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The helical structure of amyloid protofilaments of hen egg white lysozyme was

analyzed by small-angle neutron scattering (SANS) and atomic force

microscopy (AFM). The structure of these formations in bulk solutions was

adequately described by SANS in terms of a simplified model of a helix with

spherical structural units. The found main helix parameters (pitch and effective

diameter) are consistent with the results of AFM analysis for amyloid fibrils

adsorbed on a mica surface. Both methods reveal a strong isotope effect on the

structure of amyloid fibrils with respect to the substitution of heavy for light

water in the solvent. Specific details responsible for the structural differences

when comparing SANS and AFM data are discussed from the viewpoint of

methodological aspects, the influence of different (native and adsorbed) amyloid

states and sample preparation.

1. Introduction

Amyloid protein aggregates are associated with several

serious diseases such as Alzheimer’s disease, Creutzfeldt–

Jakob disease, familial renal amyloidosis and others (e.g. Obici

et al., 2005). Amyloid deposits located in a specific organ or

distributed throughout the body are composed largely of

amyloid primary fibrils (protofilaments), sharing common

properties such as apple-green birefringence under polarized

light in the presence of Congo red, similar kinetics of fibril

formation and protease resistance. All fibrils are highly

ordered with characteristic cross-beta diffraction patterns,

showing helical-type symmetry and reflecting the extended

beta-sheet structures arranged so that individual beta strands

are perpendicular to the fibril axis. This property [shown

directly by high-resolution X-ray diffraction (Sunde et al.,

1997; Krebs et al., 2000; Morozova-Roche et al., 2000;

Dumoulin et al., 2003) as well as by NMR (Petkova et al.,

2002)] is a common feature of amyloids formed by proteins of

quite different nature.

The organization of primary fibrils in amyloids depends on

the environmental conditions and protein concentration and

results in a variety of final structures (Mishra et al., 2007; Yagi

et al., 2009). In many cases, experimental observations have

revealed elongated (up to the micrometre range) fibrils

consisting of several intertwining protofilaments with a

twisting pitch of around 100 nm, which is well reflected in the

data produced by structural methods with a sensitivity at the

submicrometre level (Chamberlain et al., 2000; Langkilde &

Vestergaard, 2009). In particular, small-angle X-ray (SAXS)

and neutron (SANS) scattering curves from the elongated

shape of amyloid protofilaments and multi-fibrils were

subjected to the simplest cylindrical approximation to obtain

the characteristic diameter of hen egg white lysozyme amyloid

(Yonezawa et al., 2002) and A� peptide amyloid (Jeng et al.,

2006; Thiyagarajan et al., 2000) fibrils. The more complicated
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approaches used the modeling of amyloid fibrils by sets of

simpler geometrical bodies approximating a real object

(Langkilde & Vestergaard, 2009). The ab initio approach with

the reverse simulation of the compact bead model was used to

analyze the SAXS data for amyloid fibrils of insulin (Vester-

gaard et al., 2007) and �-synuclein (Giehm et al., 2011). The

SAXS curves from fibrillated glucagon amyloids were

modeled by packed cylinders, using several model parameters

(length and radius of cylinders, as well as their number)

(Oliveira et al., 2009).

In this paper the inner structural organization of proto-

filaments is analyzed by means of small-angle neutron scat-

tering from primary fibrillized amyloid solutions. The aim of

this work was to conclude how far one can expand the simple

cylinder-type models of the protofilaments in the analysis of

their helical organization. Low-concentration solutions of hen

egg white lysozyme (HEWL) amyloid fibrils based on

mixtures of light (H2O) and heavy (D2O) water were

considered. We found that the model of a helix composed of

spherical homogeneous units, first proposed by Lebedev et al.

(2003) to characterize the helical aggregation of RecA

protein, also represents quite well the main features of the

scattering curves from the protofilament structure of HEWL

amyloids. Additionally, the indirect Fourier transform proce-

dure, which takes into account the elongated form of the

studied protofilaments, was used to get information about

their cross-section structure. The structure of protofilaments in

solution obtained by SANS was then compared with the

structure of surface-adsorbed dry amyloid fibrils revealed by

atomic force microscopy (AFM). The last method was actively

used during the past decade for the characterization of natural

and model amyloid fibrils and protofilaments of different

origin (e.g. Chamberlain et al., 2000; Kad et al., 2003; Sedman

et al., 2005; Goldsbury et al., 2005; Gosal et al., 2005; De Jong et

al., 2006; Dong et al., 2006; Adamcik et al., 2011; and refer-

ences therein). The combination of SANS and AFM methods

(applied to samples prepared from the same initial solution)

proved to be a rather effective approach to study various

helical structures (Meister et al., 2008).

