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More than 30 diseases are associated with amyloid-forming
proteins, which undergo conformational alterations and
“misfolding” under particular conditions. These proteins
deposit as insoluble proteinaceous aggregates generating
disease-specific histopathologic lesions. The proteins
contributing to each disease have dissimilar sequences
and native structures, yet they share the commonality of
forming insoluble amyloid aggregates characterized by
fibrillar morphology and cross-B structure. Presently, it is
thought that the predominant agents causing cell toxicity
and tissue damage are soluble, prefibrillar assemblies of
these proteins. Because of the metastable nature of these
prefibrillar assemblies and the noncrystalline nature of
fibrillar protein aggregates, structural study of amyloid
proteins is difficult. As a result, structural characterization
of these proteins is typically done using combinations
of low-resolution analytical methods. Here, we present
a compendium of analytical methods used to study
the secondary, tertiary, and quaternary structures, and
morphology of prefibrillar and fibrillar assemblies of
amyloid-forming proteins.

1 INTRODUCTION

Amyloid diseases are characterized by the depo-
sition of insoluble aggregates and comprise over
30 diseases, including Alzheimer’s disease (AD),
Parkinson’s disease (PD), Huntington’s, and prion
diseases, type-2 diabetes, senile systemic, atrial, and
hereditary renal amyloidoses.!? The amyloid deposits
show characteristic Congo red (CR) binding, cross-g8 X-
ray diffraction patterns, and straight, unbranched fibrillar
morphology by electron microscopy.®* Even though
amyloid deposits have common structural characteristics,
the contributing amyloid proteins have distinct primary
structures.~® At present, more than 24 different proteins
or peptides are known to be associated with amyloid
diseases.”® In addition, work by Dobson and coworkers
has shown that virtually any protein can be induced into
forming amyloid, leading to the suggestion that amyloid
is a primordial, highly stable polypeptide form, which had
to be overcome by evolution to create functional globular
proteins.® Interestingly, when compared directly, fibrils
formed by proteins not associated with disease did not
show cellular toxicity, whereas prefibrillar assemblies of
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the same proteins were toxic.!” Thus, there is consid-
erable interest in studying the structures and assembly
mechanisms of proteins into amyloid structures and their
precursors.

The proteins that cause amyloid-associated diseases
can be divided into two classes based on their native
structures — globular proteins and natively unfolded
proteins. For the first group, which includes, e.g. prion,
transthyretin (TTR), Cu/Zn superoxide dismutase 1, and
B,-microglobulin (82m), amyloid formation appears to
require a step of partial unfolding, leading to an
unstable intermediate(s) that self-associates into 8-sheet-
rich toxic aggregates. Proteins in the second group,
including amyloid 8-protein (AB), a-synuclein, and tau
presumably undergo partial folding creating a similar
unstable intermediate that undergoes conformational
transformation into a S-sheet-rich structure and self-
assembly.D

Historically, amyloid has been defined as extracellular
deposition of proteinaceous material composed of
fibrils.'? In many cases, protein aggregates accumulate
intracellularly, producing structures that are similar in
every way to amyloid but formally are called amyloidlike,
merely because they are intracellular.

Common methods used for studying the formation and
structural characteristics of amyloid proteins are listed in
Table 1 and categorized according to the assembly state
under study and the features investigated. Though we
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tried to be inclusive, we could not, and had no inten-
tion to encompass every method ever used to study
amyloid proteins, but rather to cover the most commonly
used methods. We discuss nuclear magnetic resonance
(NMR), X-ray crystallography, and X-ray absorption —
techniques that are used to resolve protein structure at
the atomic level; lower resolution methods, including
X-ray fiber diffraction and neutron scattering; spec-
troscopic methods, including circular dichroism (CD),
Fourier transform infrared spectroscopy (FTIR); tincto-
rial methods such as CR binding, and changes in fluores-
cence of thioflavin dyes, which are used to characterize
secondary structures; microscopic techniques including,
transmission electron microscopy (TEM), scanning trans-
mission electron microscopy (STEM), scanning tunneling
microscopy (STM), and atomic force microscopy (AFM)
that examine the morphology of prefibrillar and fibrillar
protein assemblies; electron spin resonance (ESR),
hydrogen—deuterium (H/D) exchange, limited prote-
olysis, and intrinsic fluorescence, which are applied
to characterize tertiary and quaternary structures; and
finally, methods used to study assembly size distribution,
including gel electrophoresis, cross-linking, size-exclusion
chromatography (SEC), analytical ultracentrifugation
(AUC), dynamic light scattering (DLS), and ion-mobility
spectrometry—mass spectrometry (IMS—-MS). We survey
the principles of the methods, instrumentation, experi-
mentation, and their application in the amyloid field.

Table 1 Analytical methods used to study amyloid protein structure, folding, and assembly

Monomer ‘ Oligomer

Protofibril

Fibril Amyloid (in vivo)

Solution-state NMR

Solid-state NMR

Atomic structure ‘

X-Ray crystallography

X-Ray absorption

Fourier transform infrared spectroscopy

Secondary structure

X-Ray fiber diffraction

Congo red binding / Thioflavin S fluorescence

Birefringence
PIB/FDDNP/SB13/BF227

Transmission electron microscopy

Scanning transmission electron microscopy

Morphology

Tertiary/quaternary
structure

Scanning tunneling microscopy

Electron spin resonance

Limited proteolysis

Fluorescence methodologies

Assembly size/size
distribution

Analytical ultracentrifugation
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2 ATOMIC STRUCTURE

Two experimental methods enable determination of
three-dimensional (3D) structures of proteins and protein
complexes at atomic resolution — NMR spectroscopy and
X-ray crystallography.'® These methods are of limited
use in the amyloid field, though recent advances in studies
of soluble monomers and oligomers and of insoluble fibrils
are encouraging.

2.1 Nuclear Magnetic Resonance Spectroscopy

Structure determination by NMR is based on the magnetic
properties of the nuclei in the atoms comprising a
molecule, or a macromolecular assembly under study.
NMR occurs when nuclei with nonzero spin quantum
numbers are placed in a powerful magnetic field and
subjected to radiofrequency irradiation. The most infor-
mative nuclei are those with magnetic spin of 1/2. In
biological material, these include 'H, 3C, PN, !°F, and
31P. The resonance signals and their characteristics, e.g.
chemical shift, linewidth, J-coupling, cross-peaks, and
nuclear Overhauser effect (NOE), are correlated to
the nuclear environment and can be used for deter-
mining the 3D structures. The mechanisms, parameters,
instrumentation, protein structure calculation by NMR
techniques were introduced in detail elsewhere (see
Nuclear Magnetic Resonance of Biomolecules; Solu-
tion Nuclear Magnetic Resonance: Spin-1/2 Nuclei Other
than Carbon and Proton; Multidimensional Nuclear
Magnetic Resonance of Biomolecules; Nuclear Magnetic
Resonance Instrumentation; Parameters, Calculation of
Nuclear Magnetic Resonance).

Solution-state NMR and solid-state NMR (ssNMR)
are two branches of NMR spectroscopy that differ
substantially in sample preparation, instrumentation,
parameters, and the type of structural information
extracted. These methods have been applied in different
areas of studying amyloids and protein aggregation.

2.1.1 Solution-State Nuclear Magnetic Resonance

Solution-state NMR is a powerful high-resolution method
for studying 3D structures of soluble samples. The most
commonly used nuclei in solution-state NMR studies
of protein structure are 'H, 13C, and >N. Resonances
of these nuclei and interactions among them often can
resolve all or most of the individual amino acids in
small proteins (<60 kDa). Because peptides and proteins
are relatively large molecules comprising repeating units
(amino acids), signals in one-dimensional (1D) NMR
spectra overlap substantially and the spectra typically
cannot be interpreted without additional information.
The information can be deconvoluted by the introduction

of additional spectral dimensions, which correlate two
different experimental parameters, thereby creating more
unique signatures for each amino acid in the sequence.
Many types of multidimensional NMR are used in struc-
tural studies of peptides and proteins (see Multidimen-
sional Nuclear Magnetic Resonance of Biomolecules).
These include both correlations between two different
features of the same type of nucleus (homonuclear multi-
dimensional NMR) or among different nuclei (heteronu-
clear multidimensional NMR).

Solution-state NMR is useful for studying amyloido-
genic peptide and protein monomers, but when the
monomers aggregate into oligomers, the signals become
broad and eventually disappear due to the increase in
tumbling time.1® Changes in spectroscopic features, such
as chemical shift, linewidth, cross-peaks, and NOE thus
can be used to monitor the transition from monomer
to oligomers'*1> (for example, see Figure 119). The
cross-peaks displayed by two-dimensional (2D) NMR
are used to identify the folding of a protein, including
the secondary structures and long-range interactions
among different regions.’’~1” NOE signal intensity,
J-coupling constants, and chemical shift data are useful
for calculating distances and torsion angles of correlated
atoms.1%:20)

The heterogeneous nature of amyloidogenic protein
oligomers and the high concentrations needed for
NMR experiments add to the difficulty of studying
such oligomers by solution-state NMR.?" Early studies
of AB, TTR and a-synuclein have been performed
using fragments rather than the full-length protein, at
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Figure 1 Aggregation behavior of AB(1-40)°* and
AB(1-42)°%.49 The sum of the signal volumes with chemical
shifts between 0.0 and 1.5ppm in the 1D 'H NMR spectra
of freshly prepared aqueous solutions of AB(1-40)°* and
AB(1-42)°% is plotted vs the time that has elapsed after the
sample preparation. (Reproduced from Ref. 16. © Blackwell
Publishing Ltd, 2001.)



ﬂ% 20
o 40
#@ — 60
- 80
= 100
- 120
2 % Qe
i B 140
< = 160
% 0 — 180
T T T | T T T T | T T T T | T T T T
(@ 150 100 50

13C NMR frequency (ppm)

PEPTIDES AND PROTEINS
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Figure 2 2D ssNMR spectrum and structure model for AB40 fibrils.®” (a) 2D ss *C—13C NMR spectrum of Ap40 fibrils (N,
13C.labeled at residues K16, F19, A21, E22, 132, and V36), recorded at 14.1 T with a 500-ms mixing period and 18.0-kHz MAS
frequency. (b) Structural models for AB40 fibrils with F19/1.34 internal quaternary contacts. Models were generated by a restrained
molecular dynamics and restrained energy minimization protocol, applied to a dodecameric cluster of ABy_40 molecules, with all
restraints being derived from ssNMR measurements. Residues 1-8 are disordered, and were omitted from the modeling calculations.
(Reproduced from Ref. 39. © American Chemical Society, 2006.)

nonphysiologic pH, and/or in mixtures of water and fluo-
rinated alcohols or detergents to increase the solubility,
disrupt quaternary structures, and dissociate peptide
aggregates.?>=2) Though these studies were technically
sound, their relevance to physiologic conditions was diffi-
cult to assess. Later studies developed techniques for
studying full-length amyloidogenic peptides and proteins
in dilute aqueous solutions. For example, full-length AB
was studied with solution-state NMR in aqueous solution
at neutral pH.?6:27

2.1.2  Solid-State Nuclear Magnetic Resonance

ssSNMR is typically used in studies of insoluble and
noncrystalline solid-state molecular systems that are not
suitable for solution-state NMR or X-ray crystallography
(see Solid-state Nuclear Magnetic Resonance). ssNMR
is the main tool available, to date, for obtaining high-
resolution structural information of amyloid fibrils. The
absence of isotropic tumbling in solid-state samples
implies that dipole—dipole couplings and chemical shift
anisotropies are not averaged. As a result, linewidth
in ssNMR spectra are broadened relative to solution-
state NMR, resulting in lower resolution. On the other
hand, the absence of tumbling enables studying effects
of anisotropic or orientation-dependent interactions.
Cross polarization (CP), high-power proton decoupling,
and magic-angle spinning (MAS) are used as standard
techniques to obtain high-resolution ssSNMR spectra. The
isotropic chemical shift values obtained from CP-MAS
experiments can be used to determine site-specific
secondary structures.

