PAPER

www.rsc.org/softmatter | Soft Matter

Aggregation structure of Alzheimer amyloid-p(1-40) peptide with sodium
dodecyl sulfate as revealed by small-angle X-ray and neutron scattering
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Using small-angle X-ray scattering (SAXS) and small-angle neutron scattering (SANS) with contrast
variation, we have studied the complex aggregation of Alzheimer amyloid-B(1-40) (AB) peptides
with sodium dodecyl sulfate (SDS). With the addition of 0.115 mM A peptide into an aqueous
solution containing 6 mM SDS, time-dependent SAXS indicates the formation of a globular SDS-A
complex with a core-shell structure. The emergence of the complex aggregates, however, lags
significantly behind the fast transition of the secondary structure of Af peptides from random coil to
a-helical structure observed by circular dichroism (CD). With scattering contrast varied by SDS

and deuterated SDS, SANS results reveal the coexistence of Ap aggregates and the SDS—-AB complex,
which together form clusters of a mass fractal structure. Based on the changes of the zero-angle
scattering intensity with the contrast variation, a molecular association ratio, ~30: 1, of SDS to Af is
extracted for the globular complex micelle. With a concentration (20 mM) above the critical micelle
concentration (CMC) of SDS, time-dependent SAXS and CD reveal a better synchronization between
the formation of the SDS—AP complex and the changes in AB secondary structure. Using an
ellipsoid model with a core-shell structure in the SAXS data analysis, we have extracted detailed
structural information of the prolate, core-shelled SDS—A B complex, having size and shape resembling
pure SDS micelles. The significantly larger electron density of the shell of the complex, as compared
to that of pure SDS micelles, suggests that the hydrophilic parts of AP peptides can situate well with the
sulfate headgroups of SDS in the shell region. Delicate differences in the micellar structure and the
formation pathway of the two types of SDS—-AB complexes, respectively formed in aqueous solutions

containing SDS concentrations below and above its CMC, are discussed in terms of the dissimilar
association efficiencies of AP peptides with SDS monomers and SDS micelles. The morphology,
association ratio, and clustering behavior of the SDS-A complex obtained in this study may have
implications in interpreting the related spectroscopy and SDS-PAGE results of the protein.

1. Introduction

Containing 39-43 amino acid residues, Amyloid-$ (AB) peptide
is a fragment derived from proteolytic cleavage of the large
amyloid precursor protein (APP) of Alzheimer’s disease.
Extensively studied with various tools,>® AB peptides have been
shown to convert to B-sheet structure in aqueous solutions, and
then pleated B-sheets were able to stack and grow into spiral
fibrils with a helix pitch of 24 B-strands.® As the senile plagues
containing A fibrils were originally observed from the cellular
membranes of patients with Alzheimer’s disease, considerable
studies focused on the growth behavior of AP peptides in the
presence of membrane or surfactant interfaces,'®° in search of
implications that may lead to efficient ways of reducing or pre-
venting A fibrils. One of the many approaches focuses on the
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interactions of the water-soluble AP peptides with sodium
dodecyl sulfate (SDS) micelles of polar surfaces. Elucidated by
circular dichroism (CD), nuclear magnetic resonance (NMR),
fluorescence, and electron microscopy, SDS micelles were shown
to be able to efficiently suppress the formation of the toxic
B-sheet structure of AB peptides;®”-?! it was also found that below
the critical micelle concentration (CMC), SDS monomers might
interact with AP peptides differently.5”-*!

