillin until an optical density of
0.600 absorbance unit at 600 nmwas reached. Expression of the
fusion protein was induced with 0.5 mM isopropyl �-D-1-thio-
galactopyranoside, and then growth was allowed to proceed for
an additional 3 h at 37 °C. Cells were lysed by dissolving in 20
mM Tris-HCl, pH 7.9, 6 M urea, 5 mM imidazole, 500 mM NaCl
by stirring for 16 h at 4 °C. This material was centrifuged at
5,000 � g for 30 min at 4 °C and then passed over a column of
HisBind resin (Invitrogen). The column was washed with 10
column volumes of lysis buffer and lysis buffer containing 20
mM imidazole sequentially. Bound recombinant His-MBP was
elutedwith 1M imidazole in lysis buffer. TheHis-MBP-contain-
ing fractionswere thendialyzed against 6Murea, 80mMglycine,
pH 10.5; passed over a CM52 column; washed; and eluted with
80mMglycine buffer, pH 10.5 containing 200mMNaCl. Protein
refolding was achieved by removal of denaturant and salt by
slow dialysis into distilled water. Yields were typically 300–500
�g of purified MBP from 1-liter bacterial cultures.
Recombinant MBP Peptide Expression—MBP-derived pep-

tide gene sequences were cloned into a pTYB11 plasmid vector
(New England Biolabs, Ipswich, MA) and transformed into
competent E. coli BL21 DE3 cells by heat shock. Cells were
grown at 37 °C in 1-liter cultures of LB broth containing 0.1
mg/ml ampicillin until an optical density of 0.600 absorbance
unit at 600 nm was reached. Expression of the fusion protein
was induced with either 0.3 or 0.5 mM isopropyl �-D-1-thioga-
lactopyranoside at 26 °C for either 3 or 18 h. Cells were har-
vested by centrifugation at 5,000 � g for 30 min at 4 °C and
cracked in a French press in 20 mM Tris-HCl, pH 9.0, 0.5 M

NaCl, 1 mM EDTA containing Complete protease inhibitor
(Roche Applied Science). Cell lysate was clarified by centrifu-
gation and passed over chitin beads (New England Biolabs)
equilibrated with 20 mM Tris-HCl, pH 9.0, 0.5 M NaCl, 1 mM

EDTA (EQ buffer). The column was washed with EQ buffer

N-terminal Region of MBP Inhibits Amyloid Formation

NOVEMBER 12, 2010 • VOLUME 285 • NUMBER 46 JOURNAL OF BIOLOGICAL CHEMISTRY 35591



containing 0.05% Triton X-100, and the peptide was cleaved
and eluted from the intein fusion protein by incubation of the
column in 40 mM dithiothreitol (DTT) according to the manu-
facturer’s instruction. The eluate was diluted 10-fold into 50
mM glycine, pH 9.0 and passed over a CM52 column equili-
brated with 50 mM glycine, pH 9.0, 50 mM NaCl (CM EQ). The
column was washed in CM EQ and eluted with high salt. Frac-
tions were analyzed by SDS-PAGE, pooled, dialyzed against
water, lyophilized, and stored at �70 °C.
Solid Phase Binding Assay—12.5 �M A� or IAPP in 100 �l of

PBSwas coated on flat bottom96-well plates (Fisher Scientific) by
incubation at 37 °C overnight. Each well was blocked in 1% BSA,
PBS for 1 h at RT. Then 1.56 �M purified MBP or MBP1 peptide
was added and incubated at 37 °C overnight. After washing 3 � 5
minwith1%BSA,PBS, 0.05%Tween20 (PBS-T), rabbitpolyclonal
antibody to MBP in PBS-T was added for 1 h at RT. Wells were
washed3�5minwithPBS-T.Secondaryhorseradishperoxidase-
conjugated sheep anti-rabbit IgG was then added to each well
(1:5,000; Amersham Biosciences); wells were then washed 3 � 5
min with 1% BSA, PBS-T. SureBlue tetramethylbenzidine
microwell peroxidase substrate (Kirkegaard & Perry Laborato-
ries, Inc., Gaithersburg,MD)was added and developed, and the
reaction was terminated by adding 1 N HCl. Absorbance of the
samples was measured at a wavelength of 450 nm in a Spectra-
Max spectrofluorometer (Molecular Devices, Sunnyvale, CA)
using SoftMax Pro control software.
Thioflavin T Fluorescence Assay—Lyophilized A�40DI pep-