Another aspect of the presented work was the testing of the

SANS contrast variation technique, which utilizes the substi-

tution of deuterium for hydrogen in the solvent in order to

enhance the visibility of the desired component of the studied

scattering object. A potential application for this technique is

foreseen for mixed systems of amyloids with surfactants (Jeng

et al., 2006) and nanoparticles (Bellova et al., 2010; Siposova et

al., 2012). Here, solutions with a low content of H2O (0–

20 vol.%) were studied, which was necessary to gain a good

and informative SANS signal from the smallest possible

structural features of the helix against the incoherent back-

ground. The SANS contrast variation was used previously to

study a mixture of A� peptide amyloid (1–40) and sodium

dodecyl sulfate only for pure H2O- and D2O-based solutions

(Jeng et al., 2006). To investigate the maximum possible

isotope effect on the structure of lysozyme amyloid fibrils,

AFM experiments were additionally performed with samples

prepared from H2O- and D2O-based solutions.

2. Materials and methods

2.1. Preparation of amyloid solutions

HEWL (L6876 Sigma) amyloid aggregates were prepared

by dissolving the protein (20 mg ml�1) in 1.5 ml of H2O or

D2O (Sigma Aldrich, Lot MKBD8521V, 99.9 at.% D); an

acidic environment was achieved by adding 5 ml of HCl, pH =

pD = 2.5. The solution was incubated at 338 K and stirred

constantly (1200 r min�1) for 8 h in a thermomixer (Eppen-

dorf), allowing for constant and reproducible stirring. The

extent of fibrillization was followed by Thioflavin T assay,

according to which the process of fibril formation was finished

after 6 h as the fluorescence intensities reached a plateau. The

SANS experiments were performed for initial solutions in

D2O diluted down to the equivalent protein concentration of

1.5 mg ml�1 with mixtures of H2O/D2O, so that the nominal

volume fractions of D2O in the final solutions were 100, 90 and

80% (neglecting HCl and volume inaccessible to the solvent).

The used protein concentration was chosen to minimize the

structure factor effect caused by the interaction between fibrils

in the solution (Oliveira et al., 2009). To subtract the inco-

herent scattering from hydrogen, neat buffer solutions with

the equivalent D2O content were prepared and measured

separately. The samples remained stable for at least 300 h after

the preparation, which covered the duration of the SANS

experiment; the stability of the fibrils was independently

controlled by fluorescence measurements during the whole

measuring time.

2.2. Small-angle neutron scattering

The SANS experiments were carried out at the small-angle

scattering instrument SANS-II at the Paul Scherrer Institut,

Switzerland (Strunz et al., 2004). The radially isotropic

differential cross section per sample volume (scattering

intensity) was obtained as a function of the modulus of the

scattering vector, q ¼ ð4�=�Þ sinð�=2Þ, where � is the incident

neutron wavelength and � is the scattering angle. The

measurements were conducted at a fixed wavelength of 8 Å

(wavelength spread of 10%) and two sample–detector

distances of 6 and 2 m to cover a q range of 0.4–2.0 nm�1. The

studied solutions were placed in 2 mm-thick quartz cells.

Corrections were made for the background and solvent scat-

tering. The absolute scaling and calibration for the detector

efficiency were carried out using a 1 mm-thick H2O sample.

All measurements were performed at the physiological

temperature of 310 K.

2.3. Atomic force microscopy

Prior to the AFM experiments the amyloid solutions were

diluted down to the protein concentration of 14.7 mg ml�1

(1 mM). Samples for AFM were prepared by spreading solu-

tions on a freshly cleaved mica surface. The substrates were

left for 2 min to adsorb amyloid fibrils on the surface. After

rinsing with ultrapure water (18.2 M� cm), the samples were

dried. AFM images were taken using a Veeco/Bruker DI

Innova microscope in tapping mode in air using an NCHV
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(Veeco/Bruker) cantilever [specific resistance of 0.01–

0.025 � cm, antimony (n) doped Si, radius of the tip curvature

of 10 nm].

3. Results

3.1. Small-angle neutron scattering

The scattering curves of three amyloid solutions with

different D2O content (denoted as D100, D90 and D80 for

100, 90 and 80 vol.% of D2O in the solvent, respectively) are

plotted in Fig. 1 on a logarithmic scale. As expected, a

decrease in the total intensity is observed for the lower solvent

deuteration because of the lower contrast between the solvent

and protein moieties of the amyloids. The power-law-type

scattering at small q values (linear parts in the graph) with

power exponent close to �1 indicates the presence of elon-

gated particles longer than 150 nm, which is beyond the

resolution of the used configuration of the SANS instrument.

