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Folding proteins in fatal ways
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Human dizeases characterized by insoluble extracellular deposits of proteing have been recognized for
almost two centuries. Such amyloidoses were once thought to represent arcane secondary phenomena of
questionable pathogenic significance. But it is has now become clear that many different proteins can
misfold and form extracellular or intracellular aggregates that initate profound cellular dysfunction.
Particularly challenging examples of such disorders occur in the post-mitotic emvironment of the neuron and
include Alzheimer's and Parkinson's diseases. Understanding some of the principles of protein folding has
helped to explain how such diseases arise, with attendant therapeutic insights.

ns of the mo:t satisfying moments in scisntific

investization ocours when previously dizparats

phenomens ofunclear orizin ars shown to arise

from a common principls. During the past

decade, mamerous astiologically distmct dis-
&az2s have been linksd by the likelihood that they resultfrom
the proereszive misfolding of specific protein: into agsrs-
gates that can injurs and kil cells. Together, theze disorder:
inflict enormous personal and societal burdens, making it
cructal to undsrstand their genesis and to learn how to
preventthem.

The amyvloidoses have traditionally been defimed a:
diseases in which normally soluble proteins accumulate in
the ewtracellular zpare of variou: tisswes as inzoluble
deposits of 10 nm fbril: that are rich in B-cheet structore
and have characteristic dve-binding properties'~. There are
many sxamples of secreted, circulating proieins that can,
undsr abnormal cocomstances, be converied in part to
hizhly stable extracellular fbrls. The:e mclude
immunoziobalin: in primary systemic amyloidosis and
multiple myeloma, amylin in the diabetic pancreas, and
small soluble protein: of uncertain funchion such as the
amylold B-peptide (AR} in Alzhenmer's dizease.

Althouzh the specific polypeptides that comprise the
d=posits are differsnt for each amyviewdo:zis, the disorders
have several kev feature: in common. Perhaps foremost
among them is the ability of proteins that ars hishly soluble
in biological fluids to be comverted sradually to meoluble fil-
amentous polvmers enriched in B-pleated shest conforma-
tion. Ths commeon structural motif of virtally all anryloid
fibrils consizts of cross-p-sheets in which the peptide
strands are arranged perpendicular to the long axiz of the
fibre. Althouzh it was once thought that relatn=ly few pro-
teins have this propensity, recent data suzgsst that many s0l-
uble proteins can undsr certain circumstances, undsrzo
this conversion. Of particular siznificance is the Anding that
slobular prot=m: with diverss sequances that are not cuar-
rently associated with a protzin-folding disease (for exam-
ple, muscle myoslobin) can underso assresation in viree
inte fbril: indistinzuishable from those found in the
amyloidoses™. This finding supports the concept that
azzragation nto B-shest-rich abrils 1= 2 generic proparty of
polvpeptide chains regardless of sequence’.

Another zeneral fsaturs of protein-folding disorders i
the prolonged period before clinical manifsctations appsar.
Althouzh the azs of onset of svmptomms varies widsly among
the differsnt dizeaze: and sven amonsz cazes of one disease,
most ofthese disordsrs becomes noticeable m middle or late
lifz. Thers iz a prolonzed preclinical phaze during which

protzins misfold, build up and prozressmely compromizs
cellular and tizsus function. A porton of this lonz pro-
drome derives from the energetic barriers to the formation
of mizfolded species, mcluding the fact that nucleation —
the initial development of very small, metastabls olizomers
of a protain —is a kinetically unfavourabls requirament for
fibrillogenesis" . It seems that time_rather than great aze, iz
required, m that some azgressive protem-foldmg disorder:
can occur in youns and early middls-azed mdmiduals. In
such cases, time still has a role but the Abrillozenic process
requires [2:s time overall because particular echemical
circumstances promote accelerated nucleation. One sirk-
inz exampls iz Down's svndromes inwhich patients with tri-
somy 21 develop abundant AR agsrezates in the bram as
earlyasthe age often, owingto lifzlong overepression of the
f-amyvioid precursor protein (APP), which 1= encoded on
chromozome 21. Similarly, mberited mizsense mutations in
amyiowd-prone proteins can markedly accelerate their mis-
foldinz and fibrillogenesiz, producing earlier diseaz= onset
than occurs with the wild-type isoform. For exampls, cenile
systemic amyvloddosis arise: late in [ife from the agzrezation
of wild-type transthyreting whereas familial armyloidotic
polvneurapathy I generally arises in rod-life from the accel-
erated apzregation of mutant transthyretin.