tide was first resuspended with DMSO to 2.5 mM, diluted to
12.5�M in PBS, and then incubated at 37 °Cwith rocking either
alone or with 1.56 �MMBP peptides. Control samples contain-
ing 0.5% DMSO and 1.56 �M MBP peptides in PBS were also
included. At each time point, 100-�l samples of each reaction
were placed in a 96-well microplate in triplicate, and 5�l of 100
�M thioflavin T was added. The plate was mixed and incubated
at 25 °C in the dark for 10 min. Fluorescence was measured at
490 nm using an excitation wavelength of 446 nm in a Spectra-
Max spectrofluorometer (Molecular Devices) using SoftMax
Pro control software. For studies with IAPP, the peptide was
resuspended to 2.5mM inDMSOand then diluted to 3.13�M in
PBS containing 5 �M thioflavin T either alone or with 0.391 �M

MBP1.Aliquots of 100�l were placed in triplicate into a 96-well
microplate. Fluorescencewasmeasured at 25 °C at 5-min inter-
vals at 490 nm using an excitation wavelength of 446 nm in a
SpectraMax spectrofluorometer. Plates were mixed for 5 s
before each reading.
Surface Plasmon Resonance—All runs were performed on a

Biacore 2000 instrument (Uppsala, Sweden) with 10 mM

HEPES, pH7.4, 150mMNaCl, 3mMEDTA, 0.005% (v/v) Tween
20 as running buffer and diluent. N-terminally biotinylated A�
peptides were resuspended in DMSO to 2.5 mM and serially
diluted to 100 nM immediately before application. Biotinylated
A� was immobilized to a Biacore CM4 sensor chip coated with
streptavidin at 10 �l/min to achieve an average Rmax of �400
resonance units for each analyte leaving flow cell 1 as a refer-
ence. This chip preparation procedure was found to result in a
surface that minimized mass transfer effects for kinetic inter-
action studies. Purified analyte was passed over flow cells at 5,
10, 25, 50, and 100 nM in triplicate at flow rates of 30 �l/min.

Faster flow rates did not significantly improve the quality of
data. Surfaces were regenerated with 0.2 M glycine, pH 2.0, 150
mM NaCl between runs. The resulting sensorgrams were ana-
lyzed by BiaCore Analysis software.
Transmission Electron Microscopy—Sample mixtures were

deposited onto carbon-coated copper mesh grids (EM Sci-
ences,Hatfield, PA) and negatively stainedwith 2% (w/v) uranyl
acetate. The samples were viewed with an FEI Tecnai 12
BioTwin transmission electron microscope, and digital images
were taken with an AdvancedMicroscopy Techniques camera.
Atomic Force Microscopy—AFM was carried out using a

LifeScan controller developed by LifeAFM (Port Jefferson, NY)
interfaced with a Digital Instruments (Santa Barbara, CA)Mul-
tiMode microscope fitted with an E scanner. AFM samples
were first titrated to pH 4 using dilute HCl and then adsorbed
onto freshly cleaved ruby mica (S & J Trading, Glen Oaks, NY).
The lower pH allows for better adsorption of A� peptides to the
negatively charged mica surface. Samples were imaged under
hydrated conditions using supersharp silicon probes (SSS-
Cont, Nanosensors, Neuchatel, Switzerland) that were modi-
fied for magnetic retraction by attaching samarium cobalt par-
ticles (LifeAFM). We estimate the effective diameter of the
supersharp silicon probes to be 4 � 1 nm at a height of 2 nm.
Data analysis and graphics were performed using Interactive
Display Language 5.0 (Research Systems Inc., Boulder, CO). In
the Z scale bars, numbers in each color square indicate the
Z-value at the middle of the range for that color.
Neuronal Toxicity Assay—Embryonic rat cortical neuronal

cultures were preparing using six to eight E18 pups essentially as
described previously (28). Isolated neuronswere plated onpoly-D-
lysine-coated 48-well plates (BD Biosciences) at a density of 3 �
104 cells/ml in Neurobasal medium (Invitrogen) with 1� B27
(Invitrogen), 10�MAraC (RocheApplied Science), 1�Glutamax
(Invitrogen), 100 �g/ml gentamicin (Sigma) for 5 days.