The mean radius of gyration of the particle cross section, Rc, is

found first from the ‘cross-section Guinier’ plots

lnðqIÞ ’ �R2
cq2 provided in the inset of Fig. 1. The values are

summarized in Table 1. The measured data were subsequently

analyzed by the indirect Fourier transform (IFT) method

(Glatter, 1977) according to Pedersen (1997). The

resulting pair distance distribution (PDD) function is

presented in Fig. 2(a) and is denoted as PDDtotal to stress

that it is obtained using the spherically symmetric basis.

The characteristic behavior for homogeneous cylinder-

like particles (radius of cross section of about 10 nm) was

revealed. This behavior of the PDDtotal function was

insensitive to the choice of the apparent maximum size

when this was taken to be above 55 nm at the given q

resolution. The additionally applied GNOM program

(Svergun, 1992) gave the best consistency with the

experimental curves at a maximum size of 70 nm. The

cylindrical symmetry type was used in a further IFT treatment,

where the Hankel transformation was applied to obtain the

PDDcross section function (shown in Fig. 2b) describing the pair

distance distribution in the cross section of the effective

cylinder. The corresponding fits are compared with the

experimental data in Fig. 1. Taking into account that the

cylinder model is an approximation of the real shape of

amyloid aggregates, one should consider that PDDcross section

represents an average distribution over the amyloid length.

However, it turned out to be quite informative for us, since

three characteristic peaks, showing the most frequent

distances in the cross section, were distinguished (denoted by

arrows in Fig. 2b). While the first peak could be related to the

effective radius of the basic units composing the aggregates,

the other two peaks correspond to the most probable

distances between the units in the whole (averaged) cross

section. With respect to the models of closely packed cylinders

(Oliveira et al., 2009), among possible approximations to the

amyloid aggregates, only the model of four cylinders fits the

obtained characteristic distances within the amyloid cross

section.

Traditionally, the models of a cylinder and a hollow cylinder

are probed first for elongated helical particles (Oliveira et al.,

2009; Lebedev et al., 2003). We demonstrate how these two

models work in Fig. 3(a). In addition, taking into account the

PDDcross section function obtained from the IFT analysis, the fit

by the model of four packed cylinders is also shown in Fig. 3(a).

It is clear that all these cylindrical models approximate well

only the initial parts of the curves (q < 0.4 nm�1), where the

dependence I ’ q�1 is explicitly distinguished. Despite the

close-to-cylindrical shape of the amyloid aggregates a rather

strong density modulation in the cross section takes place, and

thus a more advanced model is needed. The ab initio modeling

is also illustrated in Fig. 3(a). Similarly to the approaches

applied by Vestergaard, Oliveira and co-workers (Vestergaard

et al., 2007; Oliveira et al., 2009; Giehm et al., 2011) to multi-

fibrils, here the standard procedure realized in the DAMMIN

program (Svergun, 1999) was used, starting with a cylindrical

shape (radius 7.8 nm, length 70 nm) filled with dummy sphe-

rical beads. Ten independently obtained sets of beads, which fit

the experimental scattering curve, were finally averaged in the

DAMAVER program (Volkov & Svergun, 2003). The

resulting set with the corresponding fitting curve is given in

Fig. 3(a). It shows quite a broken and heterogeneous structure
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Figure 1
Experimental SANS curves (points) and best fits of the IFT procedure
(lines). The initial parts of the curves are modeled with the power law
�q�1 corresponding to infinitely elongated particles. In the inset the
cross-section Guinier plots with the corresponding linear approximations
are shown.

Table 1
Parameters of the helical model (1) as revealed from the fits to the experimental
SANS curves and radii of gyration obtained from different approximations.

The parameter errors in the last significant figure are indicated in parentheses. Rc1,
Rc2 and Rc3 are the cross-section radii of gyration found from the helix model
parameters [equation (2)], the IFT treatment and the cross-section Guinier
approximation, respectively.

