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Abstract

Using small-angle neutron scattering (SANS), we have studied the suppression of fibril formation of b-amyloid peptide (Ab), a 1–40

amino acid peptide fragment derived from proteolytic cleavage of a large amyloid precursor protein, by an ionic surfactant, SDS. In

comparison with the pure peptide in aqueous solutions which forms long and thin fibrils, Ab forms smaller complex with SDS, which

hinders partially the growth of long fibrils. With a selected deuteration of SDS for a contrast variation in SANS, we have extracted the

structural information of the SDS/peptide complex, including a short rod-like shape, size, and an association ratio between SDS and the

peptide.

r 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The b-amyloid peptide (Ab), of 1–40 amino acids,
fragment derived from proteolytic cleavage of a large
amyloid precursor protein folds into a random coil, b-helix,
or oligomeric b-sheet structure in aqueous solutions.
Without buffering, Ab evolves into a b-sheet structure,
and further forms fibril that can possibly deposit on
membranes, as that found in the Alzheimer disease. A
pioneer work using small-angle neutron scattering (SANS)
and small-angle X-ray scattering for the structure of pure
Ab aggregates was done by Thiyagarajan et al. [1]. Here, we
study the suppression effect on the fibril structure of b-
amyloid by an inhibitor, an ionic surfactant sodium
dodecyl sulfate (SDS). Using SANS, we have found a
suppression effect of long fibril aggregates of Ab in aqueous
solutions with SDS. Substituting SDS with deuterated SDS
(d-SDS) in the system for a contrast variation, we have
e front matter r 2006 Elsevier B.V. All rights reserved.
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identified the formation of peptide–surfactant complex.
Using a model analysis for the contrast SANS data, we are
able to extract a detailed structural information of the
peptide/surfactant complex.
2. Scattering model and contrast variation

Small-angle scattering profiles for colloidal aggregates of
a monodisperse size can be modeled as [2]

IðQÞ ¼ IoPðQÞSðQÞ, (1)

where P(Q) is the normalized form factor with P(0) ¼ 1
and S(Q) is the structure factor. The scattering wave vector
Q is defined by 4p sin(y/2)/l, with y and l the scattering
angle and wavelength of incident neutrons, respectively.
The forward scattering, Io(Q ¼ 0) ¼ np(r�rw)

2V2, is de-
termined by the number density np and the volume V of the
scattering particles. The scattering-length-density for the
particles and the solvent are denoted by r and rw,
respectively. For homogeneous rod-like particles of radius
a and length L, the spatial-orientation averaged form
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with v ¼ Qa(1�m2)1/2, w ¼ (1/2)QLm, and the first-order
Bessel function J1 [2].

For particles which form larger network or porous
domains of fractal-like characteristics, a pair correlation
function for the particles in the fractal domains

gðrÞ / rD�d expð�r=xÞ (3)

may be constructed to account for the fractal structure of a
fractal dimensional D [3]. In Eq. (3), the characteristic cut-
off length x defines loosely the fractal region �2x.
A structural factor for the fractal domains

SðQÞ ¼ 1þ
1

ðQRÞD
DGðD� 1Þ

ð1þDðxÞ�2ÞðD�1Þ=2

� sin½ðD� 1Þtan�1ðQxÞ� ð4Þ

can be obtained from the Fourier transform of Eq. (3) [3].
Here, an equivalent radius R for a rod-like particle of
radius a and length L can be derived on the basis of the
equivalent volume constrain (4/3pR3

¼ pa2L).
For a complex aggregate containing Np and Ns numbers

of amyloid peptides and SDS molecules, the forward
scattering can be further expressed as

Io ¼ np½Npðbp � rwVpÞ þNsðbs � rwV sÞ�
2, (5)

with bp, bs and Vp, Vs denote, respectively, the scattering
lengths and volumes for Ab and SDS [1]. Assuming most of
the Ab monomers aggregate, we have np ¼ Cp/Np deter-
mined by the concentration, Cp, of Ab in the solution. With
two sets of contrast SANS data measured for the amyloid
peptide solutions mixed with SDS and d-SDS, respectively,
two different Io in Eq. (5) can be obtained with
bs ¼ 160� 10�6 Å for SDS and bs ¼ 2762� 10�6 Å for d-
SDS, providing a non-trivial value of Ns. Using the two Io
obtained from the two sets of contrast data with Ab/SDS
and Ab/d-SDS in Eq. (5), we can determine an association
ratio m between the peptide and SDS, with

m ¼ Ns=Np ¼ Aðw� 1Þ=ðwBd � BÞ, (6)

where the intensity ratio w ¼7[Io-sds/Io-d-sds]
1/2,

A ¼ bp�rwVp, Bd ¼ bs-d-sds�rwVs, and B ¼ bs-sds�rwVs.
The aggregation numbers can, thus, be expressed in terms
of m, with

Np ¼ ðIo�sds=npÞ
1=2=ðAþ mBÞ

and

Ns ¼ mðIo�sds=npÞ
1=2=ðAþ mBÞ ðor Ns ¼ mNpÞ. (7)

In Eq. (5), the relevant amyloid peptide volume of
5473 Å3 can be estimated from the individual amino acids
in the peptide [4], while the dry volume Vs ¼ 404 Å3 of SDS
adapted from Sheu et al. [5]. The scattering length
bs ¼ 16622.8� 10�6 Å for the amyloid peptide and
rw ¼ 6.33� 10�6 Å�2 (98% deuterated water) for the
D2O solvent in Eq. (5) can also be calculated from the
molecular formulae. Note, in calculating the bs, we have
taken in account the small portion of H–D exchange effect
between the amino acids of the peptide and the deuterated
solvent D2O, as mentioned by Jacrot [4].