In recent years, ssNMR has allowed for substan-
tial advancement in understanding the structure of
amyloid fibrils. In fibrillar samples, CP—MAS is useful
for observing rigid fibrillar parts, whereas dipolar-
dephasing MAS is used to detect soluble compo-
nents of mobile parts.?®?”) Rational resonance is used
for determining homonuclear—internuclear distances,
and rational-echo double-resonance is used to deter-
mine heteronuclear—internuclear distances.®%3) Other
techniques, such as radio-frequency-driven recoupling
and dipolar-assisted rational resonance, are useful for
obtaining folding information of amyloid fibrils.®?

The ssNMR studies of full-length AB, AB frag-
ments including AB(34-42), AB(10-35), transthyretin
(TTR,45_1;5), -synuclein, prion protein fragments HET-
$718_289, and PrPgy 143, and the dialysis-related amyloi-
dosis protein B,-microglobulin (82m) are discussed in
recent review articles.®*=3 Figure 2 shows an example
of 2D 13C-BC ssNMR correlation spectra of A40 fibrils
with uniform N and 3C labeling at specific residues
and a structural model of Ap40 fibrils that was generated
based on ssNMR measurements. )

2.2 X-Ray Crystallography

X-ray crystallography examines atomic structures of
crystals using diffraction patterns of X-ray radiation
directed at homogeneous single crystals in which
molecules exist in highly ordered repetitive units (see
X-ray Techniques: Overview; Structure Determination,
X-ray Diffraction for). The repetitive patterns, or “unit
cells”, within a crystal amplify the diffraction signals,
which are collected and converted into 3D electron-
density maps. The positions of the atom nuclei are



AMYLOIDS AND PROTEIN AGGREGATION-ANALYTICAL METHODS 5

deduced from the electron-density maps. On the basis of
these data and complementary chemical information, 3D
models of the molecules or macromolecular assemblies
in the crystal are obtained.

For details about mechanism and instrumentation
of X-ray crystallography (see X-ray Crystallography of
Biological Macromolecules). The critical step for X-
ray crystallography is obtaining a crystal with high
diffraction quality. This is often difficult to achieve due
to high structural freedom of macromolecules. Gradually
lowering the solubility of the molecule of interest in an
appropriate solution is a common approach for obtaining
high-quality crystals.“? Fibrils formed by amyloidogenic
peptides and proteins are highly ordered structures, yet
their degree of order is not high enough to produce high-
resolution diffraction patterns as the way single crystals
do. Fiber and powder X-ray diffraction methods do not
require single crystals and have been applied widely for
determination of secondary structures of amyloid protein
fibrils (see Section 3.2.1).

X-ray crystallography has been used for determining
the structures of amyloidogenic proteins that natively
form a stable fold, i.e. in their nonamyloid form. For
example, the crystal structures of bovine A2m, wild-
type human A2m, and mutant human H31Y-82m have
been reported.*) Seven-stranded B-sandwich folds were
observed in crystal structure of the monomeric form
of wild-type human p2m.“? The crystal structures of
human cystatin C (HCC), which are associated with
hereditary cystatin C amyloid angiopathy, reveal that a
full-length HCC dimer with swapped domains is present
in an asymmetric unit of a tetragonal crystal. -4
Crystallographic structures of several TTR variants and
of prion proteins also have been solved.“®~*® Using X-
ray microcrystallography techniques, the structures of 30
short (6—7 residues) segments of amyloidogenic proteins,
including A8, tau, PrP, insulin, islet amyloid polypeptide
(IAPP), lysozyme, myoglobin, «-synuclein, and S2m
recently have been determined and, in multiple cases,
were found to be organized in a ““steric zipper”.“#%-30

In particular cases, amyloidogenic peptides fused to a
larger protein,®D small molecules,®? or co-crystallized
as antigen—antibody complexes®* can yield high-
resolution structures. For example, the crystal structure of
the fragment A (28-42) fused with the C-terminal region
of ribonuclease HII from Thermococcus kodakaraensis
was determined by Takano et al.®V In this fusion protein,
ApB(28-42) formed a B-hairpin conformation centered
around a turn at V36—V37. A fragment of the monoclonal
antibody WO2, which recognizes the N-terminal region
of AB, was complexed with AB(1-16) or AB(1-28)
and produced homogeneous crystals suitable for X-ray
crystallographic studies.®*>® In these complexes, AB
peptide adopted an extended, coiled conformation in the

major immunodominant B-cell epitope between residues
2-8.

2.3 X-Ray Absorption Spectroscopy

X-ray absorption spectroscopy (XAS) is a technique
that provides information on the local environment and
electronic state around heavy atoms in biomolecules (see
Absorption Techniques in X-ray Spectrometry). When
a high-energy X-ray beam hits a sample, certain energy
is absorbed and electrons are excited and ejected from
their orbitals (photoelectrons). The energy absorption
occurs at defined energy levels corresponding to the
binding energy of the electrons in the heavy atom. When
a photoelectron leaves the absorbing atom, its wave is
backscattered by the neighboring atoms. The XAS is the
plot of absorption coefficients of heavy atom against the
incident X-ray energy.

XAS spectra typically are divided into two regions
designated X-ray absorption near-edge structure
(XANES) and extended X-ray absorption fine structure
(EXAFS). XANES is restricted up to 50eV. EXAFS
extends up to 1000 eV above the threshold energy. In the
XANES region, transitions of core electrons to nonbound
levels with close energy occur. In the EXAFS region,
the photoelectrons have high kinetic energy and single
scattering by the nearest neighboring atoms normally
dominates (see Absorption Techniques in X-ray Spec-
trometry).

Because EXAFS has chemical selectivity and sensitivity
to the local atomic arrangement around the absorbing
(heavy) atom, it is particularly useful for studying
amino acid residues coordinating metal ions.5>~3" The
pathologies of several amyloid diseases (such as AD,
PD, and prion diseases) may involve interaction of the
culprit amyloid protein associated with each disease
(AB, a-synuclein, and PrP, respectively) with metal ions,
such as Cu®t, Zn?t, and Fe’t.®® Atomic information
about metal-binding amyloid-peptide models and metal-
binding sites are useful in understanding the function
of transition metals in peptide aggregation and redox
chemistry in these diseases.®*>® In AD, a major cause of
neurotoxicity is reactive oxygen species whose production
in the brain may involve Ap-complexed Cu ions.®?
Stellato et al. reported EXAFS studies of Ap40—-Cu’*
complexes and suggested that Cu?* is penta-coordinated
to three nitrogen atoms of three histidines (His6, His13,
and Hisl4) and two oxygen atoms, one belonging
to Tyr (Tyrl0) and the other, from either a water
molecule or an acidic residue.®” A number of studies
have linked cellular prion function to its ability to
bind Cu’*, playing a role in the copper uptake from
extracellular environment to endosomes and the inverse
release process.®-) EXAFS experiments suggested that
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a square planar four-nitrogen—Cu’* coordination is
formed in prion-Cu?* complexes,®®¥ in which two
nitrogen atoms are contributed by imidazole rings of
histidine residues and the other two nitrogen atoms are
deprotonated backbone atoms.

3 SECONDARY STRUCTURE

3.1 Secondary Structure — Spectroscopic Methods

Spectroscopic methods are used widely for structural
characterization and biophysical analyses of various
assemblies of amyloid proteins. Typically, spectroscopic
techniques are used to study these proteins in vitro,
under conditions that are simpler than the in vivo
environments, allowing delineation of fine details and
specific interactions. Spectroscopic techniques can be
used to obtain a unique signature, allowing detection and
identification of specific amyloid proteins or particular
structures that are common to these proteins, or to
decipher the actual structure of a region within a protein
or a protein assembly. Here, we discuss CD and FTIR for
studying secondary structure of amyloid proteins.

3.1.1 Circular Dichroism Spectroscopy

CD spectroscopy (see Circular Dichroism in Analysis of
Biomolecules; Circular Dichroism and Linear Dichroism)
measures differential absorption of circularly polarized
light by chiral centers as a function of wavelength. Far
ultraviolet (UV) CD spectra (180-250nm) of peptides
and proteins are highly sensitive to secondary structures
due to the effect of the dihedral angle of peptide bonds
on the absorption of the chiral center at the a-carbon.
In contrast, near-UV CD spectra (250-350nm) reflect
contributions of aromatic side chains and disulfide bonds,
and provide information about polypeptide tertiary
structure.®¥

Samples for CD spectroscopy are typically dissolved in
aqueous buffers with or without co-solvents. The choice
of buffers and co-solvents is critical. Most of the structural
information of proteins is obtained in the far-UV range.
Several chemical bonds have strong absorption in this
region. Hence, buffers should be chosen such that they
have minimal absorption in this region. A typical buffer
used in CD experiments is 10 mM phosphate.®¥

CD is an averaging technique, which provides
information about the conformational state of an entire
ensemble of molecules in a given sample. Quantitative
assessment of secondary structures can be achieved by
deconvolution of experimental spectra using libraries of
existing known structures.® Nevertheless, on the basis of
CD data alone, it is impossible to distinguish, for example,
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between a situation in which part of a protein monomer
is a-helical and another in 8-sheet conformation, and a
heterogeneous population in which a percentage of the
monomers are purely helical and the other part is entirely
in a B-sheet conformation.

Aggregation of amyloidogenic proteins into protofibrils
(short, curvilinear fibril precursors®®®”) and fibrils
is accompanied by abundant formation of gB-sheet
conformation. This phenomenon can be detected by
the characteristic appearance of an absorption minimum
at 215-218nm in the far-UV CD spectrum. CD is
typically used for qualitative determination of the nature
of amyloid assemblies and kinetics of conformational
transitions associated with aggregation. Fine details, such
as the orientation of monomers with B-sheets (parallel
or antiparallel) cannot be determined on the basis of CD
data. An advantage of CD relative to other methods for
determination of secondary structure is its tolerance of
a wide range of pH and temperature. For example, low
pH compromises the binding of dyes such as CR and
thioflavin T to amyloid samples (see Section 3.3) making
detection of 8-sheet formation by these dyes at acidic pH
difficult.

The understanding of mechanistic pathways of amyloid
formation for multiple proteins has been facilitated
by CD. For example, studies of prion proteins have
shown that a conformation composed predominantly
of «-helical and ‘“‘random-coil” secondary structures
eventually transforms into B-sheet-rich conformations in
an NaCl solution, whereas, a soluble B-sheet-containing
form of the protein generated in the presence of 0.03
% sodium dodecyl sulfate (SDS) leads to formation of
a structure that is predominantly random coil.®® (The
term ‘“‘random coil” is a common name for irregular
conformations characterized by a maximum at 212 nm
and a minimum at 196nm in the CD spectrum. It
points to the fact that the conformation is distinct
from common secondary structure elements, such as
a-helix, B-sheet, or B-turn, but does not suggest that
the conformation indeed is random.) The presence of
a-helical and/or partially unfolded intermediates on the
pathway of amyloid formation has been demonstrated
for other amyloidogenic proteins. Kirkitadze et al. have
shown that formation of a partially helical intermediate
is a general feature of AB fibrillogenesis and that helix
content and the kinetics of helix formation were affected
by amino acid substitutions that cause familial AD.©”
The rate of helix formation was found to correlate with
changes in the ionization state of His and Asp residues.