Sample
A
(cm�2)

r
(nm)

D
(nm)

h
(nm)

bkg
(cm�1) �2

Rc1

(nm)
Rc2

(nm)
Rc3

(nm)

D100 2.14 (1) 3.83 (1) 7.63 (2) 12.2 (1) 0.012 (5) 8.2 4.83 (2) 4.74 (2) 4.56 (8)
D90 1.07 (1) 3.94 (4) 7.75 (5) 12.5 (1) 0.007 (1) 2.4 4.93 (5) 5.0 (1) 4.6 (1)
D80 0.54 (1) 3.64 (8) 7.06 (1) 12.1 (2) 0.007 (1) 1.3 4.52 (4) 4.3 (1) 4.3 (1)



within the indicated cylinder. Nevertheless, the formation of a

partial helix with a pitch of about 10 nm can be seen. This

suggests that a helical symmetry is responsible for the

secondary peak observed in the experimental scattering

curves. The effect of aggregate heterogeneity on the scattering

as follows from the DAMMIN procedure is discussed below.

The treatment of the curves in terms of the model of

spherical units packed into a helical structure (Lebedev et al.,

2003) is presented in Fig. 3(b), where the inset illustrates the

main parameters of the model including the radius of the unit,

r, the mean diameter of the helix, D, and its pitch (period of

the structure along the helix axis), h. The scattering intensity

was calculated according to the formula for sufficiently long

objects (the helix total length >> h):

IðqÞ ¼
A

q
½�ðq; 0Þ�2 þ 2 � q;

2�

hq

� �� �2
( )

þ bkg;

� q;
2�j

hq

� �
¼

Jj

qD

2
1�

2�j

hq

� �2
" #1=2

8<
:

9=
;�ðqÞ; q �

2�j

hq
;

0; q<
2�j

hq
;

8>>>><
>>>>:

ð1Þ

where A is the calibration factor; JjðxÞ is the Bessel function of

the jth order; �ðqÞ ¼ ½sinðqrÞ � qr cosðqrÞ�=ðqrÞ3 is the form

factor of a spherical monomer; and bkg is the residual non-

compensated incoherent scattering background. All of the
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Figure 3
Best fits (lines) of the cylinder-type models and the ab initio model (a) and helical model (b) to experimental SANS curves (points). The insets in (a)
show the cross sections of the model particles (the three most frequent distances are indicated for the cross section of four packed cylinders) and the
result of the ab initio model, which is a set of dummy spherical beads filling an effective cylinder (radius 7.8 nm, height 70 nm) so as to achieve the best
coincidence of the corresponding scattering curve with the experimental one [DAMMIN procedure, normalized spatial discrepancy NSD = 1.08 (5)]. The
inset in (b) schematically illustrates the parameters of the helix model and shows the cross-section projection of the basic structural units composing the
helix with the three most frequent distances.

Figure 2
The total (volume) (a) and cross-section (b) PDD functions as a result of the IFT procedure for scattering from amyloid fibrils in 100% D2O. The
functions are calibrated to unity. In (a) the arrow indicates a characteristic cross-section radius of the effective homogeneous cylinder. In (b) the arrows
indicate characteristic pair distances in the average cross section of the effective elongated cylinder.



above-indicated parameters of model (1) were varied when

fitting to the experimental curves. Following the approach of

Lebedev et al. (2003), the resolution function was included in

this procedure as a Gaussian distribution with the average

relative q uncertainty of 0.15 calculated in accordance with

Pedersen et al. (1990) for the instrumental parameters used.

One can see in Fig. 3(b) that model (1) fits the experimental

data quite well. The parameter values of the best fits and the

corresponding �2 values are given in Table 1. The consistence

of model (1) with the results of the IFT procedure was

confirmed by the mean radius of gyration of the helix cross

section expressed through the model parameters according to

Lebedev et al. (2003):

R2
c ¼ ð3=5Þr2

þ ð1=4ÞD2: ð2Þ

One can clearly see (Table 1) that the Rc values calculated

from equation (2) agree well with the radii of gyration

obtained from the PDDcross section functions. At the same time,

both values are (by more than 10%) larger than the Rc values

obtained in the approximation of a homogeneous cylinder

(cross-section Guinier approximation), which proves the

consistency of the direct modeling and the IFT procedure. In

the frame of the helical model, the third peak in the cross-

section PDD function in Fig. 2(b) can be explained by a rather

strong compression of the helix along its axis, leading to the

existence of cross-section planes containing three non-
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Figure 4
AFM phase (left) and height (right) images of HEWL amyloid fibrils adsorbed on a mica surface from H2O-based (a) and D2O-based (b) solutions. In
the insets (left) the height distributions from the cross-section analysis are given.



equivalent characteristic distances. These distances are shown

schematically in the inset of Fig. 3(b), where the projection of

spherical basic units composing the helix is presented. It is

clear from this illustration that the number of units per helix

pitch is equal to four. The pitch value determined with model

(1) is comparable to the estimate from the DAMMIN

modeling mentioned above. In addition, as follows from

Table 1, the overall diameter of the helix,

Dout ¼ Dþ 2r; ð3Þ

is equal to 15.3 nm in the case of 100% D2O solution and is

rather close to the corresponding value of 15.6 nm for the

effective cylinder diameter from the DAMMIN modeling.