Prior to neuronal treatments, A�42WT peptide (700 �M) was
incubated in the absenceorpresenceof purifiedMBP1 (85�M) for
2 h at 37 °C. Then the neuronal cultures were treated with the
preincubated A�42WT alone, MBP1 alone, or the A�42WT �
MBP1 at 10 �M and 1.25 �M, respectively, for 18 h at 37 °C. To
measure neuronal viability the cells were analyzed for mitochon-
drial activity using a standard 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT) assay kit (CGD-1 kit, Sigma-
Aldrich). MTT was added at a final concentration of 0.5 mg/ml,
and the cells were incubated for 4 h. To determine the cellular
reductionofMTTorMTTformazan, the reactionwas terminated
by addition of 200�l of a cell lysis solution, 0.1 NHCl isopropanol
solution, and theplatewas shakenat25 °C toallowtheMTTform-
azan precipitates to dissolve. The assay was then quantified by
measuring the absorbance at 570 nm using a SpectraMax spec-
trofluorometer (Molecular Devices).

RESULTS

Human MBP Purified from Brain or Bacterial Recombinant
Expression Similarly Binds to and Inhibits A� Fibril Formation—
We first compared the ability of purified MBP proteins from
human brain white matter and bacterial recombinant expres-
sion to bind to A� and inhibit its fibrillar assembly. Isolation
from human brain white matter or bacterial recombinant
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expression yielded highly purified MBP proteins (Fig. 1A). In
Fig. 1B, a solid phase binding assay was performed showing that
purified human brain MBP and His-tagged human MBP simi-
larly bound to the fibrillogenicA�40DI peptide. In addition, the
binding affinities of brain purified andHis-tagged recombinant
human MBP proteins for fibrillogenic A�40DI and A�42WT
peptides were found to be similar as measured by SPR spec-

troscopy (1.56 and 0.89 nM for
humanbrainMBP and 1.39 and 2.73
nM for His-tagged recombinant
humanMBP, respectively) (data not
shown). Next, using a thioflavin T
fibrillogenesis assay, the inhibitory
activities of purified brain and
recombinant forms of human MBP
were assessed (Fig. 1C). For these
studies we used the highly fibrillo-
genic A�40DI peptide as described
previously (16). Both MBP proteins
showed a similar ability to inhibit
the fibril formation of the A�40DI
peptide over 6 h at the same substoi-
chiometric ratio of 1:8 (MBP:A�).
Lastly, inhibition of fibril assembly
was confirmed by transmission
electronmicroscopy (TEM) analysis
of A�40DI fibrils alone and in the
presence of either brain purified or
recombinant human MBP demon-
strating no difference in this activity
between the different sources of
human MBP (Fig. 1D). These find-
ings suggest that there is no dis-
cernible difference between human
MBP purified from brain white
matter and bacterial recombinant
expression lacking post-transla-
tional modifications with regard
to binding to A� and inhibiting
fibril assembly.
Mouse MBP Purified from Brain

or Bacterial Recombinant Expres-
sion Binds to and Inhibits A� Fibril
Formation Similarly to Human
MBP—Mouse MBP was purified
from brain to determine whether it
binds to A� and inhibits its fibrillar
assembly in a manner similar to
human MBP. Because a mouse
brain is small and contains relatively
little white matter compared with
human brain, we pooled�45mouse
brains to obtain 20 g of starting
material for the purification. This
amount was sufficient to yield�500
�g of highly purified mouse MBP
for analysis. In addition, we also
purified His-tagged mouse MBP

from a bacterial recombinant expression system (Fig. 2A). As
above with the purified human MBP proteins, we found that
mouseMBPpurified frombrain orHis-taggedmouseMBP also
bound to A�40DI as shown in Fig. 2B. Both mouse MBP pro-
teins exhibited similar binding to fibrillogenic A�40DI and
A�42WT peptides as assessed by SPR analysis (2.2 and 7.2 nM,
respectively) (data not shown). Similarly, mouse brain MBP or