Taking advantage of the tolerance of CD to a wide
range of pH, it has been demonstrated that the N-terminal
fragment (residues 1-29) of horse heart apomyoglobin
was highly prone to aggregation accompanied by S-sheet
formation at low pH (pH 2.0) but not at pH 8.3.7%7D In
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another example, it has been demonstrated that for ABri,
a 34-residue peptide that causes British dementia, there
is a substantial loss of random coil structure as the pH
of the system is raised from acidic to neutral and then to
basic.?

3.1.2  Fourier Transform Infrared Spectroscopy

IR spectroscopy (see Fourier Transform Infrared Spec-
troscopy in Peptide and Protein Analysis; Infrared
Spectroscopy: Introduction; Infrared Spectroscopy of
Biological Applications; Infrared Spectroscopy in Clin-
ical Chemistry) is complementary to CD for studying
secondary structure of proteins capable of providing
quantitative information about secondary structural
elements.

A strong absorption band at ~1600-1700cm~! in IR
spectra of proteins has been assigned to the vibration
of C=0 bonds in the polypeptide main chain. This
spectral feature is particularly sensitive to, and therefore
serves as an informative proxy for, secondary structural
elements. This region is called the amide-I region.
Similarly, C—N stretching and N-H bending vibrations
give rise to absorption bands at 1550cm™~! (amide-II)
and 1250 cm™! (amide-III) and are useful for assignment
of secondary structure. Following deconvolution of the
amide-I band contour, secondary structure content is
estimated by taking into account the relationship between
peak position and the type of secondary structures. IR

2
absorption intensity is proportional to (;7‘?

indicates dipole moment of a molecule and gi denotes
the i"" normal coordinate. Oscillation of charged groups
results in displacement of charges that in turn bring about

where u

larger value of ((f?" 2, thus resulting in larger absorption.

The main bands of interest in the amide-I region for
the detection of amyloidogenic protein regions in fibrils
are at 1626 and 1632cm™! for parallel -sheet structure
and at 1690 cm™! for antiparallel 8-sheet. The signature
of random coil (extended, irregular structure with distinct
spectroscopic features) is a band at 1644cm™' and that
of a-helix is a band at 1654cm~!. However, «-helical
conformations also contribute to band intensities at
1644 and 1662cm™~!, making distinction from random
coil difficult. Non-o and non-8 structures appear at
<1660cm~!. Although strong signals corresponding to
particular secondary structures exist in this region,
information in IR spectra obtained in aqueous buffers
is masked by a strong signal at 1630cm™! due to water
bending vibrations. Hence, alternative strategies have
been adopted to probe the secondary structure of proteins
in general, and amyloidogenic proteins in particular, with
IR spectroscopy.

Isotopic substitution has far-reaching effects on IR
absorption. The peak positions of *C=0 and C=0'®
stretching bands shift to lower frequency relative to
12C=0'® bands. Isotopic labeling thus allows assignment
of secondary structures at a single-residue level. For
example, for a-helix, the *C=0 appears at 1600cm™!,
whereas 1°C=0 B-sheet bands are at 1586 cm™! (parallel)
and 1595cm™! (antiparallel). Another isotopic labeling
strategy is changing the solvent from H,O to D,O. This
shifts the water bending vibration peak from 1630 to
1290 cm ™~ facilitating measurement in the amide-I region.

Attenuated total-internal reflection Fourier transform
infrared (ATR-FTIR) spectroscopy is a powerful method
for recording IR spectra of biological samples.37%
Typically, ATR-FTIR studies are performed with the
sample applied on a trapezoidal germanium plate.
The IR beam is aimed at a high-refractive-index
medium (transparent to the IR radiation of interest, e.g.
germanium or diamond). If the incident beam is above
the critical angle of refraction (the critical angle depends
on the ratio of the refractive indexes of the plate and the
external medium), the light beam is reflected completely
when hitting the surface of the plate. Several internal
reflections occur within the plate when the light reaches
the other end. Samples deposited on the surface of the
plate absorb electromagnetic radiation of an evanescent
wave, thereby reducing the intensity of the reflected
light, which is collected eventually at the detector (see
Figure 3). Sample preparation for ATR-FTIR involves
spreading a drop (5-50 L) on a germanium or diamond
plate and slow evaporation of the solvent, typically under
a stream of dry nitrogen gas. This enables minimal
contribution from the solvent in the spectra. The main
advantage of ATR-FTIR compared to the traditional
FTIR is that the signal gets amplified many times. In the
traditional FTIR, the sample and the IR light interact
only once. However, in ATR-FTIR due to the repeated
reflections of the incident beam on the trapezoid plate,
the sample has more chance to absorb the incident IR
light resulting in greater absorption. This leads to high
signal-to-noise ratio. Further, the background due to the
solvent is also minimized.

Evanescent wave
Sample

\0,’-&000 ooo;u:ooooomo

/A\/\AA

Germanium/diamond Infrared source

Detector

Figure 3 Schematic representation of instrumentation in
ATR-FTIR.



The mechanism of aggregation for a number of
amyloidogenic proteins has been probed by ATR-
FTIR. For example, using this technique, Fink and
coworkers have demonstrated formation of a dominant
helical structure which finally transforms to a structure
rich in B-sheet during aggregation of insulin.”> ATR-
FTIR also has been used to show that the extent
of B-sheet in A2m amyloid fibrils made in vitro was
similar to those taken from patients with dialysis-related
amyloidosis.7®

Linear dichroism IR is a spectroscopic method that
yields detailed information about objects in highly
ordered arrays. Linear dichroism measures differential
absorption of parallel and perpendicular light directions.
Combining the dichroism and absorption measurements,
the orientation of particular functional groups with
respect to the alignment axis can be deduced. These
studies enable deciphering the nature of g-sheets, e.g.
detecting twisted or bent sheets in an array by noting
positive and negative features in the parallel and
perpendicular directions of the transition dipole moments
with respect to the alignment axis.”” Linear dichroism
infrared spectroscopy of AB(21-31) suggests that the 8-
sheet consists of two parts, which are twisted or bent
relative to each other at an angle of 32°.7%

Two-dimensional IR (2DIR) correlation spectroscopy
is useful for determining protein structure and orien-
tation. Detailed information regarding the arrange-
ment of antiparallel S-sheet of different proteins such
as lysozyme, ribonuclease A, concanavalin A, and
poly-L-lysine has been obtained using this technique.”
2DIR spectra spread the vibrational resonances over
two frequency dimensions, revealing couplings between

100 nm
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vibrations through the formation of cross-peaks in the
spectrum, similar to the principle of 2D NMR. Recently,
Hochstrasser and coworkers have observed linear chain
excitation of amide units with isotopic labeling of Ala21,
Gly29, Gly33,and Gly38in A 840 fibrils.®” Excitation was
not observed for isotopically labeled Gly25, suggesting
rigidity of the residues at positions 21, 29, 33, and 38
and flexibility at position 25 in AB40 fibrils. Zanni and
coworkers have modified the method of obtaining 2DIR
spectra developed by the Hochstrasser group using pulses
with different times and frequencies that reduce spectral
distortion and improve signal-to-noise ratio. Applying
this method in kinetic studies of human IAPP aggregation,
the authors showed that monitoring at 1618 and 1644 cm !
in separate dimensions permitted monitoring random-coil
and B-sheet populations without deconvolution.®

3.2 Secondary Structure — Diffraction and Scattering
Methods

3.2.1 X-Ray Fiber Diffraction

In contrast to X-ray crystallography, which requires high-
quality single crystals, X-ray fiber diffraction (see Struc-
ture Determination, X-ray Diffraction for) is executed
on pulverized or lower quality crystalline samples and is
used to gather information on the preferred orientation
of the molecules in these samples. The X-ray diffrac-
tion patterns of almost all amyloid fibers exhibit broad
equatorial reflections at ~10A and meridional reflec-
tions at ~5A.®2 This is a characteristic of a B-sheet
structure in which the g-strands are arranged perpendic-
ular to the fibril axis (cross-g8 arrangement). The X-ray
diffraction pattern of human IAPP exhibits meridional

—

Fibre
axis

(b)

Figure 4 The characteristics of amyloid fibrils include their appearance in the electron microscope and the cross-8 diffraction
pattern. @ (a) Electron microscopy (EM) of negatively stained amyloid fibrils formed by IAPP showing long, unbranched fibrils of
~1OOA in diameter. (b) X-ray fiber diffraction pattern from magnetically aligned IAPP amyloid fibrils, showing the positions of the
4.7 A meridional and ~10 A equatorial reflections in a cross-# pattern. (Reproduced from Ref. 4. © Blackwell Publishing Ltd.)



AMYLOIDS AND PROTEIN AGGREGATION-ANALYTICAL METHODS 9

reflections at ~4.7 A and equatorial reflections at 10-11 A
(see Figure 4).® Highly oriented diffraction patterns with
layer line spacing of ~9 A represent antiparallel S-sheet
structure.® These reflections vary depending on the
side-chain composition of the aggregating peptide or
protein. For example, scrapie prion fibrils give 4.72 A
meridional and 8.82 A equatorial reflections.® The
meridional reflections provide an estimate of the number
of protofilaments comprising the fibril, whereas the equa-
torial reflections correspond to the spacing between the
protofilaments. X-ray fiber diffraction patterns of amyloid
fibers formed from six different proteins show a similar
structure of helical arrangement of S-sheets parallel to
the fiber long axis, with the strands perpendicular to this
axis. The helical repeat is shown to be 115.5 A and each
repeat consists of 24 g-strands.®?

3.2.2  Neutron Scattering

Neutron scattering (see Neutron Scattering in Analysis
of Polymers and Rubbers) is used, often in combination
with X-ray diffraction techniques, to study the structure
of amyloid fibers. X-rays are scattered by the electrons
surrounding atom nuclei, whereas neutrons are scattered
by the nuclei themselves. This has several important
consequences. For example, neutrons can be used to
detect protons, which cannot be detected by X-rays. This
helps assigning hydrogen-bond patterns in 3D structures
of macromolecules and investigating strand orientation
(parallel or antiparallel) in amyloid fibrils. Small-angle
neutron scattering (SANS) provides information about
size, shape, and extent of aggregation of the species
under consideration and measurement of mass per unit
length.®> A B40 protofibrils have been found by SANS
to be cylindrical structures with 24 A cross-sectional radii
and ~110 A length.®® Each cylindrical unit was reported
to comprise 30 AB40 monomers. Another SANS study
has shown that at neutral pH, AB(10-35) self-assembles
into supercoiled long nanotubes with an inner diameter
of 44 and 4-nm-thick walls.®” SANS investigation of the
aggregation of a-chymotrypsin in the presence of a photo-
responsive surfactant has shown that under visible light,
extended hexameric structures are formed. Upon UV
illumination, these hexamers combined into dodecamers
similar to amyloid protofilaments.®®

3.3 Secondary Structure — Tinctorial Methods

Detection of amyloid by staining is a practice more than
a century old. In 1854, Rudolph Virchow introduced
the term amyloid (starchlike, from the Latin word
amylum) to denote a macroscopic tissue abnormality
that exhibited a positive iodine-staining reaction.® The
most conventional way of detecting amyloids for almost

a century has been staining methods such as CR or
thioflavin-type dyes (Figure 5).