The obtained parameters of the helical organization agree

well with the general concept of protofilaments (Sunde et al.,

1997), particularly those from the human wild-type lysozyme

(Chamberlain et al., 2000). This also proved the protofilament

form of the HEWL amyloids in the studied solutions. It should

be noted that, for the RecA helical aggregation, the applica-

tion of the discussed model (Lebedev et al., 2003) naturally

fitted the nucleoprotein structure of filaments composed of

quasi-spherical protein units (Story et al., 1992). The spherical

representation of the structural units is a rough approximation

of the multi-ribbon structure (twisted beta sheets) of amyloid

protofilaments (Sunde et al., 1997). This could be a reason for

slight systematic deviations of the model curve in the region of

the side peaks in Fig. 3(b) for the 100% D2O sample (the

highest contrast), which resulted in a comparatively large �2

value (Table 1). Nevertheless, in the covered q interval the

main features of the helix were described well by the three

structural parameters shown in Table 1. The use of more

complicated shapes (e.g. ellipsoid of revolution) for the

structural units did not result in reliable fits; to get additional

details about the unit shape, more side scattering peaks in a

wider q interval need to be resolved.

From the viewpoint of the SANS contrast variation, the

amyloid protofilaments are expected to be homogeneous,

being composed of the protein moiety only. This means that

the only principal change in the scattering during the contrast

variation should be related to the forward scattering intensity,

with the shape parameters remaining constant. However,

there is a rather significant difference in the model parameters

(Table 1), indicating that, while the helix model describes the

amyloid protofilaments very well, their structure is to some

extent sensitive to the content of D2O in the solvent.

3.2. Atomic force microscopy

Amyloids are fixed on a mica substrate by adhesion forces

mainly as a result of hydrogen bonding and electrostatic

interactions between the protein and hydrophilic mica surface

(Ye et al., 2010). The examples of AFM images shown in Fig. 4

for the initial solutions based on H2O (Fig. 4a) and D2O

(Fig. 4b) display the typical elongated morphology of HEWL

amyloid fibrils deposited on a mica surface. The amyloids are

regularly distributed on the surface, which is shown either by

phase (left column in Fig. 4) or by height (right column in

Fig. 4) AFM images. The length of the elongated amyloid

aggregates varies from several hundred nanometres to several

micrometres. Along with the common general structure there

are some principal features in the amyloid organization that

are noticeably different for the two kinds of samples.

In the case of the H2O samples, two pronounced popula-

tions of fibrils are visible regarding their height and width. The

corresponding height distributions (denoted as populations I

and II) are shown in the inset to Fig. 4(a). The analysis was

done for 149 representative profile cross sections through the

randomly chosen fibrils. Each fibril height was measured

above the mica mean surface profile (the cross-section line was

approximately perpendicular to the fibril skeleton, and the
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Figure 5
AFM height images and their representative profile cross sections for amyloid fibrils deposited from H2O-based (a) and D2O-based (b), (c) solutions on
a mica substrate.



‘fibril on fibril’ cases were excluded from consideration). An

example of the cross-section plot containing the height peaks

from the fibrils of the two populations is shown in Fig. 5(a)

(blue line). The obtained distribution parameters of these

populations are given in Table 2. Another difference regarding

the morphology of populations I and II relates to their stiff-

ness. The fibrils of population I tend to bend on the substrate

surface, whereas in population II they are quite straight. This

observation is in agreement with previous work (Smith et al.,

2006; Paparcone et al., 2010; Adamcik et al., 2011), where the

thick amyloid fibrils were found to have a significant Young

modulus, which damped the fibril bending because of the

surface forces. For population II the helical structure of fila-

ments is reflected in the longitudinal profiles as height oscil-

lations, shown in Fig. 5(a) (red line). The amplitude of these

oscillations, according to the pitch-height step, cannot be

reliably determined because of the atomic force microscope

tip sharpness effect, which influences the size and shape of the

scanned structures at the level below 10 nm. Despite this

difficulty, the pitch length can be estimated as a relative

distance between the oscillation peaks by counting the

number of oscillations per longitudinal length covered

(Arnaudov et al., 2003). This approach gave a pitch length of

10.4 (25) nm for hundreds of pitch events (Table 2). The pitch-

to-pitch oscillations obviously affect the height distribution for

population II (inset to Fig. 4a), where the two corresponding

maxima can be distinguished. The structure of the thin fibrils

in population I was not resolved because of the smallness of

their cross sections. Twisting amyloid structures with pitches at

the level of 100 nm were also observed [in Fig. 5(a) such a

structure is indicated by white arrows showing the twists]. The

corresponding pitch distribution (the twisting pitches were

measured at half the maximum height above the mica mean

surface profile for 36 representative structures) spreads over a

quite wide interval of 60–300 nm (not shown).

