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MECHANISMS OF DISEASE

Molecular Mechanisms of Amyloidosis
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p g
tions that challenge the physician’s diagnostic capability (Table 1). Copyright © 2003 Massachusetts Medical Society.
The deposition of amyloid in brain tissue underlies Alzheimer’s disease,?3 which
affects more than 12 million people worldwide. The central nervous system is also the
target of prion proteins, the cause of a group of rare hereditary or acquired neurode-
generative conditions.* The approximately 1 million patients who are receiving dialysis
worldwide are at risk for symptomatic amyloidosis.5 The two most common forms of
systemic amyloidosis are light-chain (AL) amyloidosis, with an incidence of approxi-
mately 1 case per 100,000 person-years in Western countries,® and reactive amyloidosis
due to chronic inflammatory diseases (e.g., theumatoid arthritis and chronic infections).
Hereditary amyloidosis is an ever-expanding group of disorders that pose difficult di-
agnostic problems.” The clinical features of systemic amyloidosis were reviewed in the
Journal in 1997.8

MOLECULAR MECHANISMS

BIOCHEMICAL CHARACTERISTICS OF AMYLOIDOGENIC PROTEINS
Isolation of the protein components of natural amyloid and the chemical characteriza-
tion of these components are indispensable investigative tools.° To date, atleast 21 dif-
ferent proteins have been recognized as causative agents of amyloid diseases.! Despite
having heterogeneous structures and functions, all these proteins can generate morpho-
logically indistinguishable amyloid fibrils (Fig. 2).1° The generic fibrillar form of pro-
teins can be regarded as a primordial structure dominated by hydrogen bonding between
the amide and the carbonyl groups of the main chain, rather than by specific interactions
of the side chains, which dictate the structure of functional globular proteins.1* The es-
sence of amyloidosis lies in the capacity of these proteins to acquire more than one con-
formation, a feature that has earned them the sobriquet of chameleon proteins.12

A DYNAMIC VIEW OF THE PATHOGENIC PROCESS
The conversion of the structure of the native protein into a predominantly antiparallel
B-sheet secondary structure (in which the N- and C-terminals are oriented in opposite
directions) is a pathologic process closely related to physiologic protein folding. The
folding of a newly synthesized polypeptide occurs in a rapid sequence of conformation-
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Figure 1. Atomic-Force Microscopy of Natural Amyloid
Fibrils.

Fibrils were extracted from the heart of a patient with a
familial form of apolipoprotein A-I amyloidosis. The im-
age was obtained by tapping mode atomic-force micros-
copy; the fibrils were dried on mica. The scan size was
720 nm, with a Z range of 14 nm. The image was kindly
provided by Dr. Annalisa Relini, Department of Physics,
University of Genoa, Genoa, Italy.

al modifications in the cytoplasm. According to the
“folding energy landscape theory,” the process fol-
lows a funnel-like pathway (Fig. 3) in which the con-
formational intermediates progressively merge into
afinal species.13 In addition, ata minimum of ener-
gy similar to that reached by the native protein, the
polypeptide can acquire an alternative and relatively
stable “misfolded state,”14which is prone to aggre-
gation. Once the folding process has been complet-
ed and the native protein secreted (Fig. 4), many
proteins are in dynamic equilibrium with a partially
folded conformation, and in this state, they retrace
the final part of the folding pathway, ultimately
forming either a native or misfolded protein.

In amyloid disease, potentially pathogenic mis-
folded proteins can form in different ways. The pro-
tein may have an intrinsic propensity to assume a
pathologic conformation, which becomes evident
with aging (e.g., normal transthyretin in patients
with senile systemic amyloidosis)1° or at persistent-
ly high concentrations in serum (e.g., beta,-micro-
globulin in patients undergoing long-term hemo-
dialysis).1® Another mechanism is the replacement
ofasingle amino acid in the protein, as occurs in he-
reditary amyloidosis.1? A third mechanism is prote-

olytic remodeling of the protein precursor, as in the
case of B-amyloid precursor protein (APP) in Alzhei-
mer’s disease.2 These mechanisms can act inde-
pendently or in association with one another. In ad-
dition to the intrinsic amyloidogenic potential of the
pathogenic protein, other factors may act synergis-
tically in amyloid deposition. For example, the pro-
tein precursor mustreach a critical local concentra-
tion to trigger fibril formation, a process enhanced
by local environmental factors and by interactions
with extracellular matrixes.18

MUTATIONS AND THE MOLECULAR MECHANISM
OF AMYLOID FORMATION

Immunoglobulin Light Chains

Only a small proportion of immunoglobulin light
chains are amyloidogenic; for example, AL amyloi-
dosis occurs in only 12 to 15 percent of patients
with myeloma. Certain structural features are relat-
ed to amyloidogenicity: the A isotype and the Vyy;
variability subgroup (a homologous family of light-
chain variable regions).1® Two V) gene segments
— 6a and 3r — contribute equally to the encoding
of 42 percent of amyloidogenic A chains.2° The
variable domains of light chains V(L), including
the amyloidogenic chains,?! mutate during the
immune response. Some of these physiologic mu-
tations can affect critical structural sites, destabiliz-
ing the domain and favoring the generation of an
aggregation-prone state.?223