Despite that the suppression effect of SDS on AP fibril
formation has been clearly demonstrated in several studies,®7-*!
the discussions on the related mechanism were essentially based
on the changes of the secondary structure of AP peptides
observed by CD. The CD spectra, however, were insensitive to
developments of complex aggregates of AP peptides with SDS.
Very recently, the SDS-AB complex micelle structure was
studied using NMR and a paramagnetic probe:** based on the
responses of the AP residues to the controlled environment,
residues were grouped and positioned either outside, inside, or
near the surface of the SDS micelle. To shed more light on the
molecular mechanism of the formation of SDS-AB complex
aggregates and their role in the suppression of A aggregation,
we focus on the aggregation structure of the complex micelle in
this study, including size, shape, association ratio, and formation
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process; the direct structural information should also bear
implications in interpreting the related spectroscopy and
SDS-PAGE results of the protein.*

In the structural characterization of AP peptides or their
aggregates in solutions, small-angle neutron scattering
(SANS)*' and small-angle X-ray scattering (SAXS)® have
demonstrated their sensitivity in detecting the protein
morphology and aggregation structure. In resolving structures of
complex aggregates, the combination of SANS and SAXS is
particularly advantageous as demonstrated in our previous
studies.?*2¢ Adopting the same scattering based methodology,
we have resolved two types of SDS—-AB complexes, respectively,
formed in solutions with SDS concentrations below (but near)
and above the CMC of SDS.?” With SDS in the peptide-
surfactant complex replaced by deuterated SDS (d-SDS), we
have furthermore extracted the partial aggregation numbers of
SDS and A peptides for the complex aggregates. The delicate
differences in the micellar structure and the formation pathway
of the two types of SDS—-AP aggregates are discussed in terms of
the characteristically different associations of AR peptides with
SDS monomers (of disperse sulfate headgroups) and SDS
micelles (of organized charge shells).

2. Materials and methods
Sample preparation and measurements

Alzheimer amyloid-B peptide, with 1-40 amino acid residues and
a molecular weight M,, = 4329.8 g mol~', was received from
Sigma and Biopeptide Co. After being dissolved in hexa-
fluoroisopropanol (HFIP) for 12 hours, the peptide was retrieved
by lyophilization in the form of monomers, and subsequently
redissolved (0.115 mM AP or 0.5 mg ml™') in 10 mM NasPO,
buffer solutions, containing 6 and 20 mM sodium dodecyl sulfate
(SDS), respectively. For comparison, a solution with 0.115 mM
AP peptide was also prepared. For all sample solutions, there
were no extra salts added. The critical micelle concentration
(CMQC) of SDS in pure water is 8 mM,?® which is about the same
with 1 mM HCI (pH = 3) added.? Unless specified, the CMC of
SDS referred to in this study is mainly for pure SDS solutions
rather than for mixtures with AB peptides.

SANS measurements were conducted on the 30 m small angle
neutron scattering spectrometer at the National Institute of
Standards and Technology (NIST), Gaithersburg, USA. Regular
SDS and deuterated SDS (d-SDS) were used in preparing sample
solutions with D,O for the varying of the scattering contrast of the
peptide—surfactant complexes with respect to D,O. The sample
solutions were sealed in quartz cells at 25 °C, and measured with
5 A neutrons at two sample-to-detector distances of 2.5 m
and 15 m, for a wide Q-range. The scattering wavevector
Q =4w) 'sinfis defined by the scattering angle 26 and wavelength
Aof neutrons (or X-rays in SAXS). The SANS data collected were
corrected for transmission, background, and pixel sensitivity of
the 2-D detector, and circularly averaged into one-dimensional
(1-D) intensity distribution function /(Q). The data were further
scaled to the absolute scale (in units of cm™') defined by the
scattering cross-section per unit sample volume. We emphasize
the importance of using the absolute intensity scale in obtaining
partial aggregation numbers of complex aggregates.>>2¢

The sample solutions for SAXS measurements were prepared
using the same procedures as that for SANS, except that 1 mM
HCI was added to each sample solution to speed up AP peptide
aggregation for in situ SAXS measurements within a reasonable
time interval of ~48 h synchrotron beamtime. SAXS
measurements were conducted at the BL17B3 SWAXS end-
station of the National Synchrotron Radiation Research Center
(NSRRC), Taiwan. Details of the instrument were reported
previously.® In this study, a 0.5 mm diameter beam with 1.24 A
(10 keV) X-rays and a sample-to-detector distance of 2.7 m
were used. The sample solutions were sealed in sample cells by
two thin Kapton films (8 pm each) for an X-ray path length of
2.2 mm. SAXS data collected with a 2-D (20 cm x 20 cm) gas
detector at 25 °C were processed with a similar procedure as
that used for the SANS data. The scattering intensity was
scaled to the absolute scale via the scattering of a standard
polyethylene sample.