In thizs review, I descmbe brefly three types of
amyiopdosis: systemic, organ-limited and imtracellar I
then examine how abberant protein foldins may occur and
how mizfolded proteins may dismapt the cell.

Systemic amyloidoses

The list of secreted, circulating proteins that are capabls of
producinz sxtraczliular amyloid depozits in multiple
0TZan: is lonz and growins (Tablz 1). Anryloidoses can anse
when other pathological conditions canse a sharp increase
in the concentration of an amvicid-prons polypeptide, a:
gcours for the serum amyviond A (SAA) protein during the
acute-phaszs responss accompanyving mflammatory disor-
dars such as rheumatoid arthriti=, or chronic sranuloma-
tows infections such as taberculosis. A T6-residus protechtic
frazment of wild-typs SA4A can then acouwrmulate, misfold,
azzrazate and be deposited in the connective tssus ofmult-
ple orzans, mmcluding splzen, kidney and lmver. Multiple
mveloma is associated with the overproduction by plazma
cells of monoclonal immunoeslobulins that accumulats and
form deposits (as holoproteins and‘or proteolytic fras-
mants} in the extracellular space of various tissue:. Primary
systemic amylowdosis also involves prograssive multl-tissue
deposition of immunaozlobulin light chain: and their fras-
meants. In some syvstemic amyioddosss, the baziz for am
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increased concsntration of an amyloidogenic protsin iz a perturba-
tion in its clearance. One striking exampls 1= hasmodishysis-related
ammviosdozis, in which chronic haesrmodiabysiz can l=ad to progressive
increase in Bo-microglobulin in Hssues becauss this amyleid-prons
protein does not pass sficiently throuzh the dialysis membrane and
become: hizhly concentrated in the post-dialyzis serum of the
patiznt.

In these and other systermic amyloid diseases, the precize reasons
for selective tizsus deposition and the mechansms of cell dysfunc-
tion and orzan failure are still under imvestization (s== below).
Eecamse systemic amyloid depositz can sometime: build ap in very
large amounts, it seems that they can cauze inyary in part by physical
compression and microvascular compromize of adjacent tssue.
However, as with the mizfolded proteins that define certain neurode-
generative disorders (=28 below), the systemic extracellular amyloid
fbril: and m particular their smaller more diffusible precursor
assamblies (olizomers and protofibrils) misht al=o act in an amphi-
pathic fashion to bind and perturk multiple cell-surface receptors
and/orchannels rather nonspecifically.

Organ-limited amyloidoses

Ths other broad class of amyloid disorders 1= that in which the fibril-
logenic protein accumulaies locally near its site of callular produc-
fion; that 15, mostly in ons organ (Tabls 2}, Sali=nt examples of this
tvpe include calcitonin deposition in medullary carcinoma of the
thiroid, depositton of amylin m the pancreas in tvpe II diabetes
mellituz, deposition of atrial natriuretic factor n atrial amyloidosis
of the heart and AP depozition i Alzhemmer’s disease. Althoush
theze proteins enter the systemic drculation. their hizh local produc-
tion in thess conditions apparently l=ads to levels that exceed the crit-
ical concentrations for elisomerization and Obrillezenesis solely in
that orzan. In theze disorders, the amyviowd Obnls and their precurzor
azsrezats: ars deposited m the extracellular space of the respective
orzans and somehow compromise local call viability. Howsver, thers
are also a growing number of diseases i which the accumulation of
differsnt mizfolded proteins occurs intracellularly, partscoalarly inthe
narvous system, a5 described in the next saction.

Protein misfolding and age-related newrodegeneration

During the past two decades, there has besn 3 marksd transforma-
tion m our undsrstanding of the causes and pathosenesiz of aze-
rzlated degenerations of the brain. Once frauzht with mechanistic
ienorance, this class of disorder: has become recoznized as liksly to
be mediztsd by the progressive accummalation of B-shest-rich prot=im
agsrezates. A range of bram disorders of previonshy unknown canse
now falls mito thiz category (Table 3). The most common nsurode-
g=neratnve disease, Alzhsimers, & the premier exampls of this. The
second most common, Parkdnsons, 15 incressingly considersd to
irvolve 3 protein-folding problem. Two special features of most of
theze dizorders of the ceniral nervous systzm are that the aggrezates
aocumulats insede cells and that the ulirastructurs ofthe asgresates is
not the same a: that of extracellular amyleid Obrils. This raises the
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guestion ofwhether surh disorders should be clazsified with the army-
loidoses. But because the dye-binding properties (for exampls bare-
frinzent lab=lling by Congo red), inzolubility and X-ray diffraction
pattern {hizh p-shest contznt) of at l2ast some of thess d=posits seem
to be spmilar to thoze of clazsic amylmd Abrils, it s reazonable to con-
sider them a sp=cial form of amyloidosiz.

