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The kinetics of spontaneous assembly of amyloid fibrils of wild-type .-
microglobulin (B,M) in vitro, under acid conditions (pH 2.5) and low
ionic strength, has been followed using thioflavin-T (ThT) binding. In par-
allel experiments, the morphology of the different fibrillar species present
at different time-points during the growth process were characterised
using tapping-mode atomic force microscopy (TM-AFM) in air and nega-
tive stain electron microscopy (EM). The thioflavin-T assay shows a
characteristic lag phase during which the nucleation of fibrils occurs
before a rapid growth in fibril density. The volume of fibrils deposited on
mica measured from TM-AFM images at each time-point correlates well
with the fluorescence data. TM-AFM and negative-stain EM revealed the
presence of various kinds of protein aggregates in the lag phase that dis-
appear concomitantly with a rise in the density of amyloid fibrils,
suggesting that these aggregates precede fibril growth and may act as
nucleation sites. Three distinct morphologies of mature amyloid fibrils
were observed within a single growth experiment, as observed previously
for the wild-type protein and the variant N17D. Additional supercoiled
morphologies of the lower-order fibrils were observed. Comparative
height analysis from the TM-AFM data allows each of the mature fibril
types and single protofilaments to be identified unambiguously, and
reveals that the assembly occurs via a hierarchy of morphological states.
© 2003 Elsevier Science Ltd. All rights reserved
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Introduction

tides will self-assemble into amyloid fibrils.**

These fibrils can be detected through the binding

Amyloidosis is the generic term for the assem-
bly of peptides and proteins in vivo into fibrillar
aggregates with a common cross- structure.
These aggregates are associated with many
debilitating disorders, including Alzheimer’s
disease, the transmissible spongiform encephalo-
pathies and dialysis-related amyloidosis.'* The
onset of aggregation is thought to be initiated
by the population of one or more unfolded or
partially folded states that are assembly
competent.” Given the right conditions in vivo
or in vitro, a wide variety of proteins and pep-
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of dyes such as Congo red® or thioflavin-T
(ThT).® All amyloid fibrils are characterised by a
central core structure of extended cross-B sheet,
which can be detected wusing X-ray fibre
diffraction.”® Despite possessing a common
cross-B core, amyloid fibrils generated both in
vivo and in vitro have a range of morphologies,
which differ in their superhelical twists and the
number and arrangement of the associating
protofilaments.”~" Fully assembled amyloid
fibrils can contain different numbers of protofila-
ments either intertwined into helices or bound
side-to-side in a twisted ribbon structure.”'*'*'>
The final amyloid fibrils often arise through the
twisting together of protofibrils, with possible
structural rearrangements, to form the consistu-
ent protofilaments.* Typical protofibrils, such as
those for AB 1-42 and AR 1-40, are able to bind
ThT, but are shorter, have a smaller persistence
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length and shorter repeat periods (typically
between 20nm and 30nm) than their fully
assembled fibrillar counterparts.”'®

Dialysis-related amyloidosis'” involves the depo-
sition of predominantly full-length, wild-type B,-
microglobulin (B,M) into amyloid fibrils with
structural and tinctorial properties typical of
amyloid."*" B,M amyloid is typically deposited in
collagen-rich tissues, such as cartilage,” resulting
in carpel tunnel syndrome and pathological bone
destruction, and occurs in all patients undergoing
long-term renal dialysis.”' B,M forms the non-cova-
lently bound light-chain of the antigen class I HLA
complex presented on the cell surface. As part of
its normal catabolic cycle, .M is shed from the
cell surface, whereupon it is transported in the
plasma to the kidneys, which are the major site of
degradation of the protein.*® As a consequence of
renal failure, the concentration of full-length wild-
type B.M in the serum is raised up to 50-fold,
thereby initiating amyloidosis in vivo by a mechan-
ism currently unknown. In vitro, however, a high
concentration of 3,M at neutral pH is not sufficient
to initiate formation of amyloid fibrils de novo.*-*
Elongation of seeds from ex vivo B.M amyloid
fibrils is possible in vitro at pH 7.4 and is attributed
to the existence of a partially folded conformer that
is in equilibrium with the native monomer, popu-
lated to ~15%.?** Fibril formation at neutral pH
can be induced by the addition of Cu**,*® by clea-
vage of the N-terminal six residues,” or by concen-
trating and drying of the protein on a dialysis
membrane surface.”