Data analysis

The SANS or SAXS intensity distribution for colloidal solutions
is often described by I(Q) = I,P(Q)S(Q), where IH(Q = 0) is the
zero angle (forward) scattering, P(Q) the normalized form factor,
ie. P(Q =0) =1, and S(Q) the structure factor.>® For spherical
particles, P(Q) = [3/1(Qr)/Qr]?, with the first-order spherical
Bessel function jj(Qr). For homogeneous rod-like particles of
radius R and length L, the spatial-orientation averaged form
factor is expressed as:

P(Q) = “yl(y) sin(w)] 0 O

v w
0

with v = QR(1 — W'»", w = (1/2)QL4/, and J; is the first order

Bessel function.? The often-used Schultz distribution®'-*? can be

incorporated into eqn (1) for polydispersity in rod length. For

core-shell spheres or ellipsoids,

memh  wmaw
P — 2 . 2 . ” 2
(Q) J W+ W, 3ji(ur) +7W1 A 3i(uz) | du” (2)

where u; = Qa?u"> + bX(1 — W' * = Ql(a + TYu"> +
(b + T)*(1 — u"*)]"?, with the semi-major and semi-minor axes
a and b for the core, and shell thickness 7; W; and W, are the
respective scattering contrasts of the core and shell with respect to
the solvent, whereas V7 and V, are the corresponding volumes.??

For systems with a fractal dimension D and a correlation
length £, the structure factor can be expressed as:

1 DI (D —1)
(or)? (1+(Qg)—2>w’l

S(Q) =1+ 7 sin[(D — 1)tan™'(Qf)]

(©)

with radius r for the primary particles that constitute the fractal
structure.®*

The forward scattering Io(Q = 0) of the complex aggregates
containing partial aggregation numbers N, for AB peptides and
N; for SDS, can be described by
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Iy = np[Np(bp - pwVp) + Ns(bs - Pst)]2 (4)

with b,, by and V}, V, denoting, respectively, the scattering
lengths and dry volumes of the AP peptide and SDS;?526:33:3¢
whereas 7y, is the number density of the complex aggregate and
pw the scattering-length-density of solvent. Replacing SDS by
d-SDS, we can drastically change the b, value in eqn (4), thus, the
Iy value. Based on eqn (4) with the calculated by, b, V},, Vs and
pw values (from the related chemical formulae) and two
measured [ values of Iy g5 and Iy 4.sqs, We can deduce a relation
for the molecular association ratio of SDS to Ap:

# = NJNp = A(x — DI(xBa — B) (&)

where 4 = bp - pwVps Bd = bs,d-sds - pst’ B = bs,sds - pWVS’
and the squared root of the zero-angle scattering intensity ratio
X = (Lo sas/Io.a-sas)"?- The partial aggregation numbers of AB and
SDS can be furthermore derived as N, = (Ip sqs/1p)""*/(A + uB) and
Ny = uNy,.

3. Results and discussion
Growth of pure AP peptide aggregates

Shown in Fig. 1 are time-dependent SAXS data of the pure AB
peptide solution measured, respectively, at 12, 22, and 36 h after
sample preparation. The nearly two-orders-of-magnitude
increase in intensity over the measuring time indicates a drastic
growth of the peptide aggregates. The later two sets of SAXS
data reveal characteristics of a rod-like structure (linear region in
the inset of Fig. 1), and can be fitted with a common rod diameter
2R of 86 + 6 A using the Kratky-Porod approximation.?® The
result implies that rod-like AP peptide aggregates mainly grow in
length towards fibril structure, while maintaining a constant rod
cross-section. These structural features are consistent with that
observed in the previous SANS measurements by Yong et al.?
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Fig. 1 SAXS data of the aqueous solutions of 0.115 mM (0.5 mg ml~")
AR peptide with 1 mM HCl measured, respectively, at 12 h, 22 h, and 36 h
after sample preparation. The data are fitted (dash curves) using a rod
form factor with polydispersity in rod length. The inset shows the two sets
of the data measured at 22 h and 36 h, respectively, fitted with the
Kratky—Porod approximation (dashed lines).