Familial Amyloidosis

In the familial amyloidoses, the substitution of a
single amino acid transforms a normal protein into
an amyloidogenic one; prototypical proteins are
transthyretin2+ and lysozyme.25 Transthyretin is a
homotetrameric protein with a prominent 3-sheet
secondary structure, whereas lysozyme consists of
a single polypeptide with a predominantly helical
structure (Fig. 2). Approximately 80 different muta-
tions in transthyretin have been reported2¢; a few
mutations are not associated with amyloidosis,
and a couple are thought to protect against the dep-
osition of amyloid. Four pathogenic variants of ly-
sozyme have been reported27:28; a fifth variant,
Thr70Asn,29 is apparently not pathogenic.

The Role of Instability

The property shared by these amyloidogenic vari-
ants and confirmed in studies of cystatin C,3° im-
munoglobulin light chains,3! and gelsolin32 is a na-
tive conformation that is thermodynamically less
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Figure 2. Structural Features of Amyloid.

The three-dimensional structures of lysozyme (Protein Data Bank code 1LYY), transthyretin (Protein Data Bank code 1TTA), apolipoprotein
A-l (Protein Data Bank code 1AV1), and immunoglobulin  light chain (Protein Data Bank code 1BRE) are shown on the left. As shown in the
middle panel, all these polypeptide chains converge into a cross-beta super-secondary structure that has been well characterized by x-ray dif-
fraction, with prototypical interstrand and intersheet distances of 4.7 and 10 to 13 A, respectively. The original conformation of the precursor
protein can no longer be distinguished at this stage. Contiguous B-sheet polypeptide chains constitute a protofilament. As shown on the
right, several (four to six) protofilaments are wound around one another to form an amyloid fibril, with a distinct diameter of 7.5 to 10 nm vis-
ible on transmission electron microscopy (x100,000). This ultrastructure of the fibril allows the regular intercalation of Congo red dye, con-
ferring a diagnostic optical property to amyloid such as apple-green birefringence under polarized light microscopy. The Protein Data Bank is
accessible at http://www.rcsb.org/pdb/.

stable than that of the normal counterpart. A reduc- The role of protein stability in the formation of
tion in the stability of transthyretin should make it fibrils in vivo has been clarified by studies of natu-
easier for the tetramer to dissociate into mono- ral, nonamyloidogenic variants of both transthy-
mers, 15 whereas lysozyme mutations destabilize the retin and lysozyme. The Thr119Met variant of trans-
tertiary structure and thus give rise to partially folded thyretin has a thermodynamic stabilizing effect on
conformers33 (alternative spatial arrangements of transthyretin tetramers in association with both the
the same polypeptide). Monomers of transthyretin ~ wild-type polypeptide (wild type/Met119 genotype)
and partially folded conformers of lysozyme havea and the amyloidogenic variant Val30Met.34 Persons
strong propensity to self-aggregate and assemble with transthyretin tetramers reflecting the Met30/
into fibrils. Met119 genotype are protected from the disease that
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Table 1. Amyloid Proteins and Their Precursors.*
Amyloid
Protein Precursor Distribution Type Syndrome or Involved Tissues
AB AB protein precursor  Localized Acquired Sporadic Alzheimer’s disease, aging
Localized Hereditary  Prototypical hereditary cerebral amyloid angiopa-
thy, Dutch type
APrP Prion protein Localized Acquired Sporadic (iatrogenic) CJD, new variant CJD
(alimentary?)
Localized Hereditary ~ Familial CJD, GSSD, FFI
ABri ABri protein precursor  Localized or Hereditary  British familial dementia
systemic?
ACys Cystatin C Systemic Hereditary Icelandic hereditary cerebral amyloid angiopathy
AB2M Beta,-microglobulin Systemic Acquired Chronic hemodialysis
AL Immunoglobulin light  Systemic or Acquired Primary amyloidosis, myeloma-associated
chain localized
AA Serum amyloid A Systemic Acquired Secondary amyloidosis, reactive to chronic infec-
tion or inflammation including hereditary peri-
odic fever (FMF, TRAPS, HIDS, FCU, and MWS)
ATTR Transthyretin Systemic Hereditary  Prototypical FAP
Systemic Acquired Senile heart, vessels
AApoAl  Apolipoprotein A-| Systemic Hereditary  Liver, kidney, heart
AApoAll  Apolipoprotein A-ll Systemic Hereditary  Kidney, heart
AGel Gelsolin Systemic Hereditary  Finnish hereditary amyloidosis
Alys Lysozyme Systemic Hereditary  Kidney, liver, spleen
AFib Fibrinogen Aa chain Systemic Hereditary  Kidney

