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Structure and Dynamics of Oligomeric Intermediates in 3>-Microglobulin
Self-Assembly
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ABSTRACT (.-Microglobulin is a 99-residue protein with a propensity to form amyloid-like fibrils in vitro which exhibit distinct
morphologies dependent on the solution conditions employed. Here we have used ion mobility spectrometry-mass spectrometry
to characterize the oligomeric species detected during the formation of worm-like fibrils of 8>-microglobulin at pH 3.6. Immedi-
ately upon sample dissolution, 8>-microglobulin monomer and oligomers—the latter ranging in size from dimer to hexamer—are
present as a pool of rapidly interconverting species. Increasing the ionic strength of the solution initiates fibril formation without
a lag-phase whereupon these oligomers become more stable and higher-order species (7-mer to >14-mer) are observed. The
oligomers detected have collision cross-sectional areas consistent with a linearly stacked assembly comprising subunits of
native-like volume. The results provide insights into the identity and properties of the transient, oligomeric intermediates formed
during assembly of worm-like fibrils and identify species that differ significantly from the oligomers previously characterized
during the nucleated assembly of long, straight fibrils. The data presented demonstrate the interrelationship between different
fibril-forming pathways and identify their points of divergence.

INTRODUCTION

The formation of amyloid-like fibrils from (,-microglobulin
(B,m) in vitro has been studied extensively after the
discovery of this protein as the primary causative agent of
hemodialysis-related amyloidosis (reviewed in Heegaard
(1)). In vitro, the morphology of fibrils formed depends
on the solution conditions (2): incubation of $,m under acidic
conditions (pH 1.0-5.0) and high ionic strength (>100 mM)
gives rise to spontaneous, nonnucleated assembly of fibrils
with a worm-like (WL) morphology. In contrast, at low pH
(<3.0) and low ionic strength buffer (<100 mM), B,m
assembles via a nucleation-dependent mechanism forming
long, straight (LS) fibrils with an axial repeat periodicity of
50-100 nm which possess a structure akin to ex vivo amyloid
fibrils (2,3). Significant progress has been made toward char-
acterizing the structures of the different G,m fibrils formed
in vitro using a plethora of techniques including limited
proteolysis coupled with electrospray ionization-mass spec-
trometry (ESI-MS) (4,5), atomic force microscopy (AFM)
(2,6), Fourier transform infrared (FT-IR) (7,8), cryo-electron
microscopy (9), electron paramagnetic resonance (EPR)
(10), and nuclear magnetic resonance (NMR) (11).

The conformation of both the LS and WL (,m fibrils has
also been investigated at a residue-specific level by hydrogen
deuterium exchange (12,13) and solid-state NMR (14,15)
experiments. Protection factors indicate that the (-strands
involved in the core of the native protein, and also their con-
necting loops, comprise the structured core of the LS fibrils,
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with the N- and C-terminal residues showing the least protec-
tion (12,13,16) in accord with proteolysis data (4,5). A
different hydrogen deuterium exchange protection pattern
was obtained for the WL fibrils with the data suggesting
that the protected core of these fibrils is restricted to two
regions involving residues Val’’-Lys** and Ser’’-Asp®
(13). Continuous-wave EPR spectroscopy (10) and solid-
state NMR (14) of LS fibrils reveal a core formed from
B-strands arranged in stacks with a parallel, in-register struc-
ture thatis highly nonnative. For the WL fibrils, FT-IR spectra
indicate a more nativelike conformation within the fibril core
(8,10) and EPR spectroscopy data demonstrate a lack of an
ordered, parallel, in-register structure (10).

The differences in the architectures of LS and WL fibrils
suggest that their pathways of formation may also be different.
Other amyloid systems have also shown evidence for multiple
assembly pathways: a truncated recombinant prion protein
forms two structurally distinct isoforms, a S-oligomer and
an a-helical conformer, although the former is not on-pathway
to fibril formation (17), while a mutagenesis study on barstar,
an amyloid protofibril-forming protein, led to the detection of
alternative aggregation intermediates depending on the partic-
ular mutation (18). Techniques including AFM (3,19), NMR
(20-22), single molecule fluorescence (23), EPR (24), and
ESI-MS (recently including ESI-ion mobility spectrometry
(IMS)-MS (3,17,25-31,33,34) have been used to observe
protein oligomers created during amyloid formation.