B.M belongs to the immunoglobulin superfamily
and has a B-sandwich structure stabilised by a
single disulphide bond that is typical of this family
of proteins.” Under acidic conditions (below pH
5.0) at an ionic strength of 400 mM, B,M rapidly
and spontaneously forms amyloid fibrils that bind
ThT and Congo red, which gives rise to green bire-
fringence, and results in an X-ray diffraction pat-
tern consistent with a cross-B structure.® Under
these conditions, the native protein is destabilised
relative to a partially folded state that retains sig-
nificant B-sheet secondary structure.”?* The fibrils
formed under these conditions are short
(<600 nm), flexible,” have a periodicity of about
30 nm, and are ~3.5 nm high as measured by tap-
ping-mode atomic force microscopy (TM-AFM) in
air® Although these fibrils have morphological
properties akin to protofibrils seen in other amy-
loid proteins,”* there is no evidence that they
assemble further into long, straight fibrils and
therefore they are not defined as protofibrils.***
By contrast, at lower pH (<3) and at low ionic
strengths (<30 mM), B,M assembles slowly, in a
nucleation-dependent manner*, to form long,
straight fibrils that give rise to a cross-beta X-ray
fibre diffraction pattern (D.P.S., S. Jones, L.C. Serpell
& S.E.R., unpublished results) and have a variety of
morphologies including straight aperiodic fibrils, as
well as fibrils displaying a left-handed twist with
regular periodicity of about 90 nm.*

AFM has been used to investigate the higher-
order structure of amyloid fibrils formed from a
number of peptides and proteins, including
AR, amylin,” immunoglobulin light chain
domains," a-synuclein®* and lysozyme," and the
protein fibrils formed by the yeast prions
Sup35**"  and Ure2p.** These studies have
involved the imaging of samples dried onto mica
and other surfaces,” as well as in situ imaging of
fibril growth in real-time under aqueous fluid.”*
Whilst imaging of fibril growth in real time can
provide information about the polarity of fibril
growth and growth kinetics at surfaces, imaging
of dried samples can provide detailed information
about the distribution of fibril types within a single
heterogeneous growth solution, distinguished by
their average height, periodicity and helicity.
Here, we use TM-AFM in air, in conjunction with
negative stain electron microscopy (EM) and the
fluorescence of ThT, to examine the events that
occur during the growth of amyloid fibrils from
monomeric human B,M in vitro at pH 2.5, 37 °C at
low ionic strength. Under these conditions, assem-
bly of B,M into amyloid-like fibrils is rapid,*
results in the formation of long, straight amyloid
fibrils with different morphologies,” and the
assembly mechanism is relatively independent of
growth-rate (see below). These conditions are thus
ideal for the experiments described. We identify
various aggregation events occurring in the lag
phase, as well as the emergence of a protofilament
species, previously unobserved in studies of the
end-points of assembly.®*> The timing of the emer-
gence of higher-order fibrils allows us to propose
a hierarchical assembly scheme.

Results and Discussion

B-M amyloid fibril morphology depends on
growth conditions

Representative TM-AFM images of different
fibrillar types of human B,M formed ab initio, in
vitro under two different conditions at the end-
point of growth are shown in Figure 1. Consistent
with previous results,”? the fibrils formed at pH
3.6 in 0.4M NaCl are short (<600 nm), flexible,
exhibit a nodular morphology with a repeat dis-
tance of about 30 nm, and are ~3.5nm high
(Figure 1(a)). Here, we classify these fibrils as type
A. By contrast, fibrils formed at pH 2.5 at low
ionic strengths (<30 mM) are long and straight,
and display a number of different morphological
types, termed here type I (Figure 1(b)); type 1I
(Figure 1(c)) and type III (Figure 1(d)). Consistent
with our previous EM and AFM data,” these
AFM images show clearly that type I fibrils are
formed from two intertwined protofilaments and,
under these conditions, have a helical repeat of
~60 nm. Type II fibrils, which have not been ident-
ified unambiguously before by AFM, are a four
protofilament helix formed by the twisting
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Figure 1. TM-AFM images taken in air of different
end-point morphologies of hydrated B,M amyloid fibrils
grown in vitro adsorbed onto mica. (a) Type A fibrils
grown at pH 3.6 in 0.4 M NaCl at 37 °C. The fibrils in
(b)—(d) are all end-point morphologies of fibrils grown
at pH 2.5 with no added NaCl at 37 °C. (b) Type I fibrils
are formed by the intertwining of two protofilaments
(marked p) into a left-handed helix. (c) Type II fibrils
are formed from the intertwining of four protofilaments
into a helix. The height of the fibril changes from 5 nm
to 8.5 nm where a type I fibril protrudes, marked by the
arrow. The other fibrils in the image are type I with a
supercoiled morphology, which have a superhelical
period of 60 nm (see Figure 6), although the consistuent
protofibrils cannot be resolved under these imaging con-
ditions. (d) Type III fibrils formed through the lateral
association of four protofilaments have a helical repeat
of about 100 nm. The false-colour height scales for (a)-
(d) are 10, 30, 36 and 50 nm, respectively.

together of two type I fibrils and have a repeat
period of 60 nm in this case. A shorter axial period
of 30 nm was detected in the TM-AFM amplitude
signal. These two periods are consistent with two
type I fibrils with a helical repeat of 60 nm super-
coiled around each other. The individual type I
fibrils present in Figure 1(c) have a supercoiling
period of 60 nm, which is coincident with their
axial twisting repeat period (see below). Type III
fibrils have a twisted-ribbon morphology, are
formed from four protofilaments that are associ-
ated laterally, and have rather regular axial repeats,
about 70 nm in this case (Figure 1(d)). These fibril
types are fully consistent with previously pub-
lished lower-magnification images of B,M fibrils
and show that the fibrils grown at low ionic
strength have a left-handed helicity.*