While the amyloid fibrils adsorbed from the D2O-based

samples (Fig. 4b) also exhibit an elongated character, they

look more polymorphic and irregular as compared to the

previous case. The fibrils are furthermore not straight but a

little stochastically bent and wavy, thus showing more flex-

ibility at the substrate surface independently of their diameter.

The structure of the thin amyloid fibrils along the chain looks

slightly swollen. Most of them are associated into branching

multi-fibril structures. Nevertheless, as

follows from the analysis of the height

distribution of fibrils (184 representative

profile cross sections) shown in the inset to

Fig. 4(b), the main contribution to the

observed polydispersity of the amyloid

diameters comes from the fraction of the

small fibrils in population I whose peak is

now shifted towards significantly larger

height values, i.e. closer to the fibrils of

population II, which qualitatively repeats the

same double-peak distribution as was seen

for the H2O samples. The two distributions in

the inset to Fig. 4(b) were separated using

single (population I) and double (population II) Gaussian

approximations. The corresponding parameters of these

distributions are compared with those of the H2O-based

patterns in Table 2. Thus, the distribution for population II,

which mainly reflects the helical structure of protofilaments

(as concluded above), shows a slight increase (about 10%) in

its width and a small shift (about 5%) of the mean height to a

higher value. This is indicative of some change in the helical

structure of protofilaments adsorbed from the D2O solutions.

From the helical pitch profiles of the fibrils from population II

(red and blue lines in Fig. 5c) the helical pitch was estimated to

be 17.8 (54) nm (hundreds of pitch events), which is about 1.8

times larger than in the case of the H2O-based samples (see

Table 2). As a reference, the mica surface profile is also

presented in Fig. 5(c) (green and black lines), showing that it is

roughly one order of magnitude lower than the longitudinal

profiles of the amyloid fibrils. In the case of both H2O- and

D2O-based samples, we observe large deviations of the helical

pitch from the mean values (25 and 30%, respectively), whose

origins are related mainly to the finite size of the atomic force

microscope tip. Other possible factors related to the interac-

tion of amyloids with the substrate are discussed below.

Despite the larger diameter of the fibrils in population I, it was

still impossible to reach reliable conclusions about the helical

structure for amyloids of this type at the available resolution

of the AFM setup. The D2O samples did not reveal well

defined twisting structures with a regular twisting pitch. A rare

example of such a structure (pitch variation within an interval

of 70–80 nm) is presented in Fig. 5(b) (see white arrows with

indicated distances between them).

4. Discussion

The multi-peak structure of the height distribution in the

AFM images of absorbed amyloid fibrils at the level below

10 nm was observed previously (Goldsbury et al., 1999, 2005;

Dong et al., 2006; Adamcik et al., 2011). Such polymorphism

can be related to the inner structure of protofilaments, which,

according to the general concept (Sunde et al., 1997), has a

multi-ribbon organization. Then, the minimal height of 2.6 nm

observed here for population I in the H2O samples reflects a

characteristic cross-sectional size of the elementary structural

units of protofilaments, or the bona fide elementary proto-
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Table 2
Results of the AFM height analysis.

Dheight is the effective diameter of the amyloid fibril found from the AFM cross-sectional height
profile; hlongitude is the pitch length of the helix found from the AFM longitudinal profile; Dinterval is
the interval used for calculations of the distribution parameters; hDi and RMSD are the mean
diameter and the root-mean-square deviation of the distribution. The precision of the indicated
distribution parameters is determined by the last significant figure.

Dheight

Population I Population II hlongitude

Sample
Dinterval

(nm)
hDi
(nm)

RMSD
(nm)

Dinterval

(nm)
hDi
(nm)

RMSD
(nm) Population I Population II

H2O 1.0–4.5 2.6 0.7 5.5–11.0 7.7 1.5 – 10.4 (25)
D2O 1.0–7.0 4.1 1.1 5.0–12.5 8.0 1.7 – 17.8 (54)



fibrils (Goldsbury et al., 1999), those that are not arranged into

the most stable protofilament structures. The next distin-

guishable height of 4.1 nm for population I in the D2O samples

corresponds to the combination of two elementary proto-

fibrils. At last, for population II in both kinds of sample, for

which the height distributions start to be affected by the

helical structure of the protofilaments (the double peak is

resolved), the characteristic outer diameter of about 9 nm

(second peak in the height histograms of population II in

Fig. 4) strongly indicates that there are four elementary

protofibrils in the structure of protofilaments, again in full

agreement with the model following from the X-ray diffrac-

tion experiments (Sunde et al., 1997).