A wide variety of proteins of diverss saquence can form intra-
neuronal flamentous dsposits. In Parlanson's dizeaze, a-synuclein a
sopluble cytoplazmic proteinwith a ‘natively unfoldad’ structure, mis-
fold:and accummlates in spherical filameantou: maszes {Lawy bodies)
within selzcted neuronal cell bodies, particularly the dopaminergic
and noradrensrzic brainstem neurons whose prematurs death
defines the disease hiochemically. A recently recosnized sroup of
protein-folding dizeazes of the central nervous system are the poly-
ehatarnine repeat disorders, such a: Huntinston's disease and several
form: of familial spinocerzbellar ataxia. Hare, unstable DNA
mmtations in different zene: result in the lensthanins of glutamine
stretches in the cognate proteins, which subsequently misfold and
accumulate m the nucls and cytoplasm of certam neurons. Although
the appearance of microscopically datectable filamentons inchasions
5 variable and subtle compared with the robust formation of
neurgfibrillary tangles in Alzheimear’s disease and Lewy bodies in
Parkinzon's diseass, these hizhiy stable polvslutamins-rich proteins
azeregate and sradually cawszs the dysfunciion and death oftheirhost
neurgns. It seems that the accumulation of mizfold=d proteins has
particularly dire conzequences n the post-mitotic milisn of the
adult nsuron.

Alzhaimer's dizease is virtually the only brain disordsr that is
defined bv the accumulation of amylowd-forming protzins both
extracellularly (AR} and miracellhilarly {tau}. Thars has bean lively
debate about which of the:s if either, has precedancs in the patho-
eenic mechanism. The rssue has been largely resohred by the finding
that inherrtad mutations in APP, or in one of the proteazes (called
prazenilin/p-zecretase) that cleave: APP torzleaze AP, cause azgres-
sive, early-onset forms of Alzheimer's disease’. In contrast, inherited
mmtatsons in the tan protein do not produce Alzheimer’s diseass bt
cauze the less common but equally devastating dizorder, fronto-
temporal dementia with parionzonizm, in which tau-contamimg
nesurcfibnllary tangles accummlate in the absence of exiracsllular
amyvloid'”.

A remarkable example of profein misfoldng cansing neurode-
eeneration iz that of the prion disorderz. In kamans, these mclude
Creutzfeldi—Jacob dizeaz= and new-vanant Creutzieldi—Jakol dis-
pase_ the latter beinz a human dermative of bovine sponsiform
encephalopathy {‘'mad cow dizsase"). These dizorders are very closaly
relatad to arangse of slowly progressive infectious diseases in certain
lower mammalz, including the defining dizorder, scrapie, in sheep''.
Very rarely, the normal callular prion protein (PrP) can undergo a
changzs m its conformation that creates a metastable conformer,
which canin turn bind and ‘comvert anotherwild-type prion protein
mio thiz zame pathological isoform. This misfolding proces: can
apparsntly occur spontaneously at a very low frequency but occurs
mors readily if the protzin bears certain missense mutations. Prion
ancephalopathies can thus be inherited, but they also occur in an
mfsctions form: exposurs of a healthy subject to small amounts of
pathologically conformed but non-mutant prion protsin (for
erample, throuzh a corneal transplant from an indnridoal with
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Creutrfeldi—Jacob dizeaze) can lead to pro-

eres:ive and fatal brain degeneration. Exactly

Table: 3 Soma human brain dissases characierized by progressive mistolding and aggregation

of probains

how prion conversion and propagation ofthe mispase

dizeaze ooour s uwndsr study. Ome theory 0777TTTTTTTTTTTTT
Alzhied et 5 G Eaase

favours an ‘instructie’ dimerization of a
sTapis-typs prion protein conformer with a
wild-type molscule that comverts the Latter to
the former form; thiz can then be maznifed
seometrically to propasate the proce:ss.
Alternatively, small olizomers of the scrapiz-
type conformer mizht sarve as 'seads’ for the
progres:ive addition and conformational
comversion of wild-tvps monomesrs, in a
mechanizm akin to thozs postulatad in svs-
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should be amphasized that, [ike the prion

protein, numerous amyvioidosenic proteins

can olizomerizs and form toxic agsregates in

their wild-type state, for example tau in
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Mechanism of protein misfolding P