Time-courses of B,M fibril formation
To determine whether the diverse number of

final fibril structures observed in low pH, low
ionic strength conditions arises in a temporally

parallel or sequential manner and to identify and
characterise any intermediate species in the aggre-
gation pathway, fibril formation from monomeric
B-M was followed in real-time using continuous
monitoring of the fluorescence signal from ThT,
and via a discontinuous assay in which samples
were withdrawn at different time-points and
imaged by TM-AFM and negative stain EM (see
Figures 2—4). Here, we present two kinds of exper-
iment: the first is a comparatively low-time-resol-
ution experiment that follows the overall
aggregate density in the lag and demonstrates the
timing of the emergence of fibrillar species (Figures
2 and 3). The second experiment is at a higher
time-resolution and investigates the nucleation
process in more detail (Figure 4). Both experiments
were performed at pH 2.5 at low ionic strength
(174 mM), and a protein concentration of 1 mg/
ml. The experiments were performed with 1 ml
and 3 ml volume of solution in the fluorimeter cuv-
ette, respectively. This results in differences in agi-
tation efficiencies, which alters the rate of fibril
formation (the length of the lag using an identical
experimental set-up is reproducible within a stan-
dard deviation of 6%). Analysis of the two kinds
of experiment using TM-AFM and EM showed no
difference in the types of fibrillar and pre-fibrillar
species formed, nor of their order of appearance
(see below). To facilitate comparison of the results
from different experiments, therefore, the time-
course of assembly was normalised to the total
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Figure 2. 3,M amyloid growth curve monitored by flu-
orescence and AFM. Continuous curve, continuous time-
course of ThT fluorescence. Each time the ThT signal
dropped to zero, an aliquot was taken from the fluori-
meter for analysis by AFM and EM. Broken line +
diamonds, discontinuous assay of the volume of aggre-
gated protein (amorphous or fibrillar) bound to the
mica surfaces as measured by TM-AFM of air-dried
samples. The error bars are the standard errors taken
from the average of the total volume on the surface
from four or five, 5 um X 5 um areas at each time-point.
The percentage surface area covered by the aggregated
protein was calculated from the AFM images and it
gave the same shape curve as the volume (data not
shown).
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Figure 3. Low-magnification, TM-AFM images in air of aliquots deposited onto mica taken from different time-
points assayed during the growth of B,M fibrils. The time after growth was initiated is shown in the top right-hand
corner of each image (hours:minutes). The percentage of the total lag time passed is shown below each image. The
definition used for the lag time is described in Materials and Methods, and in this experiment it is 153(* 1) minutes.
(a) After two minutes the solution is monodisperse and comprises $,M monomers. Density fluctuations in the protein
solution cause amorphous aggregates to form ((b) and (c)), which disappear with a concomitant rise in fibril density
((d)-(h)). The arrows in (b) indicate aggregates present after 26 minutes. (c) By 48 minutes, the number and size of
aggregates observed have increased. The arrow in (c) marks a fibril that appears to protrude from one of the aggre-
gates. The contrast of the image in this corner was optimised to show the fibril, which is much lower in height than
the aggregates. Estimates indicate that the aggregates in (b) and (c) contain 10*~10* monomers and 10°-~10° monomers,
respectively. These estimates should be taken as upper limits, since the hydration state of the aggregates is not known.
(d) After the disappearance of the amorphous aggregates, individual protofilaments are observed. Their formation pre-
cedes development of the higher-order type I, II and, finally, type III fibrils. After two hours and 44 minutes the lag
time is over and the protofilaments are twisted together to form type I fibrils. Three type I fibrils incorporating two
protofilaments are marked in (e) by the arrows. In (d) and (e) all the protofilaments and type I fibrils have a super-
coiled morphology (see Figure 5). All scale bars represent 1 pm and the maximum height scales for the false-colour
images are 10, 20, 200, 30, 30, 50, 50 and 50 nm, respectively.

length of the observed lag phase (see Materials and
Methods).

Global changes in the aggregating
protein solution

Figure 2 shows a typical ThT curve (continuous
line) obtained when 3,M assembles into amyloid-
like fibrils at pH 2.5. Under these conditions, f,M
amyloid forms with nucleation-dependent kinetics
typified by a significant lag phase, consistent with
previous results for this"*** and other
proteins.**** Although the increase in ThT fluor-
escence indicates that amyloid fibrils have formed,
this assay provides no information about the
nature of events occurring in the lag-phase or the
changes in fibril morphology versus time. At judi-
ciously chosen time-points, therefore, aliquots
were taken from the aggregating protein solution
and deposited onto mica or colloidion-coated EM
grids for structural investigation using TM-AFM
in air and negative stain EM. Overall, 11 samples,

taken approximately every half an hour, were ana-
lysed in this manner. Figure 3 shows TM-AFM
images obtained at eight representative time-
points. During the lag phase there is a small fluor-
escence signal, during which time nucleation
centres for fibril growth are presumably forming.
At about 150 minutes, a rapid increase in the ThT
signal occurs, presumably because the concen-
tration of nuclei has surpassed a critical
concentration.