FIGURE 1. Inhibition of A� fibril formation by purified human brain MBP and recombinant His-tagged human
MBP. A, MBP was either purified from human white matter (lane 1) or recombinantly expressed in bacteria as a
His-tagged protein (lane 2) and assessed by SDS-PAGE. B, interaction of A�40DI with human brain MBP (hMBP) or
His-tagged human MBP was analyzed by solid phase binding assay. The data shown are the mean�S.D. of triplicate
determinations. C, inhibition of A�40DI (12.5 �M) fibrillogenesis by either purified human brain MBP (1.56 �M) or
purified His-tagged human MBP (1.56 �M) as assessed by thioflavin T binding and fluorescence. A�40DI alone, �;
A�40DI � human brain MBP, f; A�40DI � His-tagged human MBP, Œ. The data shown are the mean � S.D. of
triplicate determinations. D, TEM analysis of A�40DI with and without human brain MBP or His-tagged human MBP.
Both forms of human MBP inhibit A�40DI fibril formation. Scale bars, 100 nm. A.U., absorbance units.
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His-tagged mouse MBP inhibited
the fibril formation of A�40DI at
the same substoichiometric ratio of
1:8 as measured by the thioflavin T
fluorescence assay (Fig. 2C). Again,
amyloid fibril inhibition was con-
firmed by TEM images (Fig. 2D).
These data demonstrate that mouse
brain MBP or His-tagged mouse
MBP exhibits binding and inhibi-
tion of A� fibril assembly compara-
ble with that observed with the
human MBP proteins.
Localization of A� Binding to N

Terminus of MBP—To determine
the location of the binding region
for A� in MBP, we created shorter
recombinant peptides from the
larger human MBP protein. Gene
sequences of four different peptides
representing different non-overlap-
ping sequences (MBP1, amino acids
1–64; MBP2, amino acids 65–103;
MBP3, amino acids 104–137; and
MBP4, amino acids 138–171) (Fig.
3) were recombinantly expressed in
bacteria and purified. The purity of
each recombinant MBP fragment
was assessed by SDS-PAGE (Fig.
4A). We next used SPR analysis to
qualitatively determine the relative
binding affinity of the purified MBP
fragments to immobilized A�40DI.
Fig. 4B shows representative sensor-
grams after the injection of each
of the MBP fragments over the
A�40DI ligand surface. Only the
MBP1 fragment composed of amino
acids 1–64 displayed any detectable
affinity for A�40DI. We concluded
from these results that the binding
domain for A� is located in the
N-terminal 64 residues of MBP.
MBP1 Inhibits Fibril Formation of

A�42 or A�40DI—After demon-
strating that MBP1 exhibited affin-
ity for A�40DI through SPR analy-
sis, we next determined whether
this interaction could similarly in-
hibit A�40DI fibrillogenesis. A�40DI

was incubated in the presence of each of the four purifiedMBP
fragments to assess their effects on fibril formation asmeasured
by thioflavin T fluorescence. Fig. 5 shows that only MBP1, the
fragment that exhibited A� binding (Fig. 4), effectively blocked
fibril formation. We previously showed that MBP binds to and
inhibits the fibrillar assembly of A�42WT (18). The solid phase
binding assay showed that MBP1 bound to A�42WT as well
as A�40DI (Fig. 6A). Ultrastructural confirmation of A�

FIGURE 2. Inhibition of A� fibril formation by purified mouse brain and recombinant His-tagged mouse MBP.
A, MBP was either purified from mouse brain (lane 1) or recombinantly expressed in bacteria as a His-tagged protein
(lane 2) and assessed by SDS-PAGE. B, interaction of A�40DI with mouse brain MBP (mMBP) or His-tagged mouse
MBP was analyzed by solid phase binding assay. The data shown are the mean � S.D. of triplicate determinations.
C, inhibition of A�40DI (12.5 �M) by purified mouse brain MBP (1.56 �M) or purified His-tagged mouse MBP (1.56 �M)
as assessed by thioflavin T binding and fluorescence. A�40DI alone, �; A�40DI � mouse MBP, f; A�40DI � His-
tagged mouse MBP, Œ. The data shown are the mean � S.D. of triplicate determinations. D, TEM analysis of A�40DI
with and without mouse brain MBP or His-tagged mouse MBP. Both forms of mouse MBP inhibit A�40DI fibril
formation. Scale bars, 100 nm. A.U., absorbance units.

FIGURE 3. Sequence of recombinant MBP peptides. MBP was divided into
four peptides for recombinant bacterial expression and purification. a.a.,
amino acids.
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fibril inhibition byMBP andMBP1
was obtained by directly visualiz-
ing fibrils using TEM (Fig. 6, B–G).
To better visualize the existing struc-
tures of A�40DI after treatment with
MBP1 or MBP, we additionally per-
formed sensitive AFM analysis. As
shown in Fig. 6,H–J, MBP1 andMBP
comparably blocked amyloid fibril
assembly preserving oligomeric
assemblies as we reported previously
(16). Together, these data indicate
that MBP1 contains the necessary
domain to bind to and inhibit
A�42WTorA�40DI fibril formation.
Selective Inhibition of A� Fibril

Formation by MBP1—To deter-
mine whether the fibril assembly
inhibiting properties ofMBP extend
to amyloidogenic peptides other
than A�, we examined the effects of
MBP1 on another well studied amy-
loidogenic peptide, IAPP (29, 30).
Fig. 7A shows that MBP1 bound to
IAPP similarly to its binding to
A�40DI. However, when IAPP and
MBP1were incubated under similar
stoichiometric ratios and condi-
tions as were used with A�40DI and
MBP1, fibril formation was not
inhibited as assessed by thioflavin T
fluorescence binding (Fig. 7B). The
inability of MBP1 to inhibit IAPP
fibril formation was further con-
firmed by TEM analysis (Fig. 7C).
These results suggest that MBP1 is

not a general amyloid formation inhibitor but exhibits some
specificity for A� peptides.
Protective Effect of MBP1 on A� Neuronal Toxicity—Assem-

bled forms of A� are considered to account for the neurotoxic
effects of the peptide (31). Therefore, the inhibition of A�
assembly may prevent its toxicity. To examine this, we treated
primary rat cortical neuronswithA�42WT in the presence and
absence of purifiedMBP1. AlthoughA�42WT treatment alone
caused a robust 53% loss in viability, co-incubation with MBP1
effectively abrogated this cytotoxic response (Fig. 8).

DISCUSSION

Accumulation of A� into fibrillar deposits in the brain is a
hallmark of AD, CAA, and other related disorders (1, 6). These
deposits are often associated with neuronal loss, cerebrovascu-
lar pathology, and cellular dysfunction leading to cognitive
decline. Blocking or reversing A� assembly has been a central
theme in the development of treatments for AD and CAA. Our
earlier studies showed that MBP exhibits high affinity binding
toward fibrillogenic A� peptides and is capable of potently
inhibitingA� fibrillogenesis (16, 18). The precisemechanismof
this inhibition remains unknown but fundamental to under-

FIGURE 4. Binding of MBP peptides to A� as assessed by SPR binding analysis. A, each of the MBP peptides
was expressed in bacteria, purified, and assessed by SDS-PAGE. B, each of the purified MBP peptides (50 nM) was
passed over immobilized A�40DI ligand. Representative sensorgrams were base line-corrected and plotted as
overlays. Binding is identified by an increase in response during injection (Inj.) (association) followed by a
gradual decrease in response (dissociation). MBP1, black line; MBP2, green line; MBP3, blue line; MBP4, red line).
Only MBP1 demonstrated binding to the A�40DI ligand.