The ability to characterize individual oligomers within
a copopulated mixture is a key attribute of ESI-IMS-MS,
as these species may be responsible for amyloid-related
toxicity, rather than the fibrils themselves (35-37). As
several oligomers may contribute to signals at a particular
m/z ratio, individual oligomers cannot be quantified or
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characterized unless they are separated in situ. ESI-IMS-MS
has been used to separate (and measure the collision
cross-sectional area, Q of) transient intermediates with
ringlike assemblies of Af; 4, but a more open structure
for ABi.40 (27). An alternative model involving stacked
oligomers <16-mer detected during AB; 49 assembly has
been reported separately (29). 6,m oligomers (dimer, trimer,
and tetramer) detected by ESI-IMS-MS during the lag time
of LS fibril formation were also found to have collision
cross-sectional areas consistent with stacked monomer units
arranged in linear assemblies (31), and the subunit exchange
dynamics of each oligomer, monitored directly within the
ensemble by mixing '*N- and '°N- labeled oligomers, re-
vealed a decrease in oligomer dynamics concomitant with
increasing oligomer size (31).

In contrast with the plethora of information now available
on (,m fibril formation at pH 2.5, our understanding of the
mechanism of WL fibril formation at pH 3.6 is less advanced.
ESI-MS has shown that monomer decline occurs in an expo-
nential manner, in sharp contrast with the lag phase observed
during LS fibril formation (3). Again in marked contrast with
the formation of LS fibrils, higher order oligomers > 14-mer
in size are observed during WL fibril assembly (3). However,
quantification of these copopulated oligomeric intermediates
was not possible in the early studies due to the low intensity of
the ions arising from the higher order species and the lack of
any ion mobility separation to clarify the heterogeneity of the
assembly reaction. Here we have extended these studies by
using ESI-IMS-MS to separate different oligomers during
WL fibril formation from 8,m at pH 3.6, thus allowing the
shape, dynamics, and population of each of the multitude
of oligomers observed to be determined. We have identified
a set of compact oligomeric species populated before WL
fibril formation and have compared these directly with the
limited number of transient oligomers detected during LS
fibril assembly. We believe that, from these new data, the
inter-relationship between the WL and LS fibril assembly
pathways and their points of divergence has been ascertained.

MATERIALS AND METHODS
Reagents

The Escherichia coli strain BL21 (DE3) was obtained from Promega UK
(Southampton, Hampshire, UK). Dithiothreitol, Q-Sepharose, and des-Arg
bradykinin were purchased from Sigma-Aldrich (Gillingham, Dorset,
UK). Spectrapore membrane (molecular mass cutoff of 3500 Da) was ob-
tained from Spectrum Laboratories (Breda, The Netherlands). Carbenicillin
was obtained from Melford Laboratories (Ipswich, Suffolk, UK). “N- and
'>N-recombinant ,m were prepared as described previously (38). Solvents
were purchased from Fisher Scientific (Loughborough, Leicestershire, UK).

Formation of amyloid fibrils from 3,m and
quantification of monomer concentration

G>m (38) (0.4 mg mL ") was incubated in 100 mM ammonium acetate or
formate (pH 3.6; 20°C) without agitation. Fibril growth kinetics were moni-
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tored using thioflavin-T fluorescence (10 uM) as described previously (39).
Monomer quantification was achieved using ESI-MS; all observable mono-
mer peaks visible in the mass spectra were summed and normalized to the
(M+H)" ions (m/z 904) of the internal standard, des-Arg bradykinin
(1.4 uM, added immediately before analysis) (3).

14N/'*N-8,m oligomer exchange

Samples of “N- and '°N-g,m (31) (0.4 mg mL™") in 100 mM ammonium
acetate or formate were preincubated at 20°C for 1, 20, or 180 min. A quan-
tity of 200 uL of each sample was then mixed and an aliquot removed and
analyzed immediately by ESI-IMS-MS.

Electron microscopy

Collodion-coated copper electron microscopy (EM) grids were coated with
protein samples as described (19). All images were taken using a CM10
electron microscope (Phillips Research, Eindoven, The Netherlands) oper-
ating at 80 keV.

ESI-IMS-MS

Electrospray ionization-mass spectrometry-mobility spectrometry (ESI-
IMS-MS) experiments were carried out using a Synapt HDMS (Micromass
UK, Manchester, UK) quadrupole-traveling wave IMS-orthogonal acceler-
ation time-of-flight mass spectrometer, equipped with a Triversa NanoMate
(Advion Biosciences, Ithaca, NY) automated nano-ESI interface. Positive
ESI was used with a capillary voltage of 1.7 kV and a nitrogen nebulizing
gas pressure of 0.7 psi. A sampling cone voltage of 175 V and a source
backing pressure of 3.8 mbar were set on the mass spectrometer to optimize
the observation of 8,m oligomers. Samples were analyzed directly from the
fibril-forming solutions without any further preparation.