The volume of aggregated protein present on the
mica surface at each time-point in the AFM exper-
iments is plotted in Figure 2 (dotted line). The
data show a lag phase with subsequent rapid
growth that correlates well with the kinetics
observed by ThT fluorescence. The AFM imaging
revealed that at early time-points in the lag phase
(up to two minutes (<1% of the total lag)) the pro-
tein solution is essentially monodisperse, forming a
smooth layer of protein on the mica surface (RMS
roughness of less than 0.5nm in 10 pm X 10 pm
scans) (Figure 3(a)). The size of the globular fea-
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Figure 4. Higher time-resolution TM-AFM study of the aggregation process in the lag phase. Samples were taken at
intervals of 10% of the overall lag time (this equates to a period of five minutes in this experiment). The images are
generally at a higher magnification than Figure 3 and illustrate the diversity of aggregate structures that appear within
the nucleation phase. The size (in nanometres) that the scale bar represents is given below each image. The images pre-
sented are from two experiments, which both had absolute lag times of 50(+ 1) minutes. Eight repetitions of the ThT
fluorescence experiment for this protein stock gave an average absolute lag time of 52.3(* 3.1) minutes.

tures on the surface is 10-12 nm in diameter (data
not shown). Taking the broadening of the sample
by the AFM tip into account, especially in samples
that are not close-packed, these dimensions would
be consistent with monomeric protein, or with
small oligomeric species (note that the protein is
known to be monomeric at time zero).** More inter-
estingly, however, larger globular, amorphous pro-
tein aggregates are observed at later times in the
growth curve (Figure 3(b) and (c)). At 26 minutes
after the initiation of aggregation (17% of the total
lag time) (Figure 3(b)), the aggregates range in
height from 3nm to 15nm and full-width from
70 nm to 320 nm. At 48 minutes (~30% of the lag
time) (Figure 3(c)), larger aggregates are seen,

ranging in height from 3 nm to 85 nm and in full-
width from 70 nm to 1300 nm.

The AFM data show that the amorphous aggre-
gates grow rapidly in size and number during the
lag phase, as shown by the peak in the volume of
deposited aggregated protein that forms a maxi-
mum in the growth curve at 48 minutes (Figure 2).
These aggregates then disappear before the sharp
rise in the volume of amyloid fibrils occurs. The
amorphous aggregates do not give rise to a corre-
sponding peak in the fluorescence signal, indicat-
ing that they do not bind ThT. Negative stain EM
images were taken from aliquots at each time-
point. The images correlate well with the low-mag-
nification AFM data, but showed, in addition, a
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small number of mature amyloid fibrils at early
time-points (within the first 20-30% of the lag
time). Consistent with this, high-magnification
TM-AFM images of the amorphous aggregates
showed occasional fibrillar structures apparently
emerging from their centres (Figure 3(c)). In these
experiments, therefore, amyloid formation occurs
through protein density fluctuations, which slowly
cause formation of amorphous aggregates that
could contain the nucleation centres for fibril
growth.

At later time-points during assembly (>48 min-
utes/30% of the lag), amorphous aggregates were
no longer observed by TM-AFM (Figure 3(d)-(f))
or EM (data not shown). The increase in fibril den-
sity on the mica samples monitored by AFM over
this time-scale occurs concomitantly with the
increase in the ThT fluorescence (Figure 2) and is
caused by the formation of fibrils composed of
only a single filament (Figure 3(d)). At later times,
more highly assembled fibrils emerge. These com-
prise two or four protofilaments and are identical
with the fully assembled type I, II and III fibrils
shown in Figure 1. All the single-filament fibrils
shown in Figure 3(d) are indistinguishable from
the protofilaments that compose the fully
assembled fibrils, although they have a zig-zag
appearance that arises from supercoiling (see
below). These single filaments have no internal
structure resolvable by TM-AFM. Since the indi-
vidual filaments are indistinguishable from the
constituent protofilaments of fully assembled
fibrils, they could be classed as protofibrils. How-
ever, their morphology is very different from the
protofibrils identified in the assembly of AR 1-40
and AB 1-42.”'® Interestingly, no type A fibril was
observed during the growth assays, despite sur-
veying a large number of samples from several
repeat experiments using both TM-AFM and EM.
These observations confirm previous results,” that
type A fibrils are not protofibrils, but are the end-
product of an independent assembly mechanism.