FIGURE 5. Thioflavin T analysis of inhibition of A� fibril formation by puri-
fied MBP peptides. A�40DI was treated with hexafluoroisopropanol, resus-
pended to a concentration of 2.5 mM in DMSO, and then diluted to a concen-
tration of 12.5 �M in PBS in the absence (�) or presence of 1.56 �M MBP
peptides. A�40DI � MBP1, F; A�40DI � MBP2, �; A�40DI � MBP3, f;
A�40DI � MBP4, Œ). At specific time points aliquots were collected from each
sample and assayed by thioflavin T binding and fluorescence to determine
fibrillar assembly. MBP1 is as capable as intact MBP at inhibiting A�40DI fibril-
logenesis. The data shown are the mean � S.D. of triplicate samples. A.U.,
absorbance units.
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standing the potential role MBP may play in AD and related
disorders.
To begin with, because MBP in brain is a highly post-trans-

lationally modified protein, we wanted to determine whether

these modifications of MBP are
required tomediate A� binding and
fibril inhibiting activity. Therefore,
we expressed and purified a recom-
binantHis-tagged humanMBPpro-
tein, which lacked any post-transla-
tional modifications, and compared
its activity with that of a purified
human brain MBP. We expressed
the 18.5-kDa isoform of MBP
because this is the predominant
species found in adult human brain
(22, 32). With regard to A� binding
and inhibition of fibrillogenesis, the
recombinant human MBP protein
was comparable with MBP purified
from human brain white matter.
Because the bacterial expression
system used is unable to introduce
post-translational modifications to
MBP that are commonly found in
mammalian brain, this comparison
indicates that the A� interacting
activities do not require these
modifications.
Although the human and mouse

MBP proteins are highly homolo-
gous, differences do exist in the
sequence as well as in the size of the
MBP proteins that are commonly
expressed in adults of each species
(33, 34). Therefore, we purified
MBP from adult mouse brain tissue
and investigated its interactions
with human A� peptides. With
regard to A� binding and inhibi-
tion of amyloid assembly, purified
mouse brain MBP was found to be
comparable with purified human
brain MBP in these activities.
These findings are significant in
that the study of AD and CAA
involves the extensive use of trans-
genic mouse models that express
human A�PP and produce human
A� peptides (35–37). The present
results suggest that mouse MBP
could play a role in influencing the
quantitative and spatial accumula-
tion of assembled A� deposits in
these human A�PP transgenic
mouse models. This idea is con-
sistent with the paucity of fibrillar
A� in white matter of human

A�PP transgenic mouse brain and warrants future investiga-
tion into altering MBP expression in these models to deter-
mine whether this modulates the characteristic amyloid
pathology.

FIGURE 6. MBP1 binds to and inhibits A� peptide fibril formation. A, interaction of A�42WT and A�40DI with
MBP or MBP1 was analyzed by solid phase binding assay. The data shown are the mean � S.D. of triplicate deter-
minations. B–D, 100 �M A�42WT was incubated for 24 h in the absence or presence of 12.5 �M MBP1 or MBP.
Samples were imaged by TEM (scale bars, 100 nm). E–J, 12.5 �M A�40DI was incubated for 6 h in the absence or
presence of 1.56 �M MBP1 or MBP. Samples were imaged by TEM (scale bars in E–G, 100 nm) and by AFM (scale bars
in H–J, 100 nm). Both MBP1 and MBP are capable of binding and inhibiting A�42WT or A�40DI fibrillogenesis.
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We next sought to determine the region on MBP that was
responsible for its interaction with A� peptides by recombi-
nantly expressing smaller sections of the human MBP protein,
which was divided into four peptides named MBP1, MBP2,