Data were acquired over the range m/z 500-15,000 for 5 min per acqui-
sition. Mass calibration was performed on a separate infusion of Csl cluster
ions. Trap and transfer T-wave voltages were set at 4 and 40 V, respectively,
ensuring that solvent clusters, but not the oligomers, are dissociated. The
raw data were processed using MassLynx v.4.1 software (Micromass
UK). For IMS-MS experiments, the wave height was ramped from 2 to
25 V at a speed of 300 ms™'. Drift times were corrected for both mass-
dependent and mass-independent times (40). The drift time cross-section
function was calibrated as described previously (34,41). Computer-based
cross-sectional area estimations were calculated from in silico models
generated using PyMOL Molecular Graphics System Version 1.2r3pre
(Schrodinger, Camberley, UK). The #,m crystal structure (ILDS) (42)
was used as a base for modeling to provide a comparison between gas-phase
and solution-phase structures using an in-house projection approximation
algorithm (34,40).

RESULTS

Monitoring oligomers throughout the
self-assembly pathway of 3.m at pH 3.6

Here we report the profile of transiently populated oligo-
mers detected during the self-aggregation of monomeric
Bom (11,860.4 Da) into WL fibrils at pH 3.6. When incu-
bated at pH 3.6 in low ionic strength solution (e.g.,
10 mM ammonium acetate or formate, 20°C), 3,m popu-
lates oligomers up to, and including, the hexamer. To induce
WL fibril formation at this pH, the ionic strength of the solu-
tion was increased to a final buffer concentration of
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100 mM. Under these conditions, WL fibril formation takes
~1 h to reach completion at a protein concentration of
0.4 mg mL™"', as monitored by thioflavin-T fluorescence
(Fig. 1). At time-points throughout fibril assembly, ESI-
(IMS)-MS data were acquired and the decline in 8,m mono-
mer concentration was quantified using des-Arg bradykinin
as an internal standard. As reported previously (3), mono-
mer is lost in an exponential manner from the initiation of
fibril assembly at a rate that mirrors the rate of WL fibril
formation (Fig. 1).

The oligomers populated under the low ionic strength
conditions at pH 3.6 from which fibrillation of G,m was
initiated are readily separated by ESI-IMS-MS. Ion separa-
tion by IMS is achieved as the speed with which an ion
travels through the IMS drift cell depends on its shape and
charge: more compact ions traverse the cell faster than
extended ions of the same charge and mass, while ions of
the same m/z ratio but different charge and mass separate
with the more highly charged ions having the shorter drift
times. The drift times measured can be calibrated using
proteins of known collision cross-sectional area and thus
the cross-sectional areas of the analytes measured (34,43),
as well as their mass, in a single experiment. Fig. 2 A pres-
ents these results in the form of a driftscope plot which
shows drift time (ms) versus m/z versus intensity. Upon
increasing the ionic strength of the solution to initiate
fibril formation, oligomers <9-mer are populated within
the first minute (Fig. 2, C and D). After 20 min, all
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FIGURE 1 The formation of worm-like (WL) fibrils of S,m (0.4 mg

mL~" based on monomer; pH 3.6, 100 mM ammonium acetate; 20°C).
B>m monomer (open circles) was quantified over time by ESI-IMS-MS.
The m/z spectra were normalized to the (M+H)™ ions of des-Arg bradyki-
nin (1.4 uM, added immediately before analysis) at m/z 904 for monomer
quantification (3). (Error bars) Standard deviation of the mean over three
replicate experiments. WL fibril formation was monitored simultaneously
by thioflavin-T fluorescence (thick solid line). A control in which G,m
(0.4 mg mL~") was incubated in 10 mM ammonium acetate (pH 3.6;
20°C) was also analyzed; thioflavin-T fluorescence confirmed that fibrils
do not form under these conditions (thick shaded line). (Inset) Negative
stain EM image of fully formed WL fibrils (the scale bar = 100 nm).
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oligomers < 14-mer (166,045.6 Da) are observed (Fig. 2,
E and F). Higher-order species than this may well be popu-
lated, but their signal intensities were too weak for confident
characterization. As the separative feature of ESI-IMS-MS
allows the individual charge-state ions of each oligomer to
be identified, the relative population of any individual olig-
omer can be estimated at a given time-point by summing the
peak areas of each of its charge-state ions and expressing
this as a fraction of the total ion intensity.