=
<

and Thiyagarajan et al,'® as well as our own atomic force
microscope (AFM) images displaying prototype fibrils with
a uniform rod diameter of ~85 A. Taking into account the
polydispersity effect in rod length (as described by the Schultz
distribution), we can fit (Fig. 1) the three sets of SAXS data using
a rod-like form factor.® The structural parameters extracted
from the non-linear least-square fitting algorithm indicate that
the prototype fibrils of AP peptides grow continuously from
a rod length of 100 A at 12 h, 180 A at 22 h, to 440 A at 36 h,
while maintaining a constant rod diameter of 92 A and a rela-
tively large polydispersity of ca. 100% in length.

Formation of SDS-AP aggregates below the CMC of SDS

Shown in Fig. 2 are the SAXS data measured at = 10 h, 30 h,
and 48 h, after mixing 0.115 mM AP peptide with 6 mM SDS.
The scattering intensity in the low Q-region (<0.04 A*l) increases
with time and gradually develops into the power-law scattering
behavior of I(Q) « Q~* (inset of Fig. 2), implying the formation
and growth of large AP aggregates. The change in SAXS
profile essentially terminates around ¢ = 30 h, indicating
a shorter growth period than that observed in pure AB aggre-
gation (c¢f. Fig. 1). The shorter growth period associates closely
with the appearance of the scattering hump in the Q-region of
~0.08-0.2 A~" in the SAXS profile, which signifies the formation
of a SDS-A complex with a core—shell structure similar to SDS
micelles.’®27-?® The peak position of the hump at Q = 0.132 A,
however, is significantly smaller than that (Q = 0.177 A~') of
pure SDS micelles,””*® indicating larger SDS-AB complexes
than SDS micelles. Using the sphere form factor with a
core-shell structure (eqn (2)), we can adequately fit (dashed curve
in Fig. 2) the SAXS data measured at # = 30 h (in the Q-region of
0.08-0.20 A*'), with a core radius of 25.2 A and a shell thickness

“]0 I
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Fig. 2 SAXS data measured at z = 10 h, 30 h, and 48 h, after mixing
0.115 mM AP peptide with 6 mM SDS and 1 mM HCI. The data collected
at ¢+ = 30 h are fitted (dashed curve) using a sphere form factor with
a core-shell structure, in the Q region ~0.08 to 0.20 A-'. The arrow
indicates the peak position (0.132 /D\*‘) of the core-shell hump. In the
inset, indicated by the arrows and the fitted dotted lines are the two
regional power-law scatterings: I(Q) = Q~* contributed by large AR
aggregates in the low-Q region and I(Q) = Q'¢ by clusters of the
SDS-AB complex in the intermediate Q-region.
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of 42 A. For comparison, prolate SDS micelles have a smaller
ellipsoidal core size, with semi-major axis a = 21.8 A, semi-minor
axis b = 16.5 A, and a shell thickness of 4.3 A (as detailed below).
We notice that there is also a power-law scattering feature of
I(Q) = O ' in the SAXS profiles in the intermediate Q-region
(inset of Fig. 2), which can be attributed to a mass-fractal-like
clustering of SDS—A 3 complex micelles with pure A aggregates, as
more clearly distinguished by SANS with contrast variation below.