3.3.1 Congo Red Binding and Birefringence

CR staining is commonly used for the identification of
amyloid in tissue sections.®’*2 CR has two features
enabling detection of amyloid. First, its alkaline solution
stains amyloid with an intense red color resulting from
a shift in the wavelength of maximal absorption from
490 to 540nm upon binding to amyloid samples. This
characteristic enables spectroscopic detection of amyloid
and measurement of fibril formation. Second, upon
binding to amyloid, CR vyields a unique blue—green
birefringence under cross-polarized light enabling visual
determination of amyloid formation. This phenomenon
was observed first by the Belgian physician Paul Divry in
1927 while studying degeneration of aging brain®? and
is still used, to date, to detect amyloid in tissue sections
(Figure 5¢).? The mechanism of CR binding to amyloid
fibrils is not understood. Putative mechanisms are shown
in Figure 5(d). One hypothesis is that the dye intercalates
in between B-strands parallel to the peptide chains and
perpendicular to the fibril direction.®® Alternatively,
binding may occur through interaction between the dye’s
negatively charged sulfonate groups with the positive
N-termini of polypeptides such that the dye’s axis is
perpendicular to the length of the peptide and parallel to
the direction of fibril axis.®>%

For asuccessful birefringence assay, the tissue thickness
should be 5-10wm. In addition, high salt concentra-
tions and alkaline pH are required for binding and
birefringence.®”

3.3.2 Thioflavin T and Thioflavin S Fluorescence

The structure of Thioflavin T (ThT) has both polar
and nonpolar functional groups (Figure 5a), leading to
formation of micelles in aqueous solutions with the
nonpolar dimethylaminophenyl groups in the core and
the charged benzothiazole groups exposed to the solvent.
ThT micelles bind to 8-sheet structures resulting in inten-
sified fluorescence signals relative to unbound ThT.®
Vassar and Culling first introduced the use of this dye
in 1959 for detecting amyloid tissue in kidney.®” In the
unbound state, excitation and emission occur at 342 and
430nm respectively, whereas upon binding to amyloid
samples, the excitation and emission of ThT undergo a
bathochromic shift to 444 and 482 nm, respectively.1?
ThT has been employed mostly to characterize amyloid
aggregates in vitro and ex vivo, whereas uncharged
thioflavin derivatives have been used to detect amyloid in
vivo.(''D" Apart from the regular spectral measurements
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Figure 5 ThT and CR chemical structures of modes of interaction with amyloids. (a) Chemical structure of ThT. (b) Chemical
structure of CR. (c) Putative mechanisms of ThT binding to amyloid fibrils. (d) Putative mechanisms of CR binding to amyloid
fibrils. (¢) CR-stained amyloid plaques®”: Alzheimer’s disease (A), Gerstmann—Striussler—Scheinker disease (B), and Down’s
Syndrome (C). I: amyloid in linearly polarized white light; II: amyloid between crossed polarizers showing apple-green birefringence.
(Panel (e) was reproduced with permission from Ref. 90. © National Academy of Sciences, U.S.A, 2003.)

for the detection of amyloids, this dye also can be used as
a staining agent for fluorescence microscopy, confocal
microscopy, and total-internal reflection fluorescence
microscopy (TIRFM) of amyloid proteins.19%199 The
ideal concentration of the dye for spectral measurements
and staining is above its critical micellar concentration,
~4 ILM-(%)

It has been hypothesized that ThT molecules bind to
the ““channels’ formed in S-sheets due to the interactions
between the backbone C=0 from one strand and N-H
from the other strand that form the fibrils.1*® The extent
of ThT binding to amyloid samples depends on the acces-
sibility of these binding grooves. There is little or no
ThT binding at the initial stages of fibrillogenesis. Once
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B-sheets start forming, ThT binding is initiated and it
increases in proportion to the content of S-sheet in the
system.

The aggregation profile monitored by ThT typically is
a sigmoidal curve consisting of three different regions.
The first region is called the lag phase, in which B-
sheet structures are absent and ThT binding does not
occur. This is followed by a burst phase that marks
the commencement, and increase, of 8-sheet formation.
Eventually, a saturation phase denoting fibril maturation
is observed. Typically, as the fibrils mature, lateral
association of the individual filaments that compose them
partially precludes ThT binding sites, resulting in lower
fluorescence.1%”

ThT has been used to study fibril formation in a
number of amyloidogenic proteins, including A g, insulin,
lysozyme, a-synuclein, and 2m.7>:105-108)

Thioflavin S (ThS) is a mixture of compounds prepared
by methylation of dehydrothiotoluidine with sulfonic acid
and is known to stain amyloid samples.1%-119 Similar
to ThT, ThS binds amyloid fibrils but not monomers,
and undergoes fluorescence intensity changes and distinct
spectral shift upon binding, the hyperchromic shift in the
emission maxima of ThS is ~45nm.% Boshuizen et al.
have used ThS fluorescence signal intensity change upon
binding to detect fibrils formed by synthetic prion protein
peptides and screen the fibril-interfering compounds.
They demonstrated that the inhibitory effect of fibril
formation and/or dissociation by tetracyclic compounds
could be conveniently studied with this assay.MD

ThS stained A deposit in human brain tissue also could
be viewed using an epifluorescence microscope.!!2=114
De Felice et al. applied ThS staining to probe the volume
of AB deposits in the hippocampi of rats and reported
that nitrophenols could reduce AB deposition.1?

3.3.3 In Vivo Staining Methods

Small molecules derived from CR and thioflavin have
been developed recently for amyloid imaging, including
[®®F] 1,1-dicyano-2-[6-(dimethylamino)-2-naphtalenyl]
propene (*F-FDDNP),'> N-methyl [ C]2-(4'-methyl-
aminophenyl)-6-hydroxy-benzothiazole ('!C-Pittsburgh
compound B (PIB)),!® 4-N-methylamino-4'-hydroxys-
tilbene ([''C] SB13),1'” and 2-(2-[2-dimethylamino-
thiazol-5-yl]ethenyl)-6-(2-[fluoro]ethoxy)-benzoxazole

(11 C-BF-227).41® Progress in developing amyloid imaging
ligands for measuring amyloid in the brain of patients with
AD is reviewed in this article.!'® Ye et al. reported that
in vitro [*H]-PIB, SB13, and FDDNP have high affinity
binding sites on a-synuclein filament, but in vivo affinity
was found to be lower. On the basis of these findings, the
authors suggested that the density and/or accessibility of

a-synuclein binding sites in vivo were significantly lower
than those associated with Ag peptide lesions. 2

4 MORPHOLOGY

Electron microscopy (EM) is a pivotal technique for
studying the biological structure and function of cellular
organelles and macromolecules (see Electron Microscopy
and Scanning Microanalysis). High-resolution micro-
scopic techniques, such as TEM (TEM, see Scanning Elec-
tron Microscopy in Analysis of Surfaces), STEM (STEM,
see Electron Microscopy and Scanning Microanalysis),
STM (STM, see Scanning Tunneling Microscopy, In Situ,
Electrochemical; Scanning Tunneling Microscopy/Spec-
troscopy in Analysis of Surfaces; Scanning Probe
Microscopy, Industrial Applications of), and AFM (AFM,
see Atomic Force Microscopy in Analysis of Polymers;
Ellipsometry in Analysis of Surfaces and Thin Films) have
been useful for monitoring the morphology and structure
of macromolecular assemblies involved in the pathogen-
esis of protein-misfolding diseases. EM allows studying
morphology of noncrystalline specimens and transient
intermediates. EM techniques provide nanometer to
picometer resolution. General theory and EM techniques
such as SEM and TEM have been reviewed by Dykstra
et al."2D Applications of TEM and STEM in the study
of protein fibrillogenesis has been reviewed by Lashuel
etal.1?» Gosal et al. have reviewed the application of
AFM to protein and peptide self-assembly related to
amyloid formation.!23

4.1 Transmission Electron Microscopy

In TEM, a cathode ray source is used to emit and
accelerate a high-voltage electron beam, which is focused
by electrostatic and electromagnetic lenses. When the
electrons pass through a thin and electron-transparent
specimen, an image is formed from the electrons
transmitted through the specimen, magnified and focused
by an objective lens and appears on an imaging screen.
The image carries the information about the structure of
the specimen. The spatial variation in this information,
which creates the image, is magnified by a series of
electromagnetic lenses and detected by a fluorescent
screen, photographic plate, or a charge-coupled device
((CCD) camera) (see Scanning Electron Microscopy in
Analysis of Surfaces). Macromolecular specimens are
typically applied onto a fine, metallic grid support coated
by a thin, electron-transparent carbon film. Because
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]\%m‘e 6 Two examples of cryoelectron micrographs of single
°*AB(1-42) fibrils that were produced using recombinant
ApB(1-42) peptide that contains a methionine sulfoxide at
position 35. Scale bar represents 50 nm.13® (Reproduced with
permission from Ref. 136. © National Academy of Sciences,
U.S.A, 2005.)

biological macromolecules have nearly identical density
as that of the carbon film on the EM grids, unstained
macromolecules have intrinsically low contrast when
viewed by TEM. To enhance contrast and reduce image
noise, several strategies, including negative staining,
rotary shadowing, and cryo-EM, are used. In negative
staining, the stain circumscribes the macromolecule, the
shape of which is deduced from distribution of the
stain, which scatters most of the electrons. In shadowing
experiments, heavy metals are applied by evaporation to
form a thin coating on specimens and enhance contrast.
Metals may be evaporated unidirectionally either onto
a static or a rotating specimen while shadowing takes
place. In cryo-EM, the hydrated specimen is preserved
in a thin vitreous film of ice maintained at —180°C
abrogating both its sublimation and crystallization. Cryo-
EM also circumvents the need for staining. These
different methods have been compared by Steven and
Belnap.?» Examples for using TEM to characterize
various assembly states of AS include low molecular
weight (LMW) AB,025120 small A oligomers,127-130
paranuclei,>>129 protofibrils, 13!~ 13% and fibrils. 66:134.135
Cryo-EM was used to resolve the structure of A42 fibrils,
which comprised regularly spaced (~45 A) protofilaments
that twist regularly along the fibril axis (see Figure 6).139
TEM was used to assess metal-induced fibril formation
in «-synuclein showing that Fe and Cu ions have
differential effects on a-synuclein fibrillization.*” In
another example, IAPP fibrils were shown to have a
regular twist, which is found in many fibrillar preparations
of amyloidogenic proteins, demonstrating the presence of
more than one protofilament in fibrils.3®