Although this approach does not allow absolute quantifi-
cation of oligomer concentration because the ionization
potential of each species may differ depending on the size
and conformation of the ions, it provides a robust method
to quantify the relative population of each oligomer along
the assembly pathway of fibril formation. The relative pop-
ulations of (,m monomer, trimer, hexamer, and 9-mer
during the time-course of fibril assembly (¢ = 0—180 min)
are shown in Fig. 3. The first time-point (— 10 min) indicates
the relative populations of the trimer and hexamer before
assembly initiation, both of which increase by a factor of
~2 when the ionic strength of the solution is increased.

As self-assembly progresses, populations of the monomer
and lower-order oligomers (< trimer) decrease exponen-
tially, with the loss of monomer preceding the reduction
in the population of the trimer. The hexamer population
initially increases during assembly, peaking at 20 min
before slowly decreasing. The increases in the populations
of higher-order oligomers (>9-mer) are much slower in
comparison to the lower-order oligomers and do not reach
a maximum in intensity by the end of the experimental
time-course (180 min). The successive formation of oligo-
mers of increasing molecular mass as a function of assembly
time, combined with the apparent exponential decrease in
the population of monomer and lower-order oligomers,
suggests that WL fibril formation occurs by a monomer
addition mechanism, beginning with lower-order oligomers
followed by the sequential population of larger oligomers as
self-assembly proceeds.

Determining the shape and stability of the gom
oligomers

The kinetic stabilities of the different 5,m oligomers were
assessed by investigating their propensity to undergo
subunit exchange using '*N- and '°N-labeled protein mixing
experiments. Uniform '°N-labeling of 8,m results in a mass
increase of 140 Da per protein monomer compared with
"“N-labeled protein. WL fibril formation from both
“N- and '’N-labeled G,m was initiated separately and
aliquots from the two solutions were subsequently mixed
in an equimolar ratio at different times during self-assembly.
If the subunits of the oligomers are in rapid exchange, the
oligomers detected by ESI-MS will be formed stochastically
from the mixed protein pool. In the case of the dimer this
would manifest as three peaks in the mass spectrum in the
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FIGURE 2 ESI-IMS-MS driftscope plots (drift
time versus m/z versus intensity; left) and m/z
spectra (right) showing 8,m (0.4 mg mL ™" based
on monomer; 20°C; pH 3.6) oligomers detected.
(A and B) 10 mM ammonium acetate; (C and D)
100 mM ammonium acetate, after 1 min; (E and
F) 100 mM ammonium acetate, after 20 min.
The numbers above the peaks indicate the size of
each oligomer (e.g., 3 = trimer). The oligomer
region (>m/z 6000) in the m/z spectra has been
magnified by a factor of 10.
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ratio 1:2:1 corresponding to 14N/14N—, 14N/15N—, and
I5N/!5N-labeled dimers. For the trimer, tetramer, and pen-
tamer, random subunit exchange would result in four, five,
or six peaks, respectively, with ratios of 1:3:3:1, 1:4:6:4:1,
and 1:5:10:10:5:1 for the different resolvable isomeric
assemblies.

Fully exchanged oligomers larger than the pentamer
cannot be resolved into their individually labeled compo-
nents completely due to the broad nature of the peaks result-
ing from multiple salt adducts; nevertheless, resolution of
the all-'*N- from the all-'N-labeled entities can be achieved
for all oligomers under these conditions. Fig. 4 summarizes
the subunit exchange data for §,m dimer, trimer, tetramer,
and pentamer. When the two protein samples are mixed
just 1 min after the initiation of fibril assembly, all the 3,m
oligomers detected had undergone rapid subunit exchange
and a stochastic mix of '*N’'°N-labeled oligomers was
observed for each oligomer. If the two protein samples are
mixed 20 min into fibril growth, all the charge-state ions
associated with the dimer, together with the more highly
charged trimer (+10 and +11 charge states) and tetramer
(+12 and +13) ions, remain in rapid subunit exchange.
However, the lower charge-state ions of the trimer
(+6, +7, +8, and +9) and the tetramer (+9, +10, and
+11), plus all the pentamer ions (411, 412, and +13), are

10.6 14.4 18.0 2000 4000 6000
m/z

8000 10000

significantly less amenable to subunit exchange. The latter
observation is manifest by domination of the '*N- and
N-only oligomeric states, with the *N’'°N-mixed
oligomers displaying only weak intensity after mixing the
“N- and 'SN-labeled samples at 20 min. Although
the +12 and 413 charge-state ions of the tetramer and
the 410 and 411 charge-state ions of the trimer still display
dynamic behavior at these later time points, their intensity
has decreased.