SANS with contrast variation for partial aggregation numbers of
SDS-AB complex

To extract more structural details of the SDS-AB complex
revealed in the SAXS results, we have furthermore measured
SANS for the two contrast-varied sample solutions of 0.115 mM
AB peptide mixed, respectively, with 6 mM deuterated and non-
deuterated SDS. As shown in Fig. 3, in the low-Q region
(£0.005 /DX") the two SANS profiles overlap well and exhibit the
same power-law scattering of 1(Q) « Q~* as that observed in the
SAXS; the insensitive scattering to the SDS contrast variation is
attributed to large AP aggregates with little or no SDS content.
In contrast, the scattering intensity in the larger Q-region
(=0.01 A’l), including the power-law scattering feature /(Q) «
Q' (corresponding to a mass fractal dimension of 1.6),3* drops
dramatically by nearly 6 fold when SDS in the system is replaced
by d-SDS, implying that the scattering in this Q-region highly
associates with SDS-related aggregates and their clustering via
a mass fractal structure. We emphasize that in D,O solution, the
scattering contrast of d-SDS, of a scattering length density (SLD)
p =68 x 1075 A2, with respect to D,O (p = 6.4 x 10 A2 is
much smaller than that of SDS (p = 0.4 x 10°° A2 and AB
peptide (p = 0.3 x 10°° /O\*Z) with respect to D,0.2>2¢ Therefore,
d-SDS in D,O is nearly invisible to neutrons. On the other hand,
without forming micelles 6 mM SDS monomers contribute little
structural features in the SANS profile, as illustrated in Fig. 3.
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Fig. 3 SANS data for the aqueous solutions of 0.115 mM (0.5 mg ml~")
AB peptide mixed with 6 mM SDS and 6 mM d-SDS, respectively. The
two sets of data are fitted (dashed curves) with the same sphere form
factor and the same fractal structure factor of a mass fractal dimension
D = 1.6 (indicated by the arrow) in the intermediate Q-region. The low-Q
data are fitted with the power-law scattering I(Q) « Q~* For compar-
ison, SANS data for the solution of 6 mM SDS are also shown.

There is, however, no discernable core-shell hump in the
SANS profiles (¢f Fig. 3), likely due to the low scattering
contrast between the D,O solvent and the hydrated shell. In fact,
neutrons are mainly scattered by the aliphatic core of the
complex micelle in D,O; whereas X-rays are more sensitive to the
core-shell structure, due to the higher electron density of the shell
than that of the core and solvent. Therefore, in fitting the SANS
data, we adopt a simple sphere form factor for the SDS-APB
complex and a fractal structure factor for the power-law scat-
tering characteristics of I(Q) « Q~'° (observed in the interme-
diate Q -region ~0.01-0.07 A").“ As a result, we can fit well the
two sets of contrast SANS data in Fig. 3, with the common
structure parameters of radius r = 21 A, mass fractal dimension
D = 1.6, and correlation length £ = 430 A (corresponding to
a cluster size ~2& = 860 A), for the complex aggregates.> In the
fitting algorithm, we have also included the Q~* contribution
from large AP aggregates in the low-Q region (Q < 0.006 A™Y).
The obtained complex size from SANS is nevertheless slightly
smaller than that (r = 25.2 A) extracted from the SAXS result.
Using eqn (5), we have furthermore deduced the SDS-AR associ-
ation ratio u = 30 + 2 for the peptide—surfactant complex using the
two I, values extrapolated from the two sets of contrast variation
SANS data in Fig. 3. The molecular association ratio of 30 corre-
sponds to a weight ratio of 1.9, which is reasonably close to the
general weight ratio of 1.4 (SDS to protein) established for a wide
variety of proteins that bind to SDS.3® Adopting the CMC of AB
aggregation ¢* = 0.035 mM reported by Yong et al,> we have
further deduced the partial aggregation numbers Ny, = 2 4 0.4 and
N = 60 £ 12, using the relation Ny, = Io(Q = 0)/[(c — c*)(Ap,Vp, +
ulps V)], with the scattering contrasts of the peptide-solvent Ap,,
and the SDS-solvent Aps, the dry volumes of ¥}, (5470 A“) and
V, (400 A%), and the AB peptide concentration ¢.252

The derived SDS aggregation number, 60 & 12, of the complex
is sufficiently higher than the minimum number ~42 for forming
a pure SDS micelle.?® With the high association ratio u = 30, AB
peptides can be well-surrounded by the outnumbered surfactants
in the complex micelles and segregated from the rest of the
peptides, thus, aggregation is suppressed.