Aprincipal unanswerad question aboutall of
these dizorders iz the precize manner in
which natmely soluble proteins of distimct
primary structure undsrzo partial unfoldmz
and aberrant refolding to produce hizhly sta-
blz ohizomer: and polymers with novel prop-
ariies. Itis clear that supraphy:siological con-
centrations, coupled with prolonzed time
and certain biochemiral condmions, under-
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e the imitiation of the olizomerizaton
process. Omne instructive example that has
besn studied in some detail 1= Iysozyvme, a protein that causes a fatal
systemic amyloidosiz only when it bears one of two inhermted rmis-
sense mutations, [le 36—Thr or Asp 67—Hiz. Crystallosraphy of
the wild-type and mutant variants revealad subtls but structurally
zignificant changs: at the mterface between thes a- and p-domains
that sugzest that this rezion is less constramed in both mutants . In
asrzement drcular-dichroism studies during conditions of heat
denaturation thatlead to fbril formation showed that both mutants
are l=z5 thermostable. hMoreover, near the midpoint of the heat-dri-
ven unfolding proces:, the mutants formed partly folded intermeadi-
ates with considerabls helical stractures but no psrsistsnt tertiary
mteractions . Wild-type Iysozyvme unfolds into a partly structured
miermediate only when thermal denaturation is performed at very
low pH {raf. 13).

It z2em: that such partly folded forms, which have exposed
kydrophobic region: and are thersfore prone to self-asgregation,
can exist in equilibrium with the natne protein. In the cas= of the
mutant Iyzorymes, the molten-globule-liks intermediates havs
persistent structure in the e-domain but lack stable, native-type
structure in the B-domain". It ha: therefore been propozad that
ths transient, partly folded forms of the mutant lvsezymes assock-
ate through their unstabls p-domains. The emergance ofstablz p-
structure throusgh such intermol=cular self-association mizht pro-
vide a template (ze=d) for the recruitment of additional peptids
chains that ultimately form the bydrogzn-bonded, mainly cross-
B-zhest core structure of the insoluble amyloid fibril"” (Fiz. 1. In
azreement with this model, the WhIE structurs of a domain of the
prion protein (PrP(121-231)) indicates that amino acids that ars
mutatsd in inherited prion dizeases ars involved in the maints-
nance of the hydrophobic core™. Because microscopically vizible
fibril deposition is not an oblizatory featurs of the prion diseases,
thess principles are likely to apply also to pre-fibrillar, olizomeric
assamblies of PrP and presumably other amyloidozenic proteins.
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How do misfolded proteins cause cell dysfunction?
Paerhaps even mors complex than the mechanrsms by which protein:
misfold are the mechanisms by which they inflsct cellular inpary. This
guestion once focused primarily on the mature, hizshiy stable amy-
loid fibmils, but now attention has shifted to the apparent oytotoxicity
conferred by metastable miermediates ofthe fibrillogenirc process. In
diseases in which unmiztaksable anvyloid formation occurs, deposits
of insoluble fbrils are in equilibrinm with smaller, more diffasible
azsemblie: that are imvizible by light microzcopy but can be detacted
by biochemiral methods such as gel electrophoresks and size-exclu-
sion chromatography. In the srowing number of diseases in which
protein mizfolding and olizomerization occur but no d=finkts amy-
loid fibrils are ze=n, these smallsr diffusible assemblisz mizht be
responsibls in part for cytotoxicity. Limited studies of such speciesin
human-tissue extracts indicate that they mizht mchods dimers,
trimers tetramers and other larger olisomers. But most of the infor-
mation about the properties of such intermediates has been zleaned
from biophysical (i vitre) and call cultore studies of synthetic or
recombinant version: of the amryloidosenic proteins. The concsrn
hers is that perhaps only a small proportion of these artificial assem-
bliss clozely rezemble the natural olizomers that ocour e vive.
Mouse modsls that ranszenically overszpress the polypsptide
precursers of amyloid subunits ir vive offer another approach. One
closely studied exampleisthat ofmice overexpressing mutant human
APP as a model of the amyloidoesiz of Alzheimer's dissase. In some
such mouse lines, presvhnaptic nerve termmal:s and nsurconal cell
bodie: are decreased about 30% compared with non-tranzgenic con-
trols atthe aze of 2—4 months, when concentrations of soluble AR are
increazing but well before AP deposition (that s, amvloid plagus for-
mation) haz bezun'’. Comparizons of tranzgenic lines with difarsnt
APP expreszion levels suzzest that these decreaszes in presynaptic tar-
munal: ars dependant on AP concentrations, not on the AP plague
burden'’. This animal work fts niczly with srowing evidsnce that
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