4.2 Scanning Transmission Electron Microscopy

In STEM, the illumination system includes a field
emission gun, which delivers a subnanometer beam of
100-kV electrons onto a specimen. The electron beam
scans the specimen and scattered electrons are collected
by various types of detectors located behind the specimen.
Commonly, the detectors include electron-energy-loss
spectrometers (EELS), X-ray emission spectrometers,
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and cathodoluminiscence spectrometers (see Electron
Microscopy and Scanning Microanalysis). The image of
the specimen is generated as the focused beam moves
step by step over the specimen. In a thin proteinaceous
specimen, the image intensity is directly proportional to
the mass of the irradiated region. Therefore, following
background subtraction and calibration, the protein mass
and mass per length (MPL) can be determined. Of
note, other biophysical techniques, including DLS (see
Section 6.5) and AUC (see Section 6.4) can monitor
quaternary structural alterations during formation of
amyloid fibrils and enable measuring average molecular
masses reflecting the distribution of an ensemble
of quaternary structures in solution. However, the
morphological and size heterogeneity of the intermediate
structures during fibrillogenesis preclude assignment of
molecular mass averages to a particular quaternary
structural element. In contrast, STEM provides images of
isolated and unstained specimens, allowing for accurate,
quantitative mass determination of individual molecules
or macromolecular assemblies.1?? A brief history STEM,
description of STEM mass-mapping, and advantages and
limitations of STEM have been reviewed by Wall et al.13%

STEM is an excellent tool for characterizing the
homogeneity and structural properties of transient
quaternary structure intermediates in the fibril-formation
pathway of amyloid proteins. The technique has been
used for studies of a variety of proteins, including Ap,
a-synuclein, and TTR (reviewed in1??) and to compare
MPL ratio of Ap fibrils and protofibrils.140-142)

4.3 Scanning Tunneling Microscopy

STM is a nonoptical
that employs principles of quantum mechanics
(see Scanning Tunneling Microscopy, In Situ,
Electrochemical; Scanning Tunneling Microscopy/Spec-
troscopy in Analysis of Surfaces; Scanning Probe
Microscopy, Industrial Applications of). In STM, an
extremely sharp conductive tip (ideally terminating in a
single atom) traces the contours of the surface of a sample
with atomic resolution. An x-y-z piezoelectric translator
controls the movement of the tip in three dimensions.
When the probe is brought sufficiently close to the
sample’s surface and a weak voltage (a few millivolts to a
few volts) is applied, a small electric current is generated
by electrons tunneling across the distance between the
sample and the tip. This distance is kept constant (a
few nanometers) by mechanisms feeding back to the
piezoelectric elements. The magnitude of the current
depends exponentially on the distance between the probe
and the surface. The tunneling current rapidly increases
as the distance between the tip and the surface decreases.
This rapid alteration in the current due to changes in

microscopic  technique
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distance results in construction of an atomically resolved
image when the tip scans the structure. The feedback
signal applied to a piezoelectric element provides a
measure of molecular surface contour. The principles
and applications of STM in technology and biology have
been reviewed by Hansma et al.(14?

Initial low-resolution STM studies of AS showed the
ribbonlike filamentous nature of A fibrils.!*Y Later
studies showed that A fibrils contained laterally associ-
ated filaments that exhibited a right-handed twist.4> In
another high-resolution study, Losic et al. examined the
structure of AB40 monomers, dimers, and oligomers on
a surface of atomically flat gold.“® Structures of ~3—4
and 6—7nm length were found, likely corresponding to
monomeric and dimeric A, respectively.149 After a
stock of 10-uM A was incubated in phosphate-buffered
saline (pH 7.4) for 24 h and diluted to 0.5 wM, larger struc-
tures, 3—4nm wide appeared resulting from end-to-end
association of monomers or dimers. 49

4.4 Atomic Force Microscopy

AFM images high-resolution (<1nm) topography of
samples adsorbed on atomically flat smooth surfaces,
typically mica. A cantilever tip scans the surface contour
of the specimen and, upon contact, a repulsive force
in the pN-nN range bends the cantilever upward. A
laser beam focused on the end of the cantilever detects
the extent of bending and the deflection of the laser is
translated to force units by a photodetector. By keeping
the force constant while scanning across the surface,
the vertical movement of the tip generates the surface
contour, which is recorded as the topography map of
the sample (see Atomic Force Microscopy in Analysis of
Polymers; Ellipsometry in Analysis of Surfaces and Thin
Films).

AFM has been modified for specific applications and
can be used in different modes. In contact mode, the tip
is permanently in contact with the sample, whereas in
“tapping mode” (also referred to as intermittent-contact
or dynamic-force mode), a stiff cantilever oscillates
close to the sample. Part of the oscillation extends
into the repulsive regime so that the tip intermittently
touches, or “taps”, the surface. This mode provides good
resolution on soft samples and is useful for investigation
of prefibrillar species.

AFM has been used to investigate the assembly
dynamics of several amyloidogenic proteins including
Ap and human IAPP.(4? TAPP fibrils comprised two
protofilaments, having a 25nm periodicity and average
height of 6.8nm.1*” An advantage of AFM over TEM
is that it allows continuous monitoring of the growth
of oligomers'*® and fibrils in solution.1*” Aggregation
of immunoglobulin (Ig) light chains to form amyloid
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Figure 7 Typical filaments of the variable domain from
amyloid fibrils of a light-chain amyloidosis protein SMA
(a), protofibril (b), type-I fibril (c), and type-II fibril (d) as
observed by AFM.1? The average heights for several filaments,
protofibrils, and type-I and type-II fibrils were measured to be
24+£03, 40+04, 83£0.9, and 5.9+ 0.5nm, respectively.
Note that the widths depend on tip geometry and that the
vertical scales are different. (Reproduced with permission from
Ref. 150. © National Academy of Sciences, U.S.A, 1999.)

fibrils is a characteristic feature of light-chain amyloidosis.
Time-lapsed AFM was used to monitor light-chain Ig
fibril formation over time. At early times of incubation,
species consistent with both monomer (2.5 £+ 0.5nm) and
dimer (4.5 £ 0.5nm) were observed. Single filaments of
2.4nm in diameter predominated in later times for up
to 12h followed by a decrease in the next few days.
The fibrils and protofibrils showed a braided structure,
suggesting that their formation involves the winding
of protofibrils and filaments, respectively (Figure 7).15%
Using AFM, the volume of a single PrP molecule
could be determined to be 30nm? corresponding well
with a calculated molecular volume of 33nm? by
molecular dynamic simulations. " Recently, individual
ApB42 oligomers have been studied by AFM following
dilution of the sample to concentrations that practically
arrest oligomer growth. The observed high-resolution
structures, corresponded to heights of ~2nm and were
interpreted as folded monomers.>?

S TERTIARY AND QUATERNARY
STRUCTURES

Because high-resolution methods, such as solution-
state NMR (Section 2.1.1) or X-ray crystallography
(Section 2.2) cannot be used for structural investiga-
tion of amyloidogenic protein assemblies, the tertiary
and quaternary structures of these proteins often are
studied using a combination of low-resolution methods,
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in conjunction with methods for determination of confor-
mation (Section 3) and morphology (Section 4). Here, we
review the low-resolution study of different species along
the amyloidogenic assembly pathway using ESR, H/D
exchange, limited proteolysis, and several fluorescence-
based methods.

5.1 Electron Spin Resonance

ESR (also called electron paramagnetic resonance or EPR,
see Electron Spin Resonance Spectroscopy Labeling in
Peptide and Protein Analysis; Electron Spin Resonance
Spectroscopy) experiments were first performed by
Zavoisky at the University of Kazan (Russia) in 1945.15%
ESR is an experimental technique for characterizing the
energy levels of a system with unpaired electrons (such as
free radicals or transition metals) in an externally applied
magnetic field.’> The basic physical concepts of ESR
and NMR are similar. ESR measures the spin signals
of electrons, whereas NMR measures the spin signals
of atomic nuclei. More sensitive measurement in ESR,
rather than NMR, can be expected because unpaired
electrons do not normally exist in biological samples,
making background noise very low. ESR is commonly
used to investigate protein and peptide structures,
particularly molecular orientation, protein dynamics, and
ligand binding.

Observation of resonance requires introduction of
probes containing an unpaired electron, called spin labels,
into the molecule of interest. Spin labels used in biology
are derivatives of nitroxides, small stable organic radicals,
which are covalently attached to protein side chains
or to metabolic substrates. Commonly used nitroxide
spin labels are discussed in Electron Spin Resonance
Spectroscopy Labeling in Peptide and Protein Analysis.

Thanks to the high sensitivity and signal-to-noise
ratio in ESR spectroscopy measurement, times are
substantially shorter than those required for NMR. This
allows studying protein molecular dynamics in real time
with millisecond resolution, which is suitable for analysis
of protein folding, oligomerization, and fibril formation.

ESR has been applied by Butterfield et al. to eval-
uate the ability of AB to produce radicals, a mecha-
nism putatively involved in Ag-induced toxicity, using
phenyl-tert-butylnitrone.?>> On the basis of these data,
the authors suggested that radical formation by Met35
in AB, contributed to A neurotoxicity. Additional ESR
studies supported this idea and suggested that radical
production by Ap alloforms containing familial AD-
related substitutions at position 22 (Dutch, Italian, Arctic)
was associated with pathogenesis in these families.15®
Using similar ESR spin-trapping methods, «-synuclein
has been shown to generate hydroxyl radicals in the
presence of small amounts of Fe(II).>”
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Intermolecular distance analysis in Ap fibrils, 13

and intramolecular distance measurements in Ap
monomers’> have been reported by Torok et al. and
Murakami et al., respectively. Structural investigations of
IAPP (190 and a-synuclein!® fibrils using site-directed
spin labeling (SDSL)-ESR study also have been reported.

5.2 Hydrogen-Deuterium Exchange

H/D exchange is a chemical reaction in which labile
hydrogen atoms are substituted by deuterium atoms,
typically from the solvent.1%? For protein analysis, the
degree and rate of backbone amide proton exchange
is useful for distinguishing regions that are exposed to
the solvent, and therefore exchange more rapidly than
areas that are buried in the core. The H/D exchange
reaction-rate depends on the solution pH. The reaction
is slow at acidic pH and can be quenched at pH < 2.5.
For studying amyloid proteins, 95% dimethyl sulfoxide
(DMSO): 5% dichloroacetate (v/v) is typically used as the
quenching buffer.1%® To minimize back-exchange after
quenching, the aqueous component of the quenching
reagent is diluted with D,O (typically, D,O : H,O =
1 : 10). The degree of exchange is then monitored by
NMR or MS. For MS analysis, proteolysis of the sample
often with pepsin is a preceding step, which is facilitated
by the acidic conditions of the quenching solution.

5.2.1 Detection of Hydrogen—Deuterium Exchange by
Nuclear Magnetic Resonance Spectroscopy

Commonly, heteronuclear single-quantum coherence
(HSQC) spectra are used for analysis of protein H/D
exchange by NMR.1%Y If a hydrogen atom is replaced
with deuterium, the signal in a 'H NMR spectrum in the
replaced region will be reduced or disappear completely,
reflecting the extent of H/D exchange. Depending on the
resolution of the NMR spectra, this approach may yield
information on multiple specific residues simultaneously.

Wetzel and coworkers have applied H/D-NMR to
studying the structure of Ap fibrils.1% Their study, using
SN-enriched AB40 fibrils treated by D,O, showed that
the N- and C-termini of the peptide are accessible to
the solvent in the fibril state. In contrast, the central
region Lys16—Val36, except for Gly25 and Ser26, was
well protected, suggesting that most of the middle domain
was involved in a 8-sheet structure.