3. Experimental section

b-amyloid peptide (Ab), 1–40 amino acid peptide of a
molecular weight of Mw ¼ 4329.8 g/mole was purchased
from Sigma. After being dissolved in hexafluoroisopropa-
nol (HFIP) and incubated for 12 h at room temperature,
the sample was retrieved by lyophilization, as a form of
monomers. The sample then was added with D2O for three
sample solutions of 0.5mg/ml (0.12mM) amyloid peptide.
Two of the sample solutions were added with 6.0mM SDS
and 6.0mM d-SDS, respectively. After waiting for 72 h for
Ab aggregation, the samples were measured by SANS.
SANS measurements were conducted at an ambient

temperature on the 30-m SANS spectrometer at NIST,
USA. The sample solutions were sealed in quartz cell of
5-mm thickness. With 5-Å neutrons and two sample-to-
detector distances, 2.5 and 15m respectively, data collected
covered a Q-range of 0.002–0.3 Å�1. The SANS data
collected were corrected for transmission, background, and
pixel sensitivity of the 2-D detector, and averaged into 1-D
function I(Q). Data were further scaled to the absolute
intensity for the scattering cross section per unit sample
volume, of an unit of cm�1 [6].

4. Result and discussion

Fig. 1 shows the SANS data for the D2O solutions of
0.12mM amyloid peptide, and the same peptide solutions
mixed with 6mM SDS and 6mM d-SDS, respectively. In
the lower-Q region (0.002–0.01 Å�1), the pure peptide
solution demonstrates a power-law scattering of
I(Q)pQ�4, indicating a boundary scattering from large
fibril aggregate (the fibrils were confirmed in our AFM
result). For the mixtures with SDS, the large particle
scattering is reduced by more than 50%. Presumably, less
number of large Ab aggregates are formed due to the
intervening of SDS in the solution. On the other hand, in
the Q region X0.01 Å�1, the scattering is more pronounced
for the Ab solution with the presence of SDS, revealing a
more abundant small aggregates, compared to the pure
peptide solution. Substituting SDS by d-SDS, the signifi-
cantly lowered scattering in the same scattering region
strongly suggests that the smaller aggregates are indeed
complex aggregates of Ab/SDS. And the contrast between
the complex aggregates and D2O (r ¼ 6.4� 10�6 Å�2) is
lowered significantly due to the substitution of SDS
(r ¼ 0.4� 10�6 Å�2) with d-SDS (r ¼ 6.8� 10�6 Å�2),
since the peptide has also a small r of 0.3� 10�6 Å�2.
Here, we have intentionally used a small surfactant
concentration below the critical micelle concentration
(8mM) of SDS, to avoid the formation of SDS micelles,



ARTICLE IN PRESS

0.001

I 
(c

m
−1

) 

0.0001

0.001

0.01

0.1

1

10

100

1000

with 6 mM SDS
with 6 mM d-SDS

0.12 mM A�

6 mM SDS

Q2 (Å−1)
Q

I 
(Q

)

−8

−6

Q (Å−1)

0.01 0.1 0.2

Slope = −1.6

0.01 0.020.00

0.12 mM Aβ/6 mM SDS

Slope = −4

Fig. 1. SANS data for the aqueous solutions of 0.12mM amyloid peptide.

Data for the solutions mixed with 6mM SDS and 6mM d-SDS are

respectively fitted using the model described in the text. SANS data for a

solution of 6mM SDS are also shown. Inset shows the Kratky–Porod

approximation (dashed line) for the SANS data of the Ab/SDS solution.
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and thereby eliminate efficiently the scattering contribution
from the SDS micelles as can be seen in Fig. 1.

For the SANS data of the Ab/SDS solution, the data in
the region Q40.07 Å�1 (dominated by the form factor
scattering) can be fitted with the Kratky–Porod approx-
imation (the dotted line in the inset of Fig. 1), indicating a
rod-like shape. A rod radius r ¼ 14 Å can be extracted
from the Kratky–Porod approximation for the complex
aggregates [2]. Whereas in the intermediate-Q region
(0.01 Å�1pQp0.07 Å�1), data show a power-law scatter-
ing of I(Q)pQ�1.6, implying a mass fractal domains
formed by the rod-like aggregates [3]. Using the rod-like
form factor P(Q) and the mass fractal structural factor
S(Q) described previously, we can fit both sets of the
contrast data (dashed curves in Fig. 1) well, with the
common structural parameters r ¼ 13.4 and L ¼ 49 Å for
the rod complex, and x ¼ 427 Å and D ¼ 1.58 for the
fractal domains formed by the rods. In the fitting curve, we
have included the Q�4 contribution by the large Ab fibrils.
Since some of the Ab monomers form fibrils, the

concentration np of the complex Ab/SDS cannot be
determined concretely. We have difficulty in extracting
the absolute aggregation numbers Np and Ns of the
complex. Nevertheless, an association ratio m ¼ Ns/
Np ¼ 30 can still be obtained according to Eq. (6), using
the two fitted Io(0) for the two contrast solutions.

5. Conclusions

We have found that SDS can suppress the fibril structure
of b-amyloid peptide, via the formation of small peptide/
SDS complex in aqueous solutions. The suppression effect
is expected to be enhanced with SDS micelles when a larger
SDS concentration is used, as indicated by Marcinowski et
al. [7].
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