* Data were adapted from Westermark et al.2 The following proteins may also cause amyloidosis: immunoglobulin heavy
chain, calcitonin, islet-amyloid polypeptide, atrial natriuretic factor, prolactin, insulin, lactadherin, keratoepithelin, and
Danish amyloid protein (which comes from the same gene as ABri and has an identical N-terminal sequence). CJD de-
notes Creutzfeldt—Jakob disease, GSSD Gerstmann-Striussler—Scheinker disease, FFI fatal familial insomnia, FMF fa-
milial Mediterranean fever, TRAPS tumor necrosis factor receptor-associated periodic syndrome, HIDS hyper-IgD syn-
drome, FCU familial cold urticaria, MWS Muckle-Wells syndrome, and FAP familial amyloidotic polyneuropathy.

occurs in those with the Met30/wild-type geno-
type. The folding stability of the newly identified
Thr70Asn variant of lysozyme is between that of
normal and amyloidogenic species.3> However,
although destabilized, this molecule is not amy-
loidogenic, which suggests that certain proteins
have a marginal degree of protection against amy-
loidogenesis, even when their thermodynamic sta-
bility is less than that of wild-type protein.
Destabilization is necessary but probably not suf-
ficient to confer an amyloidogenic propensity on a
protein; other structural features are required for the
formation of fibrils. Recently, the role of charged
residues in modulating the aggregation process,
acting as structural gatekeepers by means of re-
pulsive forces, has been highlighted.3¢ In certain

proteins, such as gelsolin,3” the partial unfolding
caused by the mutation renders the protein suscep-
tible to the attack of proteases, thus provoking the
release of highly amyloidogenic polypeptides.
These findings provide support for the mecha-
nism shown in Figure 4. Amyloidogenic and normal
counterparts are synthesized and secreted as native
proteins, but the system of intracellular quality con-
trol appears to be incapable of recognizing and re-
moving dangerous mutants.38 Outside the cell, the
amyloidogenic variants ultimately reach a state of
equilibrium between fully folded and partially fold-
ed forms, but there is a much greater fluctuation in
the concentrations of the two forms than would be
expected. All factors that perturb the three-dimen-
sional structure — such as a low pH, oxidation, in-
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Figure 3. The Process of Protein Folding.

From a random coil conformation, the unfolded polypeptide enters a funnel-like pathway in which the conformational in-
termediates become progressively more organized as they merge, resulting in the most stable native state. In this state,
there is a minimum of free energy, which results from the balance between the level of enthalpy, the internal energy that
in folded protein is mainly determined by the kind and number of intramolecular bonds, and the level of conformational
entropy, the level of randomness of the polypeptide in solution.

creased temperature, limited proteolysis, metal
ions, and osmolytes — can shift the equilibrium to-
ward the partially folded amyloidogenic state. For
example, urea at the concentrations present in the
inner renal medulla enhances the formation of
fibrils by reducing the time required for a nucleus to
form, which in turn initiates rapid growth of the
fibril.39 In addition, local microenvironmental con-
ditions affect the ultrastructural organization of pro-
tein deposits. For example, pH influences the proc-
essing of immunoglobulin light chains, causing

them to form either fibrillar amyloid aggregates
or amorphous aggregates characteristic of light-
chain—deposition disease.#° Common components
of amyloid deposits, such as glycosaminoglycans
and serum amyloid P (SAP) component, may exert
identical effects by hastening the integration of a
soluble polypeptide into a more stable fibril.

Proteolysis
In certain amyloidoses, only a limited portion of the
amyloid protein precursor forms the fibril; the pro-
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Figure 4. Pathway Followed by a Newly Synthesized Polypeptide Chain in a Patient Who Is Heterozygous for an Amy-

The chains undergo synthesis in the endoplasmic reticulum, fold, pass through the cellular quality-control mechanism,
and are secreted. In the extracellular environment, the mutants may change from a fully folded to a partially folded state
and then retrace the final part of the folding pathway. Normal proteins are functionally active and are normally metabo-
lized. The partially folded polypeptides can generate misfolded molecules, which have a high propensity to self-aggre-
gate. Environmental conditions, chemical modifications, and common constituents favor the pathologic pathway.
Oligomers, or protofibrils, may mediate cellular toxicity through a mechanism that activates apoptosis in cells of the tar-

get tissues. The green arrows indicate therapeutic targets.

totypical example is Alzheimer’s disease, in which
the fibrils consist of proteolytic fragments of 39 to
43 residues derived from the 753-residue APP. In
lysozyme amyloidosis,?> the full-length protein is
detectable in natural fibrils. There is a wide grada-
tion of proteolytic remodeling of the protein precur-
sor in all types of amyloidosis, but the remodeling
oflight chains in AL amyloidosis can be considered
the archetype of the heterogeneity of this process.*
Proteolysis is generally ascribed to extracellular, or
pericellular, enzymes, such as those that cleave se-

rum amyloid A.#2 However, in the cases involving
gelsolin“3 or the amyloid ABri protein,*# the pro-
teases act in the Golgi apparatus. The structural flex-
ibility of the target protein allows limited proteolysis
and therefore the release of polypeptides that cannot
display conformational plasticity in the constrained
structure of the original protein.31

AMYLOIDOSIS AS A CONFORMATIONAL DISEASE
Amyloidosis properly belongs to the category of
conformational diseases because pathologic protein
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