The AFM data therefore suggest some polydispersity in

shapes of fibrils (or polymorphism) with respect to their cross-

sectional structure, which is to be taken into account in

describing SANS curves. However, simple estimations show

that the scattering contribution from incomplete protofila-

ments of population I is much smaller than that relevant to

population II. This is the effect of the small cross section (the

scattering intensity is proportional to the squared cross-

sectional area of the effective cylinder), as well as the small

number fraction of fibrils in population I. For this reason, as a

first approximation, our analysis of the SANS curves considers

only the contribution from population II.

The influence of the possible heterogeneity of the aggre-

gates on the SANS curves should be discussed as well. Thus,

compared to the helical model, the DAMMIN procedure

better fits the secondary peak of the scattering curve (see

Fig. 3a) in terms of the rather heterogeneous structure that

probably originates from the intensity background. This is

confirmed by the higher sensitivity of DAMMIN results in the

fitted q range. On the other hand, it must be said that the

explored q range is not large enough to reveal the peaks,

beyond the second one, that are expected on the basis of the

helical model. However, the AFM data strongly support a

helical structure that, as our analysis has shown, is able to

reliably reproduce the observed SANS intensities. A further

argument in favor of the helical model is the fact that this

model to a first approximation corresponds to a homogeneous

helical cylinder with diameter 2r. The surface of this shape is

parallel to itself. This parallelism is responsible for the

presence of oscillatory deviations in the Porod plots (Ciccar-

iello, 1991) whose peaks are located at m2�=ð2rÞ, with m an

integer. One finds that the observed secondary peak is close to

the first of these values.

Both the SANS and the AFM data point to a quite strong

isotope effect regarding the H/D substitution in the solvent on

the experimentally observed structures of amyloids. Chemi-

cally, H2O and D2O exhibit very close properties. However,

D2O shows a greater tendency to hydrogen-bond interaction

and bond polarization. This leads to the conclusion that in the

presence of heavy water the ordered structure of amyloid

protofilaments and their aggregates is modified. This fact is

reflected in the changes of the double peak of the AFM height

distribution for population II in the D2O samples. The

amyloids adsorbed from D2O are not perfectly packed [thus,

the cross-section plot of a fibril in Fig. 5(b), shown by a black

line, has a somewhat double-peaked structure]. This is a result

of the branching of the multifibril structures during adsorp-

tion. From the SANS data one can definitely conclude that the

amyloid structure is sensitive to the D2O content in bulk

solutions. Previously, the effect of D2O in the solvent on

insulin amyloid formation was observed by Nayak et al. (2009),

where the slower aggregation was explained by stronger

hydrogen bonding in the presence of D2O. At the same time,

the AFM morphology depends on electrostatic interactions

and hydrogen bonding between protofilament units, as well as

the hydrophobicity of the substrate (Goldsbury et al., 1999;

Adamcik et al., 2011, 2010). While the drying of the samples

has a minor effect on the morphology as was shown in other

studies (Maurstad et al., 2009), one can note that once the

water (H2O or D2O) layer reaches nanometre thickness

(during drying) it starts to influence the self-assembly of

amyloids, and subsequently the final morphology (Ye et al.,

2010). Additionally, some variations in the relative humidity

(the cycle hydration–drying–rehydration–drying) in air (after

the fibrils are deposited on the substrate) can change the size

(length, height, width) of the observed fibrils (Maurstad et al.,

2009). This is the case especially for mica substrates, when the

relative humidity varies within the range of 20–35% (Xu et al.,

1998; Hu et al., 1995; Farshchi-Tabrizi et al., 2006). The

nanometre-thick water layer can be then present or not

(hydration–drying cycles), depending on the specific value of

the relative humidity.

The two methods deal with different states of amyloids

(bulk solution in SANS and adsorption surface state in AFM).

Nevertheless, the pitch interval of 10–18 nm for the helical

protofilament structure from AFM is consistent with the

values of 12.1–12.5 nm obtained by modeling SANS curves.