The ThT signal in Figure 2 reaches a maximum at
three hours and 20 minutes, and then decreases.
There are two reasons for this. Firstly, the fibril
density is high at this time, increasing light-scatter-
ing. Secondly, aggregated fibrils were seen precipi-
tating from solution after this time, which reduces
the fluorescence intensity. Consistent with this, the
AFM data show a correlated decrease in fibril den-
sity on the mica surface (cf. Figure 3(g) and (h)).
The average length of the fibrils on the mica
decreases at later time-points (see Figure 3(h)),
supporting the view that the longer fibrils aggre-
gate more readily and precipitate out of solution.

Amorphous aggregates with a variety of
morphologies form in the lag phase

Figure 4 shows a summary of TM-AFM data
obtained from a fibril assembly curve obtained at
higher-time-resolution than that shown in Figures
2 and 3. In this experiment, time-points were

obtained every five minutes during the lag time,
as well as at later time-points during assembly.
TM-AFM images were obtained from several repli-
cate experiments, each had a similar lag time of
52.3(*3.1) minutes (1 = 8). As shown in Figure 4,
amorphous aggregates form early in the lag phase
of assembly, consistent with the results shown in
Figures 2 and 3. More detailed analysis of the
species formed early during the lag phase, how-
ever, revealed a variety of different aggregated
forms, including pore-like structures, larger toroi-
dal rings and more globular species, akin to species
observed in the lag time of assembly for a variety
of other proteins.****~> The images shown in
Figure 4 are representative of the most commonly
observed species that were observed in all growth
curves examined to date. We cannot rule out, how-
ever, the possibility that other morphologically dis-
tinct species might form during assembly that have
not been detected. The role of the different species
in the assembly mechanism cannot be deduced
from the discontinuous assay performed. Nonethe-
less, the data show clearly that the first species to
form in the lag time are small globular or pore-
like structures. These are then replaced with larger
aggregates that are maximally populated at 30%
into the lag phase. Thereafter, increasing numbers
of fibrils appear and little amorphous aggregate
remains (see the 40% time-point in Figure 4). The
experiment shows that a small number of fibrils
are present at early time-points, often in conjunc-
tion with amorphous aggregates (see the right-
hand image at the 20% time-point in Figure 4).
The transition from aggregate to fibril appears to
be rapid, occurring in less than 10% of the overall
lag time and reproducibly between 30% and 40%
of the total lag time. Further experiments, possibly
using real time growth studies in solution, will be
needed to determine the role, if any, of each of
these species in nucleating the assembly of proto-
filaments and higher-order fibril assemblies with
different morphologies.

Growth conditions can induce a super-helical
morphology in protofilaments and type | fibrils

Protofilaments and type I fibrils formed in these
experiments showed a superhelical morphology
caused by a supercoiling over and above the inter-
twining of protofilaments. These morphologies
were not observed in our previous study,” possibly
because of the different agitation conditions used.
Figure 5(a) and (b) shows TM-AFM and EM
images of type I fibrils with well-defined superheli-
cal repeats. These fibrils have a zig-zag appearance
caused by a flattening of the toroidal superhelix
onto a flat surface during sample preparation. The
superhelical repeats range between 60nm and
150 nm, and for the type I fibrils this repeat is
often coincident with the helical repeat so that
there are two axial twists per superhelical period,
as is the case for the examples shown in Figure 5.
It is not possible to distinguish by AFM the
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Figure 5. The superhelical morphology of type I fibrils.
(a) TM-AFM image of a superhelical type I fibril present
at 122% lag time. (b) Corresponding negative stain EM
image of a superhelical type I fibril present at 69% lag
time. In both of these images the super-helical period is
coincident with twice the twist period, giving a zig-zag
appearance to the fibrils. The axial periods are 145 nm
and 130 nm, respectively. The scale bars all represent
100 nm.

handedness of the supercoiling in fibrils flattened
into the zig-zag morphology, such as those in
Figure 5. However, other supercoiled protofila-
ments showed exclusively left-handed superhelical
periods (see Figure 6(a)). Type II and type III fibrils
generally did not exhibit supercoiling, possibly
because they are much more rigid than the protofi-
laments and type I fibrils (as evidenced by their
longer persistence lengths).

B-M fibrils assemble in a hierarchical manner

Although TM-AFM in air does not necessarily
measure true heights of biomolecules, comparative
measurements can be used to identify different
species if the imaging parameters are similar.
Table 1 summarises the dimensions of different
fibril types measured by TM-AFM, including their
height, width, helicity, the range of their axial
repeat periods, whether they are supercoiled
under these growth conditions and the range of