In general, the SANS results are consistent and complemen-
tary to the previous SAXS result, especially in revealing the
fractal structure of a low mass fractal dimension of 1.6; the
structure is attributed to a clustering of the core—shell complexes
via the mediation of residual AP aggregates. In contrast, there is
no such fractal structure observed when AP aggregates are
completely suppressed by sufficient SDS micelles (see the results
described below). Likely, with insufficient SDS monomers,
incomplete (or partial) complex micelles containing A peptides
can also detour and act as compartments (nuclei) to dense AR
peptides for limited AP aggregation; these AP aggregates in turn
loosely interconnect neighboring matured complex micelles for
clusters of a mass fractal structure.* Interestingly, similar loosely
connected protein—surfactant clusters with features of mass
fractal structure were also reported in several studies,!®-3%35:37-39
especially those with low surfactant concentrations.®?

SDS-AB complex micelles formed above the CMC of SDS

Shown in Fig. 4 are the SAXS data measured at t = 10, 22,
and 48 h after mixing 0.115 mM AB peptide with 20 mM SDS.
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Fig.4 SAXS data measured at 10, 22, and 48 h, after mixing 0.115 mM
(0.5 mg ml~") AB peptide with 20 mM SDS and 1 mM HCI. Also shown
are the SAXS data for the solution with 20 mM SDS and 1 mM HCI. The
data are fitted (solid and dashed curves) using a core—shell ellipsoid form
factor. The two arrows indicate the significant growth of I in the low
Q-region and the stable core—shell hump of the SDS-AB complex micelles
in the high Q-region.

At t = 10 h, a significant increase in the I value and enhanced
core—shell hump features around Q = 0.177 Al as compared to
that for pure 20 mM SDS micelles, can already be observed. The
result reveals faster kinetics of complex formation of A peptides
with pre-existing SDS micelles (namely, the fast adsorption of AB
peptides to the SDS micelles), as compared to the case of 6 mM
SDS monomers (c¢f. Fig. 2) or the slow formation of pure AB
fibrils (cf. Fig. 1). Between ¢ = 22 to 48 h, neither the /; value nor
the core—shell hump change significantly; the small and stabilized
I, value indicates the absence of large A aggregates, whereas the
absence of fractal-like scattering features in the SAXS profiles
implies that the SDS-AB complex micelles are well dispersed and
do not form clusters.

Adopting a core-shell ellipsoid form factor®® for the SDS-
micelle based complex (¢f. eqn (2)), we can adequately fit (dashed
curves in Fig. 4) the time dependent SAXS profiles for the
structural evolution of the SDS-AB complex and pure SDS
micelles. The fitted parameters, summarized in Table 1, indicate
that the adsorption of the peptides to the pre-existing SDS
micelles in the earlier time (¢ < 10 h) causes an elongation of the
prolate SDS micelles in the semi-major axis, from a = 23.8 Ato
47.7 A and a minor contraction in the semi-minor axis from

Table 1 Structural parameters for the SDS-AB complex and SDS
micelles obtained from the time-dependent SAXS data in Fig. 4, using
a core-shell ellipsoid form factor with the semi-major and semi-minor
axes a and b of the core, shell thickness 7, and scattering-length-density
of the shell pg,

alA bIA T/A pan/1076 A2
Pure SDS 23.8 19.5 4.8 12.6
SDS-AB (10 h) 47.7 17.0 4.4 13.4
SDS-AB (22 h) 27.1 18.6 45 13.5
SDS-AB (48 h) 29.7 17.9 4.6 13.5