Riek and coworkers proposed a 3D structure of Ag42
fibrils based on solution NMR of dissociated A 42 fibrils
following H/D exchange.3® Goto’s group extended the
application of this method to A2m fibrils.163
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5.2.2  Detection of Hydrogen—Deuterium Exchange by
Mass Spectrometry

The protease pepsin, which specifically cleaves peptide
bonds N-terminally to aromatic amino acids, is typically
used prior to analysis of H/D exchange experiments by
MS.160) Pepsin is added to H/D-exchanged proteins
at a ratio of 1:1 (w/w), followed by incubation for
Smin. The resultant peptide mixture is subjected either
to liquid-chromatography—mass spectrometry (LC-MS),
typically with electrospray ionization (ESI)1%” or to
matrix-assisted laser-desorption/ionization time-of-flight
(MALDI-TOF) MS. The undeuterated protein is used as
a reference to clarify the mass shifts for each fragment
and deuterium uptake at cleavage sites. The folding
pathway and the sequences of folding or unfolding events
delineated based on the detected exchange rate.

Kheterpal et al. have used H/D exchange followed by
MS to study structural differences between Ap fibrils
and protofibrils stabilized by calmidazolium chloride.*”
Their study demonstrated that protofibrils undergo
structural rearrangements upon maturation into fibrils
and revealed structural heterogeneity in the region
AB(20-34) of protofibrils but not fibrils.

Recently, Dobson and coworkers proposed a unique
mechanism of amyloid fibril formation based on a
combination of H/D exchange analyzed by both NMR
and ESI-MS using fibrils formed from a Src homology 3
domain of the «-subunit of bovine phosphatidylinositol-
3’-kinase. Their results have revealed that under the
conditions used, exchange was dominated by a mechanism
of dissociation and reassociation, which results in the
recycling of molecules within the fibril population.16®
The insight obtained by the authors can be beneficial to
understanding the parameters governing the behavior of
proteins as they undergo denaturation and assembly into
amyloid fibrils.

5.3 Limited Proteolysis

Limited proteolysis is a complimentary method to H/D
exchange, aimed at mapping of protein structures by
studying which regions are exposed to the surface, flex-
ible or rigid, and estimating protein-folding dynamics. The
method is based on enzymatic cleavage at sites of confor-
mational flexibility and protection from such cleavage
by stable conformations. Typically, 4—10 residues are
required for a protease cleavage site. Common proteases
include pepsin, which cleaves preferentially N-terminally
to aromatic, but not aliphatic residues, and trypsin, which
cleaves C-terminally to lysine and arginine, (except when
followed by proline residues). This method is often used
in combination with LC-MS under condition that limits
proteolysis rate, e.g. at low enzyme—substrate ratios.

Wetzel and coworkers studied structural differences
between AB40 monomers and fibrils by limited prote-
olysis using trypsin and chymotrypsin. The N-terminal
proteolytic fragments, in both cases, were produced
almost at the same rate for fibrillar and unaggregated
AB40, whereas C-terminal regions of fragments in fibrils
were produced more slowly than in monomers. Interest-
ingly, the data showed that not all the N-termini were
cleaved at the same rate in AB40 fibrils suggesting struc-
tural heterogeneity.16%

Teplow and coworkers performed limited proteolysis
of AB42 and AB40 in combination with LC—MS using
an array of proteases capable of cleaving at almost every
peptide bond.'7? They found a protease-resistant region
(Ala21-Ala30) in both AB42 and AB40. This fragment
alone, outside the full-length A 8 sequence, also was found
to be resistant to proteolysis.

Myers et al. determined the conformational properties
of 82m within fibrils of different morphologies by limited
proteolysis of each fibril type using pepsin digestion
and tandem MS.!7D The results showed that fibrils
with different morphologies result in distinct digestion
patterns. The long, straight fibrils formed at pH 2.5
show dramatically enhanced protection from limited
proteolysis compared to shorter fibrils formed at pH
3.6.

5.4 Fluorescence Methodologies

5.4.1 Intrinsic Fluorescence

The fluorescence of the aromatic residues Trp, Tyr, and
Phe is sensitive to the local environment and therefore
can be used to study protein folding and assembly.17?
Most of the fluorescence emission in proteins is due
to excitation of Trp residues at 280 nm. Tyr and Phe
fluorescence is weaker, with intensity maxima at 274 and
257 nm, respectively.

Trp has the highest quantum yield and its emission
maximum is sensitive to the polarity of its environment.
Consequently, Trp is a commonly used intrinsic fluores-
cent probe in studying protein folding and dynamics.17?
Although Tyr is a weaker emitter than Trp, it is used often
for protein analysis because of its relative abundance in
nature. The Tyr emission maximum is near 305 nm and
is less sensitive to the polarity of environment than Trp
but more sensitive than Trp to changes in pH. Phe is the
weakest fluorophore among the three and, therefore, its
utility is low relative to Trp and Tyr. The fluorescence of
Phe can be observed only in the absence of both Tyr and
Trp.

Maji etal. have used the intrinsic fluorescence of
the single Tyr residue in AB to probe its assembly-
dependent conformational changes.!’ Tyr at position
10 in wild-type AB and Ap derivatives in which Tyr10



16

was substituted by Phe and Tyr was introduced at position
1, 20, 30, or 40(42) were used to probe conformational
dynamics during AS assembly. On the basis of the
findings, the investigators suggested that the C-terminal
area in Ap42 underwent substantial conformational
rearrangement during aggregation, whereas the central
hydrophobic cluster (ApB(17-21)) was essential for
controlling A 840 aggregation. In another example, Téugu
et al. investigated the binding mode of AB40 to zinc or
copper using a decrease in intrinsic fluorescence of AS40
upon binding to metals. ¥

Studies of intrinsic Tyr fluorescence in IAPP have
suggested that Tyr37 and Phe23 or Phel5 form an
aromatic cluster that could be important for protofilament
assembly into fibrils. These results are consistent with the
decreased accessibility of Tyr to quenching by iodine
or acrylamide and the increased anisotropy of Tyr in
fibrils.17> Structural studies of prion, a-synuclein, Ig light-
chains and apolipoproteins using intrinsic fluorescence
have been reviewed by Munishkina et al.1’?

5.4.2  Fluorescence Resonance Energy Transfer

Fluorescence resonance energy transfer (FRET) is based
on dipolar coupling between the emission from a
fluorescence donor and the absorption of an acceptor. For
FRET to occur, the emission spectrum of the donor has to
overlap with the excitation spectrum of the acceptor.7®
To minimize background fluorescence from uncoupled
acceptor and donor, the excitation and emission spectra
of the donor and the acceptor, respectively, must have
little or no overlap. Typically, FRET is manifested by a
decrease in the donor emission along with an increase
in acceptor emission. FRET efficiency depends on the
distance between the fluorophores and, therefore, it is
a useful and sensitive method for measuring intra- and
intermolecular distances, monitoring protein folding, and
studying protein—membrane interactions. FRET can be
accomplished using the intrinsic fluorescence of aromatic
residues in proteins (see Section 5.4.1) but because the
fluorescence of these residues is relatively weak, high
quantum yield fluorophores are typically introduced at
strategic points along the sequence. Multiple parameters,
including surface exposure of each fluorophore, ionic
charge, solvent polarity, and overall mobility of the
molecules may affect the measured fluorescence and,
therefore, must be well controlled for and taken into
account for distance calculations.

Glabe and coworkers reported a series of Ap40
derivatives containing fluorophore groups, such as 5-(2-
((iodoacetyl)amino)ethyl)aminonaphthylene-1-sulfonic
acid or fluorescein maleimide as donors attached to Cys
residues at different positions along the sequence.'’” In
addition, the authors used Ap40 derivatives containing
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Tyr10-Trp substitution, in order to use the Trp residue
as an acceptor. The study suggested the existence of
ApB40 dimers.

Kim etal. have reported FRET experiments in
which both fluorescence donor and acceptor were
conjugated to AB(11-25) for investigation of confor-
mational transitions during Ap assembly.1”® Amine-
reactive 5-(and-6)-carboxytetramethyl rhodamine was
introduced as the donor to the N-terminus of A8 (11-25)
and 4-dimethylaminophenylazophenyl-4’-maleimide was
attached to the C-terminus as the acceptor through a Cys
linker. This system enabled monitoring conformational
changes during the AB fragment assembly in real time.

FRET measurements were used to study the structure
and dynamics of «-synuclein under three different
conditions — at physiological pH 7.4, acidic pH 4.4, and
in the presence of SDS micelles.7>17” Trp and 3-nitro-
tyrosine at six different locations in the protein were
chosen as donor—acceptor pairs. The results showed
that «-synuclein existed as an ensemble of compact and
extended conformations under all tested conditions. In
acidic solutions, the C-terminus of a-synuclein became
more compact, whereas in the presence of SDS micelles,
the N-terminus was more compact and the C-terminus
was more extended.

Mukhopadhyay et al. carried out the single-molecule
FRET and fluorescence correlation spectroscopy of yeast
prion protein with two distinct regions, amyloidogenic N-
terminal domain and a charged solubilizing middle region,
to investigate its monomer structure and dynamics. Their
results suggested that natively unfolded yeast prion
consisted of an ensemble of structures having a collapsed
and rapidly fluctuating N-terminal region juxtaposed with
a more extended middle region.5

5.4.3 Monitoring Aggregation Using Conjugated
Fluorescent Proteins

A method for monitoring protein aggregation by fusion
of an amyloidogenic protein to a fluorescent protein
was developed by Hecht and coworkers. The method
is based on the slow folding of green fluorescent
protein (GFP) and the requirement for the fully folded
protein for fluorescence. When GFP is conjugated to
a protein undergoing fast aggregation, e.g. ApB42, the
aggregation impedes the folding of GFP and thereby
inhibits fluorescence. Hecht and coworkers used this
system to screen for amino acid substitutions in A8 that
facilitate or inhibit aggregation®) and for inhibitors of
aggregation.®? The assay is based on expression of the
fusion protein in Escherichia coli and monitoring the
green fluorescence of the colonies. A potential drawback
of this approach for screening aggregation inhibitors is
that successful inhibitors of A42 aggregation must enter
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through bacterial cell membrane in order to be recognized
as a positive hit. To overcome this problem, the assay
could be modified to express the fusion protein in a
cell-free system. (182

6 ASSEMBLY SIZE AND SIZE
DISTRIBUTION

In this section, we discuss techniques that allow
study of oligomeric distribution of proteins in equi-
librating and quasi-equilibrating systems. Some of
the techniques, including photo-induced cross-linking
of unmodified proteins (PICUP), sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-
PAGE), and SEC also allow preparative fractionation
and purification of oligomeric assemblies, whereas others,
such as DLS are used for analytical purposes only.

6.1 Sodium Dodecyl Sulfate-Polyacrylamide Gel
Electrophoresis

PAGE (see Gel Electrophoresis in Protein and Peptide
Analysis. In addition, for interesting historical accounts
on PAGE see8189) is a routine, inexpensive method
enabling separation of proteins based on their elec-
trophoretic mobility, which is governed by polypeptide
charge density and/or relative molecular mass (M,). In
SDS-PAGE, protein mixtures are electrophoresed after
treatment with SDS (SDS, 288.38gmol~!). SDS binds
proteins via its hydrophobic dodecyl tails, leaving the
sulfate groups solvent-exposed, thus creating a negatively
charged ‘“envelope” covering the protein molecules.
SDS binds different polypeptides at an approximately
constant mass ratio— 1.4g SDS per gram of polypep-
tide. SDS binding often leads to denaturing secondary
and nondisulfide-linked tertiary structures, resulting in
electrophoretic migration rates governed largely by the
polypeptide chain length (i.e. M,). In the absence of SDS,
proteins of different mass-to-charge ratio electrophorese
distinctly and protein conformation and folding also affect
electrophoretic mobility.