This suggests that the trimers and tetramers shift to
a more compact structural conformation during aggregation,
consistent with the increase in their stability. Although we
cannot rule out the possibility that the more stable oligomers
may have a greater propensity to ionize, the data presented
here are consistent with the observation by the area under
the curve that the oligomer population in solution increases
during the time-course of fibril assembly (3). These stable
oligomeric species remain during the time-course of fibril
growth (<180 min after initiation), decreasing in popula-
tion as they assemble into larger species and eventually
fibrils. These data indicate a WL fibril assembly pathway
whereby (,m first populates a range of highly dynamic
species < hexamer. Under fibril growth conditions, these
oligomers become less dynamic and higher-order oligomers
are formed from these now stable lower-order oligomers.
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FIGURE 3 (,m oligomer population
(0.4 mg mL~! based on monomer) before (r =
—10-0 min; 10 mM ammonium acetate; pH 3.6)
and during WL fibril formation ( = 0-180 min;
100 mM ammonium acetate, pH 3.6). (Solid
circles) Bom monomer; (open circles) trimer; (solid
triangles) hexamer; and (shaded diamonds) 9-mer.
For each oligomer, signals were normalized to
a value of 1 for the most intense signal detected
during the time course. The data are fitted to expo-
nential functions (solid lines). (Thick shaded line)
Thioflavin-T fluorescence signal.

Once WL fibril formation has reached steady state, the concentration below which further assembly does not occur
concentration of monomer is ~30% of its initial ion count noticeably on this timescale. Indeed, when WL fibril forma-
(i.e., ~0.12 mg mL™") (Fig. 1), and population of trimer tion under these conditions is carried out at 0.8 mg mL ™'
and tetramer is barely detectable, presumably because the initial 8,m monomer concentration, the residual monomer
concentration of the protein monomer has decreased to a at the steady state is again ~0.12 mg mL™".
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FIGURE 4 @,m oligomer dynamics change as a function of assembly time. "*N- and "*N-labeled 8,m were incubated separately under WL fibril-forming
conditions (0.4 mg mL ™" based on monomer; 100 mM ammonium acetate, pH 3.6). The two samples were mixed in an equimolar ratio at various time points
and ESI-MS spectra acquired within 1 min of mixing. (A) Predicted m/z spectra for dimer, trimer, tetramer, and pentamer, assuming full '*N/'*N-labeled
subunit exchange has occurred. If subunit exchange with the bulk protein pool is rapid then, in the case of the dimer (n = 2), a 1:2:1 ratio of
FNZMN:TN/N:ISN/PN will be observed. If the exchange is slow or does not occur, then a 1:1 ratio of FN/N:ISN/N will be observed. (B) ESI-MS
spectra (m/z 3200-3800) at ¢t = 1, 20, and 180 min. The dimer and the more highly charged trimer (410, +11) and tetramer (413) ions exchange rapidly
throughout the time course, but are barely populated by 180 min. (C) ESI-MS spectra (m/z 4300-5600) at ¢t = 1, 20, and 180 min. The lower charge-state ions
of the trimer (47, 4-8), the tetramer (+9, 410, +-11) and all the pentamer ions exchange rapidly at # = 1 min but display slow exchange at 180 min, indicating

less-dynamic quaternary structures.
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To determine how changes in oligomer stability may
relate to structural properties, the collision cross-sectional
area of each oligomer populated 20 min into the assembly
time-course was measured ((31,34,43) and see Fig. 5).
The average cross-sectional area of a given globular protein
can be estimated from its molecular mass if a spherical
structure and average density (0.44 Da A~%) are assumed
(31,44). This analysis shows that the 8,m oligomers popu-
lated en route to WL fibrils are significantly larger than pre-
dicted for globular proteins of the same molecular mass
(Fig. 5). FT-IR spectra of WL fibrils suggest that monomers
retain native-like structure within the fibrils (8,10), while
x-ray fiber diffraction studies indicate a cross-§8 structure
in which $-sheets run parallel to the fibril axis (39). There-
fore, in silico models were constructed from different
arrangements of native-like monomers organized with
native-like (-strands oriented perpendicular to the long
axis of the fibril, and the cross-sectional areas of these
models were calculated (31,34).