the supercoiling repeat distances. Protofilaments
and type I and type II fibrils can be distinguished
on the basis of their average heights (h), together
with their different characteristic morphology. Pro-
tofilaments have an average height of 4(*1)nm,
type I fibrils are 5(+ 1) nm high and type II fibrils
are 8(* 1) nm high. Type III fibrils have an average
height of 5(+1) nm, a consequence of their large
aspect ratio in cross-section. The protofilaments
and type I fibrils thus have similar average heights,
but can be distinguished from each other through
their average width along the length of a fibril
measured at half the average maximal height
(hmax). Despite being similar in height to type I
fibrils, type III fibrils can be distinguished readily
from other fibril types, since they have the largest
ratio in peak-to-trough height difference of any of
the fibrils observed here. Unambiguous identifi-
cation of each species using the parameters listed
in Table 1 allowed the occurrence of different fibril-
lar species to be followed as the growth
progressed. Figure 6 shows a selection of high-
magnification negative stain EM and TM-AFM
images taken at different times during assembly of
the fibrils. The first fibrils observed in the TM-
AFM images (~60% into the lag phase) are protofi-
laments (Figures 3(d), and 6(a) and (b)). These are
straight, single filaments in which no sub-filaments
have been resolved by either AFM or EM. At later
times during the lag phase (~70% into the lag and
beyond) type I fibrils appear, the branched mor-
phology at their termini suggesting that they are
formed by the inter-twining of two protofilaments
that arise by a hierarchical assembly mechanism
(Figures 1(b) and 6(d)). Towards the end of the lag
phase (65-100% of the lag) protofilaments, type I
fibrils and type 1I fibrils co-exist (Figure 6(d)). This
illustrates the hierarchical nature of assembly
achieved through intertwining of protofilaments
into higher-order structures, and shows that the
assembly is very heterogeneous in time with three
different fibril types co-existing at late times in the
lag phase. Type III fibrils occur at later stages
during growth than the lower-order fibrils, and
are first observed only when the lag phase is com-
plete (Figure 6(e) and (f)). Once fibril formation
has reached steady state, identification of fibril
types using both EM and TM-AFM was difficult
due to the high density of fibrils on the support
surfaces, and the subsequent loss of longer fibrils
as a consequence of their precipitation from sol-
ution. Whether unassembled protofilaments
remained at the later time-points could not be
assessed. Nonetheless, the data indicate that ,M
amyloid fibrils form in a hierarchical manner in
which single protofilaments are the first fibrils to
form. Similar results have been observed for sev-
eral other amyloidogenic proteins.” "'® On the
basis of our results, two possible mechanisms of
fibril formation can be envisaged: (1) the lower-
order fibrils essentially form fully first and then
associate laterally and intertwine to form higher-
order structures; or (2) nucleation centres form in
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Figure 6. A selection of high-magnification TM-AFM and negative stain EM images of different fibril structures
formed at increasing times during the assembly of amyloid fibrils from $,M. AFM images are in colour and EM images
are in grey-scale. (a) TM-AFM image and (b) negative stain EM images of supercoiled protofilaments at 60% lag time.
(c) EM image of a type I fibril twisting into a type II fibril. A type I fibril with a superhelical twist lies alongside. (d)
TM-AFM image of protofilaments, type I and type II fibrils that co-exist at this stage of assembly. (e) TM-AFM image
of a type III fibril formed by lateral assembly of protofilaments with an axial repeat of about 70 nm. (f) Negative stain
EM image of a type III fibril with an axial repeat period of about 50 nm.

60 % 90 %

the lag phase that contain short protofilaments
either alone or with two or four protofilaments
associated laterally, which then extend via mono-
mer extension. Although previous results have
suggested that fibrils of ,M formed by extension
of seeds occurs by monomer addition,” which of

these possibilities describes the formation of higher
order fibrils remains to be determined.

The scheme in Figure 7 summarises the assem-
bly mechanism of B,M fibrils determined from
this study. Initially, a decrease in pH induces the
unfolding of the native monomer and initiates

Table 1. Summary of various dimensions and properties of the different 8,M fibril types

Average width
Average Peak-to- Average (nm) Is it super-
height (nm) trough maximal (measured at Axial coiled

B2-Microglo- (of fibril heights along  height of the  half of average repeat under Supercoiling

bulin fibril above mica backbone of fibril (nm) maximal periods  vigorous axial repeat

type surface) (h) fibril (nm) (Mmax) height) Helicity? (nm) stirring? period (nm)

A 22+05 2-4.5 33+03 18+1 None 20-30 - -

resolvable

Protofilament 4+1 2-6.5 29 +0.2 17 =3 No - Yes 25-60

I 5*1 3.5-6.0 43*03 25+4 Left- 50-80 Yes 60-150
handed

I 8x1 6-8.5 7803 33+3 Left- 30-60 No -
handed

11T 5%1 4-10 6.5+ 05 32+3 Left- 40-100 No -
handed

The average fibril height is defined as the mean of the height data histogram above the mica background. This is therefore not
necessarily physically the top of the fibril but represents a plane through the fibril at the average vertical height. The errors for these
measurements are taken from the standard deviation of the height histograms. The peak-to-trough heights are the range of heights
above the mica background for the maxima and minima along the backbone of the fibrils. The average maximal height is the mean
of the backbone height along the fibril, i.e. the average of the peak-to-trough variation. The widths are expressed as the mean width
measured at half the average maximal height to compensate for the majority of tip-broadening. The errors in this measurement are
estimated from the edge slope of the average fibril profile. The axial repeat periods in the absence and in the presence of supercoiling
have been expressed as ranges, due to their variability. The data presented with errors are averages and standard deviations of four to
six fibril segments ranging between 50 nm and 400 nm long.
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Figure 7. A representation of the
different amyloid fibril mor-
phologies of B,M formed de novo in