Although SDS-PAGE is generally an excellent analyt-
ical and preparative method in protein analysis (see
Gel Electrophoresis in Protein and Peptide Anal-
ysis), importantly, the effect of SDS on all proteins
is not equivalent.!® Different proteins, different
conformations of the same protein,®® or truncated
versions of certain proteins'’®”’ may not bind stoichio-
metric amounts of SDS. In addition, in certain cases,
SDS can induce or stabilize secondary and quaternary
structures rather than denaturing them.(186-188.189 AJso,
SDS may cause dissociation of protein assemblies or
conversely, induce protein self-association, depending on

the specific protein studied.1®1%? For example, AB42-
derived ‘“‘globulomers’ are oligomeric species produced
by incubating AB42 in the presence of 0.2% SDS.19%
Apparent electrophoretic fractionation of monomeric or
oligomeric components in a protein mixture does not
necessarily indicate existence of such components prior
to SDS treatment. Examples of this shortcoming of SDS-
PAGE have been reported in its applications to studies
of A1 and a-synuclein.®>

Ap is an amphipathic protein known to form SDS-
stable oligomers. In fact, SDS-induced assembly of
ApB into insoluble aggregates has been -capitalized
on to purify AB from brain homogenates.1*® When
treated with SDS, ApB assembles rapidly into high-
molecular-mass aggregates.'°Y During electrophoresis
of ApB40, these aggregates dissociate completely and
only a monomer is observed following staining, whereas
electrophoresis of ApB42 yields apparent trimeric and
tetrameric components (Figure 8(129).(120 [n addition,
essentially identical monomer—trimer—tetramer distribu-
tions are observed when different preparations of Ap42,
including monomeric, oligomeric, and fibrillar Ap42,
are analyzed by SDS-PAGE,!?” demonstrating that the
treatment with SDS, rather than the initial assembly state,
determines the electrophoretic mobility of AB42. In a
urea-containing SDS-PAGE system, AS and truncated
versions thereof do not obey the law of mass—mobility
relationship, likely because Ag—SDS binding is propor-
tional to the sum of the hydrophobicity indices, rather

than the number, of constituent amino acids.187
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Figure8 SDS-PAGE with or without PICUP analysis of A 840
and Ap42. Aggregate-free AB40 and Ap42 were prepared
by SEC (29 and either mixed with Tricine sample buffer or
cross-linked immediately following their isolation. SDS-PAGE
analysis was followed by silver staining. Noncross-linked (lanes
1 and 3) or cross-linked (lanes 2 and 4) AB40 and AB42 are
shown. Densitometric intensity profiles of lanes 2 (cross-linked
AB40) and 4 (cross-linked AB42) are shown on the left and right,
respectively. Arrows next to lane 4 indicate intensity maxima
corresponding to presumptive dodecamer and octadecamer
species. (Reproduced with permission from Ref. 125. © National
Academy of Sciences, U.S.A, 2003.)
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Both human and rat oa-synuclein have shown
aberrant electrophoretic mobility upon SDS-PAGE,
whereas artifactual SDS-PAGE-induced high-molecular-
mass components were not observed when the samples
were analyzed by SEC.M™ Thus, despite its wide
use and high resolution, SDS-PAGE is not a reliable
method for size determination of certain proteins (e.g. «-
synuclein) or noncovalently stabilized protein assemblies
(e.g. AB oligomers).

6.2 Photo-Induced Cross-Linking of Unmodified
Proteins

PICUP stabilizes oligomer populations by covalent
cross-linking and provides snapshots of homo- or hetero-
molecular interactions that exist before cross-linking. In
a metastable protein mixture, oligomers dissociate into
monomers and associate into larger assemblies contin-
uously in quasi-equilibrium. PICUP, when combined
with SDS-PAGE or SEC, enables visualization and
analysis of the size distribution of metastable protein
assemblies.'”® PICUP involves photo-oxidation of Ru?*
in a tris(bipyridyl)Ru(Il) complex (Ru(Bpy)) to Ru’*
by irradiation with visible light in the presence of an
electron acceptor. Ru** is a strong one-electron oxidizer
capable of abstracting an electron from a neighboring
protein molecule, generating a protein radical. 1?8199
Radicals are unstable, highly reactive species and, there-
fore, disappear rapidly through a variety of intra- and
intermolecular reactions. A radical may utilize the high
energy of an unpaired electron to react with another
protein monomer forming a dimeric radical, which may
subsequently lose a hydrogen atom and form a stable,
covalently linked dimer. The dimer may then react further
through a similar mechanism with monomers or other
dimers to form higher order oligomers. Some of the
advantages of this method, as opposed to other chem-
ical cross-linking methods,?"” are that PICUP-generated
covalent bonds between closely interacting polypeptide
chains occur within <1s exposure to nondestructive
visible light, without pre facto chemical modifications of
the native sequence, and without using spacers. Further-
more, PICUP enables cross-linking of proteins within
wide pH and temperature ranges, including physiological
parameters.

PICUP was originally developed to study stable
protein complexes.'®” The method was applied later
to quantitative study of metastable amyloid protein
assemblies, including AB,?V calcitonin,"*® prion, and
disease-associated PrP%,192 and «-synuclein.?"? Using
PICUP, the effect of amino acid sequence modifications
on the quaternary structure and the relationship between
primary and quaternary structures of metastable protein
oligomers can be investigated.!”®® For example, AB40
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and ApB42 were found to form distinct oligomer size
distributions, each of which was affected distinctly by a
subset of structural modifications in the A8 sequence.?’D
Furthermore, PICUP was used to show that aggregates
of rPrP and PrP% were linked at interacting surfaces
via amino acid side chains. Specific intermolecular
cross-linking of PrP% was achieved even in crude
brain homogenates, and cross-linking did not alter the
level of infectivity of PrP%, indicating that PICUP-
induced covalent linkage of PrPS¢ did not abolish surface
interactions important for prion propagation.1®> When
PICUP was applied to studying early events of ¢-synuclein
oligomerization, it was found that soluble «-synuclein
existed as an equilibrium comprising monomers, dimers,
and trimers, and the N-terminal amphipathic region was
proposed to be required for oligomerization.?’?

The mechanism, instrumentation, protocol, and limita-
tions of PICUP were discussed in detail elsewhere. 198199

6.3 Size-Exclusion Chromatography

SEC (also called gel permeation chromatography and
gel filtration chromatography) (see Size-exclusion Chro-
matography of Polymers; Biopolymer Chromatography)
fractionates solutes based on their Stokes radii, i.e. hydro-
dynamic volumes (which can be correlated with molar
mass).?%) SEC is used to determine molar mass averages
and molar mass distributions of solutes. SEC separa-
tion is achieved using a stationary phase comprising a
porous matrix. In principle, limited accessibility of the
pores within the particles of the stationary phase causes
larger molecules to interact less with the solid phase
and elute faster than smaller molecules. SEC affords an
SDS-independent separation mechanism and covers a
molecular mass range of ~10°~10° Da. However, SEC
provides lower resolution than SDS-PAGE or mass spec-
trometric techniques, and molecular-mass estimations of
polypeptides can be inaccurate if the elution profiles are
sensitive to protein conformation.

Analytical and preparative SEC are used extensively
in the study of amyloid proteins. SEC can distinguish
between protofibrils (PF) and small oligomers of Ap©®
and other aggregation-prone proteins, making it a useful
technique for studying the kinetics involved in conversion
of LMW oligomers to PF (or dissociation of PF into
LMW oligomers). In addition to its use as an analytical
method,®™ SEC has been used extensively to purify
fractions of particular assemblies,12>-131-133.205.200) SEC
along with other complementary techniques, including
CD, ThT-binding fluorescence, and DLS were used to
investigate the propensity of the various mutants of Cu/Zn
superoxide dismutase 1 (SOD1) in the apo- and Zn-
bound protein in comparison to the wild-type SOD1.207
There are about 100 single-point mutations of SOD1
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reportedly related to the familial form of amyotrophic
lateral sclerosis. Description of the basic instrumentation
and utilization of SEC for preparation of aggregate-free
Ap was published previously.?%®

6.4 Analytical Ultracentrifugation

AUC is a versatile technique used extensively to char-
acterize hydrodynamic and thermodynamic properties of
proteins and other macromolecules (see Centrifugation
in Particle Size Analysis; Sedimentation in Particle Size
Analysis). Conceptually, AUC allows real-time quan-
titative analysis of spatial redistribution of analytes
in solution under an ultracentifugal force field. Unla-
beled and unmodified proteins can be analyzed by
AUC in a wide range of excipient conditions, obvi-
ating analyte—matrix interactions such as those occurring
during SEC. Because molecular frictional forces oppose
the centrifugal force, sedimentation depends, in addition
to other parameters, on the hydrodynamic properties of
the molecules, providing low-resolution information on
the structure of protein complexes, and enabling detection
of conformational alterations.

Coupled with data-analysis software, AUC can deter-
mine sample purity and molecular mass in solution,
measure sedimentation and diffusion coefficients, char-
acterize assembly—disassembly mechanisms of complex
analytes, determine subunit stoichiometry, detect and
characterize macromolecular conformational changes,
and measure equilibrium constants and thermodynamic
parameters for self- and hetero-associating assemblies.

Often, two types of AUC experiments are performed —
sedimentation velocity (SV) and sedimentation equi-
librium (SE). Typically, SV is conducted at relatively
high rotor speeds. In SV experiments, each protein
species in a mixture forms a unique boundary and
sediments at a characteristic speed governed by its
molecule mass, size, and shape. The velocity and shape
of the moving concentration boundary is used to esti-
mate the sedimentation coefficient, diffusion coefficient,
molecular mass, and equilibrium constants of interacting
species. SE experiments are operated at relatively low
rotor speeds. The sedimentation of proteins under lower
centrifugal forces than SV experiments is opposed by the
diffusion, and eventually when equilibrium is reached,
a time-invariant exponential concentration gradient is
established throughout the centrifuge cell. The concen-
tration gradient of proteins at equilibrium has been used
widely to determine the molecular weight, stoichiometry,
binding affinity, and virial coefficient of hetero-interacting
or self-associating systems.

AUC combines an ultracentrifuge, a multicompart-
mental rotor, and an optical system for detection of
analyte concentration. The optical detection system

is triggered by the revolution of the rotor, allowing
acquisition of data only during the extremely short inter-
vals when a particular sample assembly aligns within
the optical path. Two commercially available optical
detection systems, dual-beam ultraviolet/visible spec-
trophotometers and highly sensitive laser interferometers
capable of recording the refractive index, are used
widely.

SV and SE AUC have been used to analyze
size distribution of various components of amyloido-
genic assemblies.?® 21D Ag-derived diffusible ligands
(ADDLSs), which are soluble ApB42-derived prefibrillar
neurotoxic assemblies, have been shown to contain a
high-molecular-mass component with estimated mass of
175kDa by SV and 120-540 kDa by SE experiments.*?
Using SE, Huang etal. have reported that ApS40
existed as an equilibrium mixture of monomers, dimers,
and tetramers at neutral pH. However, other equi-
libria, including monomer—dimer, monomer—trimer, or
monomer—tetramer, could not be ruled out hindering
precise determination of the oligomerization state of
the peptide by this method.?'? AUC along with
CD spectroscopy and chemical cross-linking were used
to characterize the preamyloid state of recombinant
PrPg,_,3,. SE experiments showed that the preamyloid
form of recombinant PrP existed in a monomer—dimer
equilibrium.® SE and SV AUC were used to charac-
terize the quaternary structural requirements for TTR
amyloidogenic intermediates, which lead to fibril forma-
tion and cause senile systemic amyloidosis and familial
amyloid polyneuropathy.?!?