An elongated stacked assembly of 8,m monomers based
on edge-to-edge interactions of native monomers closely
matches the observed data (Fig. 5). Molecular models of
a more closely packed globular assembly give rise to cross-
sectional areas smaller than the experimentally measured
values (Fig. 5). Alternative models in which the N-terminal
strand A (residues 1-16) and C-terminal strand G (residues
86-99) were unstructured and exposed to solvent, consistent
with their weak hydrogen exchange protection and exposure
to proteases (4,5,12), greatly overestimated the observed
cross-sectional areas. Hence, the §,m oligomers detected
during WL fibril formation are consistent with assembly
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via elongated polymers composed of subunits with native-
like volume. This linear expansion of cross-sectional area
with an increasing number of subunits strongly supports the
notion that these oligomers are growing in two dimensions
as observed in the case of AB;_4o oligomers (29), rather than
being packed in a three-dimensional, spherical assembly.

Comparing oligomers detected during different
B2m self-assembly pathways

Dimers, trimers, and tetramers are populated during both
WL fibril assembly at pH 3.6 and the formation of LS fibrils
at pH 2.5 (31). To determine whether these oligomers are
similar in conformation, and if the two fibril assembly path-
ways have common, low-molecular mass oligomeric
precursors, '*N-labeled 8,m under LS-fibril forming solu-
tion conditions at pH 2.5 and >N-labeled 8,m under WL
fibril-forming conditions at pH 3.6 were incubated sepa-
rately for 20 min, allowing their respective oligomer popu-
lations to establish, before being mixed together in an
equimolar ratio and analyzed directly by ESI-IMS-MS.
After 20 min of assembly, the lower charge-state trimer
and tetramer ions formed on the WL pathway (similar to
the behavior shown by the trimer and tetramer ions formed
on the LS pathway (31)) as well as the pentamer ions, are
stable to subunit exchange. Thus, a direct comparison of
the conformeric properties of the individual oligomers orig-
inating from each pathway, now analyzed under the same,
final solution conditions, can be made (Fig. 6).

The ESI-MS charge-state distribution of a protein is
sensitive to its tertiary or quaternary structure, with higher

o FIGURE 5 ESI-IMS-MS collision cross-sec-
tional areas (Q; Az) for B,m oligomers detected
during WL fibril assembly versus molecular mass
(kDa). (Solid circles) $,m oligomers (dimer to
14-mer) populated during WL fibril assembly
(100 mM ammonium acetate, pH 3.6). (Solid
crosses) (3,m oligomers (dimer to tetramer) popu-
lated during LS fibril assembly (100 mM ammo-
nium formate, pH 2.5). (Error bars) One
standard deviation in Q between charge states of
a protein. In silico models were constructed using
the PyMOL Molecular Graphics System and their
Q-values calculated (34,40). In silico predicted
Q-values are shown for a linear assembly of native-
like 8,m monomers stacked edge-to-edge (open
circles), spherical oligomeric structures (open
triangles), and an extended model with the
N-terminal strand A and the C-terminal strand B
of each protein subunit unstructured (open
squares). (Solid line) The Q expected for a protein

0 20 40 60 80 100
MW (kDa)

140

of a given mass assuming a spherical assembly
with a density of 0.44 Da A~ (31).
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FIGURE 6 ESI-IMS-MS collision cross-sectional areas (Q; Az) of indi-
vidual charge-state ions of B,m trimer (triangles) and tetramer (circles)
arising under long, straight (LS) fibril-forming conditions at pH 2.5 (open
symbols) and WL fibril-forming conditions at pH 3.6 (solid symbols).
4N-labeled 8,m (0.4 mg mL~! based on monomer; pH 3.6) and '°N-
labeled G,m (0.4 mg mL~! based on monomer; pH 2.5) were incubated
separately for 20 min before being mixed in an equimolar ratio and
analyzed immediately. The trimer ions and the +10 to +13 tetramer ions
are common to the oligomers detected on-pathway to both LS and WL
fibrils. Only the tetramers detected on-pathway to WL fibrils populate the
more compact 47 to 4+9 charge states.

charge-state ions representing more extended conformations
and lower charge-state ions indicative of more compact
states (45). The charge-state distributions for the tetramers
formed at pH 3.6 and pH 2.5 were found to exhibit signifi-
cant differences. The tetramer detected during WL fibril
assembly populates the +7 to +13 charge states, while the
tetramer detected during LS fibril assembly populates only
the 410 to 413 charge-state ions, suggesting distinct con-
formers of protein assemblies of the same molecular mass
(Fig. 6). This is substantiated by ESI-IMS-MS measurement
of the cross-sectional area of each species: the cross-
sectional area of the tetramer populated during WL fibril
formation at pH 3.6 is 3424 A2 (averaged over all charge
states) while the tetramer observed during LS fibril forma-
tion at pH 2.5 is larger (3658 10\2) (31).