II vitro, and their formation pathways.
A decrease in pH causes the native
monomer to partially unfold. In
high-salt conditions this species
assembles rapidly into fibrils with
a type A morphology.*>** A further

I decrease in pH causes the protein

‘u to unfold to the acid-unfolded
state.”*** This species aggregates
into various amorphous aggregate
structures during the nucleation
phase, after which single protofila-
ments appear. These protofilaments
then extend lengthways and assem-
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> ble laterally to form fibrils with a
range of morphologies containing

Lateral association of protofilaments

two or four protofilaments, as
helices or twisted ribbons. The com-

Time (not alinear scale)

>

parative lengths of the fibril mor-
phologies identified suggest that
protofilament  extension  occurs

more rapidly than protofilament side-to-side self-assembly. The arrows indicate which fibrils are related, as evidenced
from the protrusion in EM or TM-AFM images of the lower-order fibril from the higher-order one.

fibril formation.”* At a pH of ~3.6, ;M is par-
tially unfolded and these species rapidly assemble
at high ionic strength into type A fibrils that have
a characteristic 30 nm nodular repeat.*>> At lower
pH values (<pH 3.6), B.M forms an acid-unfolded
state.”*>* At low ionic strengths, this species
assembles via nucleation-dependent growth****>°7
into long, straight fibrils with a range of mor-
phologies. The nucleation event in the conditions
studied here is correlated with the formation of
various protein aggregates, from which single pro-
tofilaments develop. Higher-order fibrillar assem-
blies then form either by elongation of nuclei, or
by the association of preformed protofilaments or
a combination of both. We observe generally that
as the number of protofilaments in the fibrils
increases, the length decreases. Type II and III
fibrils have lengths in the range 100-500nm,
whereas the protofilaments and type I fibrils are
often longer than this (see Figure 3(d) and (e)).
Also, the abundance of the type II and type III
fibrils observed and identified is relatively low
compared with the number of individual protofila-
ments and type I fibrils (the former are estimated
to comprise less than 5% of the population at the
end of the lag phase). These observations suggest
that, under the conditions of these experiments,
elongation is faster than lateral association. How
then do type III fibrils form? Consideration of the
topology of these fibrils makes it seem unlikely
that these fibrils will form directly from type I or
type 1I fibrils, or that these fibrils form as a conse-
quence of deposition of type I or type II fibrils on
the surface, since this would require unwinding or
complete rearrangement of their structure. This
idea is supported by the fact that branching from
type IlI fibrils has not been observed. It is perhaps

more likely that each of these fibrillar types arises
from a common nucleation core, which diverges
in structure early on during growth.

Summary and biological implications

Using TM-AFM in air, we have imaged hydrated
amyloid fibrils formed at different times during the
assembly of 3,M amyloid fibrils and have charac-
terised them on the basis of their properties,
including the average height, the amplitude of the
axial repeat and by the observation of the number
of their consistuent protofilaments. By monitoring
the assembly reaction during continuous growth,
we have shown that the three predominant types
of fully assembled amyloid fibrils observed
previously® form in a hierarchical manner. Similar
to observations of fibril assembly using other amy-
loidogenic proteins,?7#14973355385% we show that
the nucleation phase of B,M fibrillogenesis
involves the formation of protein aggregates with
a range of morphologies, which are followed by
the emergence of protofilaments and higher-order
fibrillar assemblies. Further details about the struc-
tural properties of these pre-fibrillar species and
whether they are directly nucleating or are off-
pathway entities, as found for similar species in
other proteins,* ®' remains to be revealed.

The formation of fully assembled fibrils of 3,M
occurs in a hierarchical manner, with the single
protofilaments and type I fibrils forming first,
whilst type II and 1II fibrils appear later. Whether
these fibrils form in a sequential manner or in par-
allel by assembly from structurally different nucle-
ating centres remains to be determined.
Nonetheless, the data presented here highlight the
heterogeneity of B,M fibril assembly, even under
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carefully controlled conditions in vitro. Which, if
any, of the fibrillar species observed is involved in
the development of the symptoms of dialysis-
related amyloid, either by their deposition in col-
lagen-rich regions per se, through their possible
toxicity,****%°~% or by their interaction with other
cellular components, such as monocytes and
macrophages,” remains to be seen. Demonstration
that the assembly of B,M fibrils occurs in a hier-
archical manner, together with the ability to ident-
ify different fibril types simply and unequivocally
by AFM, will form the foundations for future
experiments that should help to clarify these
points.