MBP3, and MBP4, which were 64-, 39-, 34-, and 34-residue
sequential segments, respectively (Fig. 3). These were purified,
and their ability to bind A� was determined by using SPR spec-
troscopy. Fig. 4 clearly demonstrates that MBP1, the first 64
amino acids of MBP, bound to A�. This finding was consistent
with the subsequent biochemical and ultrastructural experi-
ments showing that only the MBP1 fragment could inhibit A�
fibrillogenesis as shown in Fig. 5. MBP1 and intact MBP were
capable of inhibiting fibril formation indicating that this N-ter-
minal region of MBP is sufficient for this activity. This is also
consistent with mouse brain MBP having activity comparable
with that of human brain MBP. In adult mouse brain, the 14.3-
kDa MBP predominates, whereas in adult human brain, the
predominant form is the 18.5-kDaMBP (32–34, 38). Themajor
difference between these particular human and mouse MBP
proteins resides in their C-terminal regions. The first 64 amino
acids of human and mouse MBP are 95% homologous. There-
fore, it appears this highly conserved N-terminal region of
human and mouse MBP is responsible for its interactions with
A�.

In previous studies, we demonstrated that MBP interacts
with both wild-type and CAA mutant forms of A� (16, 18).
However, it is unknown whether this interaction is specific to
A� peptides or whether MBP can inhibit assembly of other
known amyloidogenic proteins. Therefore, we determined
whether MBP1 could inhibit assembly of IAPP, another well
studied amyloidogenic peptide (39, 40). Fig. 7 shows that
althoughMBP1 could bind to IAPP it was not capable of inhib-
iting the fibrillar assembly of IAPP under conditions in which
A� assembly was inhibited. These data suggest that the inter-
action between MBP1and A� requires more than the presence
of �-sheet amyloid and that the interaction is more likelymedi-
ated at the level of the primary sequence. A� toxicity has been
hypothesized to initiate the pathogenesis of AD. Assembled
forms of A� have long been considered to account for the neu-
rotoxicity (31). However, more recent research found that the
most potent neurotoxic assemblies appear to be oligomeric
rather than fibrillar (28, 41–43). It was reported that MBP
could counteract the surface structure of A� fibril-mediated
cytotoxicity (44). In our study, we show that the MBP1 frag-
ment was biologically active on A�42WT-induced cell death in
primary rat cortical neurons (Fig. 8). Because MBP1 exhibited

FIGURE 7. MBP binds to amyloidogenic IAPP but does not inhibit its fibril
formation. A, interaction of A�40DI and IAPP with MBP and MBP1 was ana-
lyzed by solid phase binding assay. The data shown are the mean � S.D. of
triplicate determinations. B, IAPP peptide was treated with hexafluo-
roisopropanol, resuspended to a concentration of 2.5 mM in DMSO, and then
diluted to a concentration of 3.13 �M in PBS in the absence (f) or presence
(�) of 0.391 �M MBP1. At specific time points, aliquots were collected from
each sample and assayed by thioflavin T binding and fluorescence to deter-
mine fibrillar assembly. The data shown are the mean � S.D. of triplicate
samples. C, at the conclusion of the thioflavin T assay, samples were imaged
by TEM. Scale bars, 500 nm. MBP1 does not inhibit the fibrillogenesis of IAPP.
hMBP, human MBP.

FIGURE 8. MBP1 protects neurons from A�42WT toxicity. In the cell viabil-
ity assay, primary rat cortical neurons were treated with 10 �M A�42WT in the
absence of presence of 1.25 �M MBP1 for 18 h. Cell viability was determined
using the MTT assay. The data shown are the mean � S.D. of six independent
samples. *, p � 0.001. con, control.
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binding and inhibition of A� fibril assembly comparable with
that of MBP, this region of the protein is likely involved in this
cytoprotective activity toward A�. However, investigating the
role of MBP on amyloid assembly and deposition in vivo awaits
future studies using mouse models of A� deposition and
pathology.
In summary, we demonstrate that the N-terminal region of

purified MBP contains the domain responsible for binding A�
and inhibiting its assembly into fibrillar amyloid. Moreover,
this region does not require post-translational modification for
its activity and is shared with MBP expressed in adult mouse
brain. Importantly, this MBP1 fragment was capable of block-
ing the neurotoxic effects of A� in vitro. The identification of a
functionally equivalent shorter segment of full-length MBP
provides a smaller molecule with which to use in further inves-
tigations of the structural mechanisms involved in this interac-
tion and will facilitate the future study of MBP on amyloid
assembly and deposition in in vivomodels.
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