b =195 A to 17.0 A; the shell thickness of the complex,
T =44 A, is nearly the same as that for pure SDS micelles.
Between ¢ = 22 and 48 h (based on the SAXS data measured at
t = 22 h and 48 h), the complex micelles have reorganized to
a more compact size (¢ = 27-30 A b=1819A, T=45 A)
which is slightly larger than pure SDS micelles. Note that the
fitted X-ray scattering-length-density of the shell of the complex
micelle, p = 13.5 x 10°° A2, is substantially higher than that
(12.6 x 107 A*Z) of pure SDS micelles (mainly anionic head-
groups with hydrated water molecules).*® Since A peptides have
a higher X-ray scattering-length-density (p = 13.5 x 10° A2
than water (9.47 x 10 A~2) and the aliphatic core of SDS
(7.86 x 10-° 1&*2),25’26 the result implies that the adsorbed A
peptides can accommodate their hydrophilic parts into the shell
region (of ~4-5 A thickness) of the complex micelle with the SDS
headgroups (which may expel some of the hydrated water
molecules into solution), leading to the increased mean electron
density of the shell observed.

CD results

Shown in Fig. 5 are the CD spectra measured for the 0.115 mM
AB peptide in solutions with 6 mM and 24 mM SDS, respec-
tively. These spectra exhibit the strong characteristics of a-helical
structure, having a strong positive band peak at 195 nm and two
negative bands centered at 208 and 222 nm, respectively;’ the
spectra were stable during the subsequently continuous moni-
toring over 12 days. Compared to the slower aggregation
behavior revealed by time-dependent SAXS, the changes in the
secondary structure of AB peptides from random coil to o helix
upon the addition of SDS were immediately observable after
mixing the peptides with either 6 or 20 mM SDS, implying fast
kinetics for the secondary structural transformation of AP
peptides via their association with SDS. For comparison, the CD
spectrum of a freshly prepared AP solution shows the charac-
teristics of random coil structure (of a strong negative band
centered at 200 nm), whereas that of an aged A solution of fibril
aggregates demonstrates the characteristic dip at 217 nm of the
B-sheet structure. These CD results are essentially consistent with

]’000 IS TR [N TR TS T [N S T TN T N TR T T T [N T T T T N T T T N T
> —=— Ay (B-sheet)
10000 A —+— A, (random coil) |
s —=— Ay/SDS (6 mM)
S 5000 A =
= A/SDS (24 mM)
-
I 0 1 -
£
Q
an  -5000 4 L
]
=
5. -10000 4 -
-15000 o I+
-20000 +—+———7T+— T T

190 200 210 220 230 240 250 260

wavelength (nm)

Fig.5 Indicative of the a-helical structure are the CD spectra for the AB
peptide solutions (0.115 mM) mixed with 6 mM and 24 mM SDS,
respectively. Also shown are the CD spectra for the fresh and aged AB
peptide solutions, respectively, revealing the corresponding random coil
and B-sheet structures.
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previous studies,*”?! in which CD spectra for AB solutions with
SDS concentrations above 3 mM were shown to be stable with
the a-helical structure during long term observation.

Comparison of the SDS—A complexes formed below and above
the CMC of SDS

We have shown that with a SDS concentration of either 6 mM or
20 mM (below or above the CMC), the secondary structure of
AP peptides can be quickly converted to the a-helical structure
and stabilized. The aggregation behavior of the SDS-AP
complexes formed in these two cases, however, differs in terms of
the size, shape, and formation pathway. As revealed by the time-
dependent SAXS results, with 6 mM SDS, an incubation time
was needed before emergence of SDS-AB complex (¢f. Fig. 2),
whereas the SDS-AB complex could be observed earlier with the
pre-existing SDS micelles at 20 mM SDS (¢f. Fig. 4). Presumably,
the pre-existing SDS micelles can effectively attract AR peptides
via the well-organized anionic shells of the SO, Na* headgroups,
as there are seven positively charged amino acids in each AB
peptide.” The adsorption of AB peptides to the SDS micelles and
their changes in the secondary structure to the o helix should be
closely associated; the transition of protein secondary structure
to a-helix is often used as an indicator of protein binding to
membranes.***? While the AP peptide adsorption to SDS
micelles can be fast, the subsequent relocation of the peptide in
the complex micelle may require time in positioning the hydro-
phobic parts (mainly residues 32—40) into the core region of the
SDS micelle and the hydrophilic parts (residues 1-16) into SDS
anionic shell (without increasing the shell thickness by much). As
suggested by the time-dependent structural parameters summa-
rized in Table 1, the complex micelle becomes increasingly
compact with time, accompanied by the gradually increased
scattering-length-density pg, of the shell. Depicted in Fig. 6 is
a model for the SDS-AB complex based on the structural
features described above. Similar positioning of the AB(1-40)
peptide in a SDS micelle was also illustrated recently based on