Materials and Methods

Growth kinetics by thioflavin-T assays

A stock solution of 1 mg/ml of B,M in water at pH 7.0
was prepared from purified lyophilised recombinant
protein. Growth was initiated by the addition of buffer
to reduce the pH rapidly to 2.5. The protein was then
incubated at pH 2.5 in 25 mM sodium acetate, 25 mM
sodium phosphate containing 10 puM ThT at 37 °C. The
stock B,M sample was filtered through a 0.2 pm cut-off
filter to remove large particles that may act as seeds for
fibril growth prior to the addition of buffer. Previous
experiments using freshly gel-filtered protein showed
identical kinetics profiles as monitored by ThT
fluorescence.® The formation of amyloid was monitored
by following the fluorescence of ThT using a spectro-
fluorimeter (PTI Quantamaster C-61). Excitation of ThT
was at 444 nm and the fluorescence was monitored con-
tinuously at 480 nm while the sample was stirred vigor-
ously in the cuvette at 1400 rpm. At chosen time-points,
10 pl aliquots of protein were removed and the sample
was deposited immediately onto mica. The length of the
lag phase is highly dependent on the experimental con-
ditions; higher concentrations of protein decrease the
lag time, as does rapid agitation, whilst no lag is seen at
higher pH (>3.5) and elevated ionic strengths, under
which conditions type A fibrils form.>* The length of
lag phase was defined as the time taken to reach 10% of
the maximum ThT signal at the end-point, and was esti-
mated in a manner similar to that described by Chen
et al% Repetitions of the ThT binding experiments
under equivalent agitation conditions have shown that
the lag time from a given protein stock is reproducible,
but different stocks can give rise to different lag times at
the same concentrations of protein. Expressing times in
the nucleation phase as a percentage of the total lag
time allows experiments from different stocks to be
compared.

Atomic force microscopy

TM-AFM in air was performed using a Nanoscope III
Multimode AFM (Veeco/Digital Instruments, Santa Bar-
bara, CA, USA) equipped with an E-scanner (scan range
up to 13 um). Rectangular silicon cantilevers 160 pm
long with resonant frequencies in the range 232-
311 kHz and nominal spring constants in the range 12—
103 N/m (typical 42N/m) (Olympus, Japan) were
excited slightly below the free resonant frequency, to
ensure that the microscope was operating in tapping-

mode. These cantilevers have integrated tips with a
radius of curvature below 10nm and a tip opening
angle of 35° (Manufacturer’s data, Olympus). Samples
were imaged at scan sizes between 1 um and 10 pm
using line scan rates below 2 Hz and 512 X 512 pixels
were collected per image. Z-piezo calibration was per-
formed using silicon calibration grids with square-
edged etch pits of 22 nm depth (NT-MDT, Russia) and
200 nm depth (Veeco).

Sample preparation for AFM

Aliquots (10 pl) of the protein sample were deposited
on mica and incubated for up to one minute, before rin-
sing the surface with deionised water and blow-drying
with compressed nitrogen at one bar pressure
(1 bar =10° and a distance of a few centimetres with
the gas jet normal to the surface. The entire process of
rinsing and drying took less than 30 seconds. Measure-
ments of DNA contour lengths on mica using this
sample preparation method indicate that the biomole-
cules are still hydrated (J. G. Heddle, A. Maxwell,
N.H.T., unpublished results).

AFM image analysis

AFM images were imported into the analysis software
WSxM v2.0 (Nanotec Electronica S.L.t). To calculate the
volume of aggregated protein (either amorphous aggre-
gates or fibrils) on the mica surface or the fraction of
mica surface covered by protein, the images were first
flattened using a second-order plane-fit. A flooding rou-
tine was then used to calculate the image volume using
a manually set threshold. The manual setting of the
threshold is the most efficient way of eliminating the
background from the calculated volume. Thus, the
volume measured represents the volume of the aggre-
gated protein and does not include monomeric or small
oligomeric species that formed a uniform and relatively
smooth layer on the mica.

The average height of fibrils above the mica was calcu-
lated using the WSxM software as follows. Images were
imported and flattened using a second-order plane-fit.
Fibrils of interest were isolated in software by zooming
in and the flooding routine was used to determine the
optimal threshold height to eliminate the background.
This threshold was entered in the roughness analysis
routine (a histogram of heights or bearing analysis),
which returns the RMS roughness and average height of
the surface. Setting a manual threshold to eliminate the
background gives an average height for the selected
fibril.

The peak-to-trough variations along the fibrils, the
average of the maximum height of the backbone of the
fibril and the average widths at half-maximal height
were measured using the Nanoscope software (version
5.12r3) using the fixed axis and average options of the
“Section” function.

Electron microscopy

Colloidion-coated copper EM grids were placed
coated side down onto each aliquot of $,M and incu-
bated for ten seconds. Excess solvent was removed by
blotting with filter-paper and the sample stained with

+http:/ /www.nanotec.es


http://www.nanotec.es

AFM of Bz-microglobulin assembly

795

4% (w/v) uranyl acetate for a further ten seconds. Grids
were blotted again and then air-dried before analysis.
All images were taken using a Jeol-1200SM electron
microscope operating at 80 keV.
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