There are several experimental uncertainties that affect the

actual difference. First, in the case of D2O samples the

uncertainties can be related to the difference between the bulk

and surface states of amyloids, since the adsorption properties

of mica depend on the initial solvent and external conditions

(e.g. humidity) as discussed above. Moreover, the capillary

neck, which is formed by the capillary condensation between

two hydrophilic surfaces (both mica and protein-based

amyloids are strongly hydrophilic), can significantly influence

the structure of adsorbed amyloids, i.e. their length and width,

and can even cause their branching (Butt & Kappl, 2009).

Furthermore, some effect of the uncertainty in the determi-

nation of the background parameter bkg in the SANS treat-

ment by model (1) cannot be excluded. As was recently shown

(Jacques et al., 2012), the structural parameters of biological

molecules in solution obtained by modeling both SANS and

SAXS curves are sensitive to the background. Here, according

to the preparation procedure, the background was not fully

compensated for because of the possible H–D exchange in the

polar groups of the protein moieties of the amyloids. This

uncertainty is, however, below 1%, if one takes the amyloid

concentration into account.

In AFM the mean outline diameter of the fibrils is deter-

mined by the position of the second peak for fibrils in popu-
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lation II, 9 nm. The estimate of this diameter from the SANS

helical model (1) in accordance with equation (3) gives a value

of 15.3 nm (as already mentioned above), which is about 1.7

times larger. We attribute this difference to the electrostatic

interactions between the atomic force microscope tip and the

surface containing biomaterial (Mueller & Engel, 1997;

Chamberlain et al., 2000). This leads to negative or positive

contributions to the measured height, which, since the

substrate (mica) and the deposited material (protein) are both

chargeable, can influence the results.

It seems, however, that the flexible structure of amyloid

fibrils from the D2O solutions on the substrate revealed by

AFM repeats that in the solution state. Some deviations of the

SANS experimental curves from the model of infinitely

elongated particles (Fig. 3a) at the lowest covered q (three–

four initial points) can be related to the influence of the finite

persistence length. The formation of large (size above 100 nm)

amyloid aggregates in the solutions cannot be excluded. Thus,

for 90% D2O the corresponding increase in the scattering

intensity at the smallest q values can be seen in the Guinier

plot (inset to Fig. 1). At the same time, no significant effect of

the fibril aggregation, such as branching or thickening, on the

SANS curves over the whole covered q interval is revealed.

This can be clearly seen in the case of the total pðrÞ function

(Fig. 2a), which corresponds perfectly to non-aggregated

cylinder-type particles with a well defined cross-sectional

diameter of the protofilaments. This result is indicative of the

fact that the branched aggregates observed by AFM for the

D2O-based samples appear mainly as a consequence of the

sample preparation procedure, which is sensitive to the

content of D2O in the initial solutions. Another important

aspect of the application of SANS in connection with the

aggregation effect is that according to the SANS data the

amyloids are in the state of protofilaments in the studied

solutions. This conclusion is consistent with the AFM analysis

of the twisted multi-fibril structures. The images from the D2O

samples are almost free of such formations, thus testifying to

their minimal influence on the scattering from the solutions.

5. Conclusions

To summarize our findings, the application of helical symmetry

was found to be quite productive in describing the SANS data

from low-concentrated amyloid solutions of HEWL. The

simplest model of a helix with spherical structural units

provides a good fit to the SANS experimental curves (parti-

cularly the secondary scattering peak) from amyloid proto-

filaments, reflecting the main structural parameters of their

inner packing in the primary helices, namely the long-axis

periodicity and the effective diameter. The more complicated

models of the structural units are not so well justified at the

studied level (q < 2 nm�1) from the viewpoint of the infor-

mation content and the characteristic resolution of the SANS

experiment. The determined helical structure of protofila-

ments is sensitive to the environmental conditions as it varies

with the different content of D2O in the solvent, showing a

rather strong isotope effect in the SANS contrast variation.

The isotope effect is confirmed by the AFM comparison of

amyloids deposited on a mica surface from H2O- and D2O-

based solutions, while some additional contributions of the

adsorption process to the difference for the two kinds of

samples cannot be excluded. In particular, the AFM data from

D2O samples show quite flexible and slightly irregular amyloid

fibrils, which seems not to be the case for the SANS data,

where the helical symmetry suggests some specific structural

regularity along the fibril axis.

The SANS and AFM methods give reasonably consistent

results as concerns the main parameters (pitch and diameter)

of the fibril helices; a more detailed comparison of the two

methods is difficult because of a number of factors, which

affect the state of the object of investigation in the experi-

ments and the corresponding data interpretation.
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