6.5 Dynamic Light-Scattering Spectroscopy

DLS, also known as quasielastic light-scattering, photon-
correlation spectroscopy, or intensity fluctuation spec-
troscopy (see Photon Correlation Spectroscopy in Particle
Sizing; Light Scattering, Classical: Size and Size Distri-
bution Characterization; Turbidimetry in Particle Size
Analysis; Diffraction in Particle Size Analysis), is a nonin-
vasive, nondestructive, quantitative, optical method for
determining diffusion coefficients of particles (0.1-3000-
nm size range®®) undergoing Brownian motion in
solution or suspension. DLS measures the temporal
fluctuations of light scattering by solute particles as a
function of time (over 10~7—1 s). Temporal fluctuations
in the intensity of the scattered light relate to the rate
of Brownian motion, which is correlated to the diffusion
coefficient, D, and the radii of the particles according to
the Stokes—Einstein equation:?14215
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where k, is Boltzmann’s constant, 7 is the abso-
lute temperature, n is the viscosity of the suspending
liquid, and R, and D, are the hydrodynamic radius and
diameter, respectively. Knowledge of diffusion coeffi-
cient of molecules allows determination of molecular
features, including size and flexibility. Temporal changes
in these parameters provide information about the
kinetics and structural transitions occurring, e.g. during
protein assembly—disassembly processes. In a polydis-
perse mixture, a distribution of diffusion coefficients is
obtained.

DLS has an intrinsic bias for large aggregates because
the intensity of the scattered light is proportional to the
square of the particle mass.?'® Therefore, DLS is well
suited to measure minute amounts of aggregated proteins
(<0.01% by weight) on the background of monomers
and small oligomers. For large or extended proteins
(rodlike/unfolded), scattering varies significantly with
angle.?'” Determining scattering at additional angles by
multiangle laser light scattering (MALLS) allows direct
measurements of masses up to the MDa range. Because
the light-scattering signal is directly proportional to
protein concentration and molecular mass, a combination
of DLS signal and concentration measurements using
refractive index or absorbance, allows calculation of the
molecular mass of each component when proteins are
fractionated chromatographically. DLS can resolve the
monomeric and dimeric state of a protein if the shape
of the protein is known, but it cannot distinguish among
small oligomers when their hydrodynamic radii differ
by less than a factor of 2@!® or between, for example, a
compact dimer and an extended monomer. Consequently,
DLS is less useful for analyzing individual small oligomers
than SEC-MALLS, PICUP coupled with SDS-PAGE, or
SV AUC.

DLS has been applied to structural studies of
multiple amyloidogenic proteins, including insulin,?'”
calcitonin,®” and the model protein barstar.”’” Detailed
accounts of the theory, instrumentation, practice, and
data analysis of DLS applied to the study of Ap have
been reviewed by Lomakin et al.(?16-221.222)

Because DLS allows monitoring protein assembly
noninvasively, it has been used widely to study Ap
aggregation and assembly processes.(125:132,134,223-226)
Solution state and size distribution of ADDLs has been
assessed recently by Hepler et al. using SEC coupled
with MALLS.®? Walsh et al. reported studies using
DLS and other techniques examining early stages of AS
oligomerization and characterization of A8 intermediates
during fibrillogenesis.'® Shape and size of discrete
oligomeric species, which are formed on the pathway
of oxidative prion aggregation in vitro, also were
characterized using DLS along with other complementary
methods.?*”)
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6.6 Ion-Mobility Spectrometry—Mass Spectrometry

When coupled with MS (see Mass Spectrometry:
Overview and History), IMS (see Ion Mobility Spec-
trometry in Forensic Science), which separates ions based
on both their mass-to-charge ratio and their 3D struc-
ture, is a powerful analytical method for investigating
molecular structures in complex samples.®?® IMS-MS
can resolve molecules of identical mass-to-charge (m/z)
ratios that have different collision cross-sections (e.g.
different assembly states or conformations) and/or charge
states. An IMS-MS instrument performs five basic
processes: sample introduction, compound ionization,
ion-mobility separation, mass separation, and ion detec-
tion (see Figure 9).?* Four types of IMS are used:
drift-time, aspiration, differential, and traveling-wave.
Drift-time IMS is operated under either ambient pres-
sure or reduced-pressure conditions. Aspiration and
differential IMS are operated under ambient pressure,
whereas the traveling-wave IMS is performed under
reduced-pressure conditions. Each of these IMS setups
can be interfaced to a variety of mass spectrometers,
including time-of-flight (see Time-of-flight Mass Spec-
trometry; Mass Spectrometry: Overview and History),
quadrupole (see Quadrupole Ion Trap Mass Spectrom-
eter; Mass Spectrometry: Overview and History), ion-trap
(see Quadrupole Ion Trap Mass Spectrometer; Mass
Spectrometry: Overview and History), ion-cyclotron (see
Electron Ionization Mass Spectrometry; Mass Spectrom-
etry: Overview and History), or magnetic-sector mass
spectrometers (see Mass Spectrometry: Overview and
History). In traditional drift-time IMS, ions are carried
by a weak, uniform electric field through a drift cell in
which they collide at low velocity with a low-pressure
inert gas such that the collision thermal energy due to
the buffer gas is greater than the energy the ions obtain
from the electric field. Under this principal condition,
ions have energies similar to that of the buffer gas so that
they undergo a directional diffusion process. Under these
low-field conditions, the drift velocity of ions is directly
proportional to the electric field but inversely propor-
tional to their collision cross-section. This proportionality
is defined by ion-mobility constant (K '), which is related
to ionic cross-section by

3q 2 m+ M 1
K=|— — [ _ 2
(G (i) (5) o
where ¢ is the ion charge, N is the number density of the
buffer gas, k is Boltzmann’s constant, T is the absolute
temperature, m is the mass of the buffer gas, M is the
mass of the ion, and 2 is the collision cross-section of

the ion.??® Thus, in the case of a mixture of protein
assemblies, conformers/ions with compact structures and
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Figure 9 A scheme of an ESI-FAIMS/IMS/Q-TOF MS instrument.®?? ESI, FAIMS, Q00-Q2, and TOF MS denote electrospray
ionization, field-asymmetric waveform ion-mobility spectrometer, quadrupole stages 00-2, and time-of-flight mass spectrometer,
respectively. (Reproduced from Ref. 229. © American Chemical Society, 2005.)

smaller cross-section have higher mobility and drift faster
through the cell than ions with larger cross-sections. The
ions exit the drift cell, pass through a mass filter, and
are detected as a function of time, producing a temporal
arrival distribution. The traditional drift-time IMS is the
only type allowing measurement of collision cross-section
of ions.

Detailed discussion of the instrumentation and
theory of IMS-MS, various types of IMS—-MS inter-
faced to different types of mass spectrometers, and
selected IMS-MS applications have been reviewed
elsewhere.?28.230)

Protein oligomers often have identical m/z ratio
(i.e. a singly charged monomer has the same m/z as
a doubly charged dimer, triply charged trimer, etc.).
IMS-MS analysis can resolve these species yielding
an oligomer size distribution. IMS-MS studies of
ApB have shown that freshly prepared LMW Apg40
contained monomers, dimers, trimers, and tetramers,
whereas similarly prepared solutions of A42 comprised
oligomers up to a dodecamer.®3) These results accord
with earlier observations of distinct oligomer size
distributions of AB40 and Ap42 by PICUPY? and
may explain differences in neurotoxic effects of the two
Ap alloforms. IMS interfaced with ESI-MS was used
to analyze a-synuclein®? and B,m@? under different
pH conditions and study various protein conformers.
Different g,m conformers were found to co-exist in the
solution and could be detected and analyzed by ESI field-
asymmetric ion-mobility spectrometry (ESI-FAIMS),
consistent with observations of their folding behavior
described by complimentary biophysical techniques,
including CD and NMR.%? Utilization of gas-phase
approaches such as IMS has led to accumulation of

extensive evidence that ESI (and to some extent MALDI)
can produce ions that retain key structural aspects of
proteins in solution.?*® In particular, the dependence
of protein conformation on solution conditions (e.g.
pH and excipient composition) in IMS and FAIMS
shows that gas-phase measurements can concord with
protein conformations in solution.**» Furthermore, 2D
FAIMS-IMS separations coupled with MS revealed
many more protein conformations (including some lowly
abundant conformations) than either FAIMS or IMS
alone used in the study of cytocrome ¢ and ubiquitin, 3%
suggesting that IMS—MS and IMS-IMS-MS offer great
potential in the dissection of protein conformational
dynamics, a feat currently unachievable by other bio-
physical techniques.
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2DIR

3D

B2m

Ap

AD
ADDLs
AFM
ATR-FTIR

AUC
CCD
CD

Cp

CR
DLS
DMSO
EELS
EM
EPR
ESI
ESR
EXAFS

FAIMS
FRET
FTIR

GFP
HCC
H/D
HSQC

IAPP
LC-MS

Ig
IMS
LMW

MALDI-TOF

MALLS
MAS
NMR
MPL
NOE
PD
PICUP

PF
SANS

Two-dimensional infrared
Three-dimensional
B,-microglobulin

Amyloid B-protein
Alzheimer’s disease
AB-derived diffusible ligands
Atomic force microscopy
Attenuated total-internal reflection
Fourier transform infrared
Analytical ultracentrifugation
Charge-coupled device
Circular dichroism

Cross polarization

Congo red

Dynamic light scattering
Dimethyl sulfoxide
Electron-energy-loss spectrometers
Electron microscopy

Electron paramagnetic resonance
Electrospray ionization
Electron spin resonance
Extended X-ray absorption fine
structure

Field-asymmetric ion-mobility
spectrometry

Fluorescence resonance energy
transfer

Fourier transform infrared
spectroscopy

Green fluorescent protein
Human cystatin C
Hydrogen—deuterium
Heteronuclear single-quantum
coherence

Islet amyloid polypeptide
Liquid-chromatography—mass
spectrometry

Immunoglobulin

Ion-mobility spectrometry

Low molecular weight
Matrix-assisted laser-desorption
ionization/time of flight
Multiangle laser light scattering
Magic-angle spinning

Nuclear magnetic resonance
Mass per length

Nuclear Overhauser effect
Parkinson’s disease
Photo-induced cross-linking of
unmodified proteins
Protofibrils

Small-angle neutron scattering

PEPTIDES AND PROTEINS

SDS-PAGE Sodium dodecyl
sulfate—polyacrylamide gel
electrophoresis

SDSL Site-directed spin labeling

SE Sedimentation equilibrium

SEC Size-exclusion chromatography

SOD1 Superoxide dismutase 1

ssNMR Solid-state NMR

SMA Immunoglobulin light chain variable
domains from patients with these
initials

STEM Scanning transmission electron
microscopy

ST™M Scanning tunneling microscopy

SV Sedimentation velocity

TEM Transmission electron microscopy

ThT Thioflavin T

ThS Thioflavin S

TIRFM Total-internal reflection fluorescence
microscopy

TTR Transthyretin

uv Ultraviolet

XANES X-ray absorption near-edge structure

XAS X-ray absorption spectroscopy
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