Fig. 6 Cartoon of the SDS-AB complex formed with pre-existing SDS
micelles. The hydrophobic parts of the peptide (red blocks) hide inside the
aliphatic core of the SDS micelle, whereas the hydrophilic parts (blue
blocks) mainly mingle with SO, Na* headgroups (solid spheres) in the
anionic shell of the SDS micelle. The seven positively charged residues
ArgS5, His6, His13, His14, Glnl6, Lys18, Arg28, are subsequently deno-
ted R, H, H, H, Q, K, and R.

the results using NMR and a paramagnetic probe:** the two
a-helices, residues 15-24 and 29-35, were placed at the surface of
the micelle whereas the C-terminal helix was put inside the
hydrophobic core of the micelle. Here, we provide consistent and
complementary structural information for the complex micelle,
including the size, shape, and growth/clustering behavior.

In forming an SDS-AB complex with 6 mM SDS, with no
organized sulfate headgroups for a collective charge attraction,
AP peptides are expected to interact with individual SDS
monomers. The CD result indicates that 6 mM SDS monomers
can still be efficient enough in transforming and stabilizing the
secondary structure of the peptides to the a-helical structure. The
appearance of the complex micelles, however, lags significantly
behind the transformation of the secondary structure of the
peptide, implying slow kinetics of the complex formation. Likely,
it is the relatively bulky AP peptides (with a size of 5470 A3) that
act as nuclei to localize sufficient SDS monomers (of a smaller
volume of 400 IDV) over the time for forming matured complex
micelles. Such an aggregation process may involve competition
between the associations of AB-SDS and AB-AB (for fibril
aggregation); concentrations of SDS and A and their respective
interactions with water (ie. amphiphilicity) also matter. As
a result, it seems that the formation of the SDS-AB complex
(with 6 mM SDS) was still more active than the A aggregation
towards fibrils, so that AP aggregation was largely terminated
after the appearance of the complex micelles. Furthermore,
competition and cooperation between the formation of the
SDS-AR complex and residual AP aggregates may result in the
mass-fractal clusters observed (by SANS and SAXS). Based on
the association ratio u (SDS : AB) = 30 : 1 obtained from the
SANS data for the solution with 0.115 mM A and 6 mM SDS,
we can deduce a free SDS concentration (apart from that in the
complex micelles) of ~ 2.6 mM. Interestingly, such an estimate is
consistent with the previously CD observations®*! that SDS with
concentrations below 3 mM could not stabilize A peptides in
the a-helical structure for long, and B-sheets for AP fibril
aggregation gradually formed.

4. Conclusions

Using SAXS and SANS with contrast variation, we have
extracted detailed structural information, including size, shape,
partial aggregation numbers, and clustering behavior, for two
types of SDS-AB complexes formed in aqueous solutions of A
peptides mixed, respectively, with 20 mM SDS (micelles) and
6 mM SDS (monomers); both types of SDS-AB complexes have
a stable a-helical structure as suggested by the CD results. With
SDS micelles pre-existing in the solution, prolate SDS-Af
complex can efficiently form on the basis of the core—shell
structure of SDS micelles, and the complex micelles remain well
disperse with no observable A aggregates. Whereas with 6 mM
SDS monomers, globular, core-shell SDS-AB complexes can
also form, but with slower formation kinetics that cannot fully
subside AB aggregation. Mediated by residual AP aggregates, the
globular SDS-AB complexes furthermore loosely interconnect
into clusters of a low mass fractal dimension. The structural
information on the SDS-AB complex obtained, including shape,
size, fractal-like clustering behavior, and molecular association
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ratio may have implications for interpreting the related spec-
troscopy and SDS-PAGE results of the protein.’**
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