On closer data interrogation, it can be seen that the cross-
sectional areas of the commonly populated charge states,
i.e., the +10 to 413 ions, are indistinguishable under both
sets of fibril assembly conditions (Fig. 6). By contrast, the
average cross-sectional area of the 47 to +9 charge-state
ions populated uniquely under WL growth conditions is
3112 A2 implying these ions are ~15% more compact
than the higher charged ion series under these conditions.
It is clear from Fig. 6 that the 410 to +13 and 47 to 49
charge-state ions are representative of two distinct tetra-
meric species, the latter of which is uniquely populated
under WL fibril-forming conditions. By contrast, the trimer
is also populated on both the WL and the LS fibril pathways;
in both cases the +6 to +11 charge-state ions are detected
and their measured cross-sectional areas are indistinguish-
able. Control experiments in which oligomers formed at
pH 2.5 and pH 3.6 were diluted with buffer lacking protein
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at pH 3.6 and pH 2.5, respectively, showed no change in
cross-sectional area or population over the time-course of
the experiment. It was noted previously (31) that two forms
of trimer are populated during the lag phase of LS fibril
formation—one displaying rapid subunit exchange and the
other displaying much slower exchange. The data presented
here show that the 410 and +11 trimer charge-state ions are
more dynamic than the 46 to +9 charge-state ions on both
fibril pathways and thus indicate that the solution conditions
not only determine the pathway of fibril formation, but also
influence the conformational properties of the oligomeric
intermediates in terms of their subunit dynamics, charge-
state distribution, and cross-sectional areas.

Previous data have shown that self-assembly of §,m into
WL or LS fibrils occurs via alternative, parallel pathways
that depend on the initial solution conditions (2). The data
presented in Fig. 6 suggest that population of compact
tetramer ions (+7, 48, and +9 charge states) may provide
unique access to the WL fibrillation pathway in which this
tetramer self-assembles rapidly into higher-order oligomers.
To determine whether population of compact 8,m tetramers
opens the route toward WL fibril formation, LS fibril
assembly was initiated at pH 2.5, and then the ionic strength
of this solution was increased further while maintaining the
pH at 2.5: conditions that have been shown previously to
result in WL fibril formation (2). This resulted in an imme-
diate increase in thioflavin-T fluorescence intensity (Fig. 7),
consistent with an instantaneous switch to the formation of
WL fibrils that occurs without a lag-phase. The effect
caused by this alteration in buffer concentration on the early
oligomer population is significant (Fig. 7). As the salt
concentration increases, ESI-IMS-MS experiments indicate
that the intensities of the more compact, lower charge-state
tetramer ions (47 to +9) increase and higher-order oligo-
mers become populated rapidly, as would be expected by
a switch to the WL fibril assembly pathway.

DISCUSSION

Understanding the sequence of events leading to the forma-
tion of amyloid fibrils is key to the development of therapies
against amyloidosis, especially as the oligomers populated
en route to fibrils are thought to be responsible for the
toxicity associated with several amyloid disorders (37).
In vitro, fom forms amyloid-like fibrils with different
morphologies dependent on the buffer conditions (2).
Here, ESI-IMS-MS has been used to probe the details of
these assembly pathways, focusing on the properties of
the oligomers formed during WL fibril assembly in terms
of their population, conformation, and kinetic stability. It
has been demonstrated previously that the species populated
during the lag phase of LS fibril assembly at pH 2.5 range
from monomer to tetramer, with no evidence for the signif-
icant population of larger species (3,31).
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FIGURE 7 Compact tetramers divert assembly to WL fibrils at pH 2.5. The LS fibril-assembly of 8,m was initiated (8,m 0.4 mg mL ™' based on monomer;
pH 2.5) and then subjected to increasing buffer concentrations. (A) Thioflavin-T fluorescence analyses showing the spontaneous formation of WL fibrils with
>300 mM ammonium formate buffer; (B—D) ESI-IMS-MS driftscope plots showing 8,m oligomers at = 1 min during fibril assembly with increasing
ammonium formate buffer (B, 100 mM; C, 200 mM, and D, 400 mM). The numbers above each peak indicate the oligomer size. The +7 and +8
charge-state ions of the tetramer are highlighted to show their increase in their population with increasing ionic strength.

Furthermore, these oligomers have been shown to display
a decrease in subunit exchange dynamics as the time of
assembly increases, and to have cross-sectional areas consis-
tent with elongated oligomers (31). How LS fibrils assemble
from the tetramer remains unclear, although the nucleus has
been modeled as a hexamer in size, rationalizing the lack of
higher-order species detected during assembly (46). In sharp
contrast, WL fibril formation from ($,m at pH 3.6 occurs
spontaneously without a lag phase (3). At this pH, §,m
initially populates primarily a partially folded monomer
(3,39,47) together with oligomers ranging from dimer to hex-
amer in size. Here we have shown that immediately after
initiation of fibril assembly by increasing the ionic strength
of the solution, higher order oligomers <9-mer are detected,
all of which initially undergo rapid subunit exchange. Twenty
minutes into fibril assembly, the rates of subunit exchange for
the trimer, tetramer, and pentamer decrease, as indicated by
“N- and '"N-B,m exchange experiments, likely by confor-
mational rearrangements into more stable architectures.
This increase in stability is accompanied by the formation
of oligomers >14-mer in size. Quantification of the relative
populations of oligomers during fibril formation infers that
the higher-order species arise by stepwise monomer addition
to the lower-order oligomers, suggestive of an assembly
mechanism involving sequential monomer addition.

Comparing the molecular mass of the oligomers versus
their ESI-IMS-MS-derived cross-sectional areas indicates
a linear relationship in the increase in size as the number
of monomeric subunits increases (Fig. 5), suggesting
a two-dimensional assembly as observed for AQ;.49
assembly (29). Consistent with this, molecular modeling
of linearly-stacked assemblies of oligomers provided esti-
mated cross-sectional areas which agree closely with the
measured values. The models were constructed from native-
like 6,m monomers assuming that the monomeric subunits
within WL fibrils retain a native-like (-sheet structure, as
suggested by FT-IR (8).

Protein tetramers are populated on both the WL and LS
pathways, although there are distinct differences in the
conformational properties of these species (Fig. 6). Under
WL fibril-forming conditions at early time points a wider
charge-state distribution (+7 to +13) is detected by ESI-
IMS-MS compared with that seen under the LS fibril-form-
ing conditions (410 to +13). The lower charge-state ions of
the tetramer on the WL fibril pathway are associated with
a significantly more compact conformer (cross-sectional
area, Q = 3112 Az) than that associated with the +10
to +13 charge-state ions common to both pathways
(Q = 3658 A%). We have noted previously that two forms
of the trimer are present during LS fibril formation (31)
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and the same behavior is observed here for the trimer de-
tected under WL fibril conditions. Under both assembly
conditions, the 10+ and 114 charge-state trimer ions
display highly dynamic subunit exchange while the lower
charge-state ions (+6 to +9) have a more compact structure
and are more stable to subunit exchange, becoming more
highly populated in comparison to the lower charge states
during the course of aggregation into WL fibrils.

The results here suggest a relationship between the con-
formeric state of the protein monomer and the structure of
the assembled fibrils. The 8,m monomer populates three
distinct conformeric families at pH <5: the acid unfolded
state, the partially folded state, and a native-like state
(33,47). Specifically, under LS fibril-forming conditions at
pH 2.5, the acid unfolded state is highly populated, while
under WL fibril-forming conditions at pH 3.6, the partially
folded conformer predominates (33,47). Increasing the ionic
strength of the protein solution at pH 2.5 to the higher ionic
strength required for WL fibril assembly not only results in
an increased population of the partially folded compared
with the acid unfolded monomer, but also leads to the pop-
ulation of tetrameric +7 to +9 charge-state ions, indicating
the population of a more compact, stable tetramer when the
conditions are switched to those favoring the formation of
WL fibrils. Together, the ESI-IMS-MS data presented here
suggest that the population of the lower charged, more
compact tetramers appears to govern the switch between
the two fibril pathways.

The data presented highlight the power of ESI-IMS-MS to
probe the details of two fibril assembly pathways from the
same protein, indicating that the conformational structures
of intermediates populated during self-aggregation play an
important role in determining the final fibril morphology.
Specifically in this case, the capability of characterizing tran-
sient individual oligomers and conformers from within
a heterogeneous mixture indicates there is a fine balance
between different conformeric arrangements of the tetramer
dependent on the precise solution conditions employed. A
compact tetrameric species unique to the WL fibril-forming
pathway has been detected. Whether the presence of this
species is related to the formation of higher-order oligomers
(5-mer to >14-mer) unique to the WL fibril pathway remains
to be discerned. However, the ability to control the
morphology of fibrils and relate this to the assembly pathway
in terms of the oligomer population is a key step forward to
understanding fibril formation in vitro, and the role of indi-
vidual oligomeric species in defining the assembly route.
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