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Abstract

Chaperones are highly conserved proteins responsible for the preservation and repair of the correct conformation of cellular macro-
molecules, such as proteins, RNAs, etc. Environmental stress leads to chaperone (heat-shock protein, stress protein) induction reflecting
the protective role of chaperones as a key factor for cell survival and in repairing cellular damage after stress. The present review
summarizes our current knowledge about the chaperone-deficiency in the aging process, as well as the possible involvement of chap-
erones in neurodegenerative diseases, such as in Alzheimer’s, Parkinson’s, Huntington- and prion-related diseases. We also summarize
a recent theory implying chaperones as “buffers” of variations in the human genome, which role probably increased during the last
200 years of successful medical practice minimizing natural selection. Chaperone-buffered, silent mutations may be activated during
the aging process, which leads to the phenotypic exposure of previously hidden features and might contribute to the onset of poly-
genic diseases, such as atherosclerosis, cancer, diabetes and several neurodegenerative diseases.
© 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction: general functions of hydrophobic surfaces, there are also specialized chaperones,
chaperone proteins like Hsp47, which is the procollagen—chaperoiadata,
1998. Chaperones usually increase only the yield but not
Molecular chaperones (1) protect against protein ag- the speed of protein folding. However, special chaperones,
gregation; (2) solubilize initial, loose protein aggregates; called “folding catalysts” may accelerate certain steps of
(3) assist in folding of nascent proteins or in refolding of protein folding, such as the isomerization of peptide bonds
damaged proteins; (4) target severely damaged proteins tddesides prolyl residues (peptidyl-prolyl cis/trans isomerases,
degradation; and (5) in the case of excessive damage, seor immunophilins), or the formation of disulfide bridges
quester damaged proteins to larger aggregates. Chaperondgrotein disulfide isomerasesBikau and Horwich, 1998;
are ubiquitous, highly conserved proteins, which utilize Hartl, 1996.
a cycle of ATP-driven conformational changes to refold  Besides the conformational homeostasis of individual
their targets and which probably played a major role in the macromolecules, higher levels of cellular organization also
molecular evolution of modern enzymeSsermely, 1997, need a constant remodeling. Chaperones are obvious candi-
1999; Hartl, 199% dates to provide help in these processes. Most major chap-
Environmental stress (a sudden change in the cellular en-erones are helped by several smaller co-chaperones (e.g.
vironment, to which the cell is not prepared to respond, such Hsp60 with Hsp10, Hsp70 with members of the DnaJ and
as heat-shock) leads to the expression of most chaperonesGrpE families, Hsp90 with Hsp70, DnaJ homologues, p23,
which therefore are called heat-shock or stress proteins.etc.;Bukau and Horwich, 1998; Csermely et al., 1998; Hartl,
Lacking a settled view about their action in the molecular 1996. These chaperones form highly dynamic, low-affinity
level, chaperones are still best classified by their molecular complexes. These large assemblies of individual chaper-
weights. Besides the major classes of chaperones listed inones are attached to the microfilamental and microtubular
Table 1 which generally target all misfolded proteins with  system. About 20 years ago based on high-voltage electron
microscopy Keith A. Porter and co-workers suggested the
> Comesponding author. Tk 36-1-266-2755x4102; existenge of a ceIIqur meshwork, galled as “microtrabec-
fax: +36.1.266-7480. ’ ular lattice” to organize cytoplasmic proteins and RNAs
E-mail address: csermely@puskin.sote.hu (P. Csermely). (Schliwa et al.,, 1981 Almost instantly a fierce debate
URL: http://www.chaperone.sote.hu arose considering the lattice as an artifact of the techniques
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Table 1
Major classes of molecular chaperones

Most important eukaryotic representati¥es Recent reviews

Hsp2%, Hsp27, crystallins, small heat-shock proteins Arrigo (1998) Head and Goldman (2000)

Hsp60, chaperonins Bukau and Horwich (1998Hartl (1996) Thirumalai and Lorimer (2001)

Hsp70, Hsc70, Grp78 Bukau and Horwich (1998Hartl (1996) Ohtsuka and Suzuki (2000)

Hsp90, Grp94 Csermely et al. (1998)Pratt et al. (1999)Richter and Buchner (2001Young et al. (2001)
Hspl104 Porankiewicz et al. (1999)

aNeither the co-chaperones (chaperones which help the function of other chaperones listed), nor the so-called folding catalysts, the géptidyl-prol
isomerases (immunophilins) and protein disulfide isomerases were included in this table, albeit almost all of these proteins also posseswmB “traditi
chaperone activity in their own right. Several chaperones of the endoplasmic reticulum (e.g. calreticulin, calnexin, etc.), which do not befoofy to a
the major chaperone families, as well as some heat-shock proteins (e.g. ubiquitin), which do not possess chaperone activity were also not mentioned.
b“Hsp” and “Grp” refer to heat-shock proteins and glucose regulated proteins, chaperones induced by heat-shock or glucose deprivationy.respectivel
Numbers refer to their molecular weight in kDa.

used. However, as time passes more and more data proaggregation. Thus, the only solution to protect the cell from
vide indirect evidence for a high-order organization of the these misfolded proteins is their elimination and not their
cytoplasm Qvadi and Srere, 2000; Verkman, 200€hap- repair. Protein degradation is mostly accomplished by the
erones are ideal candidates for being a major constituent ofproteasome and helped by various chaperones. Aging leads
a cytoplasmic meshwork: they are highly abundant, form to a decrease in the activity of the major cytoplasmic pro-
a complex with all the elements of the cytoskeleton and teolytic apparatus, the proteasom@ofconi et al., 1996;
also attach to a plethora of other proteins. Several lines of Heydari et al., 199/ Besides the decline in the activation of
initial evidence shows that disruption of chaperone/protein protease systems, some oxidized, glycated and aggregated
complexes disturbs the organization of cytoplasmic traffic proteins are much poorer substrates, but highly effective
of several proteins, such as the steroid receptors and accelinhibitors of the proteasomeBénce et al., 2001; Bulteau
erates cell lysis@sermely, 2001a; Pato et al., 2001; Pratt et al., 2001; Friguet et al., 1994Autophagic lysosomal
et al., 1999. protein degradation is also impaired in aged r&sirvo
and Dice, 200)) probably due to the lipofuscin-mediated
inhibition of autophagy Terman et al., 1999 All these
2. Protein folding and the aging process events cause a massive accumulation of posttranslationally
modified, misfolded proteins.
During the life-span of a stable protein various post-
translational modifications occuHérding et al., 198p
These include deamidation of asparaginyl and glutaminyl 3. Chaperonesin aged organisms and brain
residues and the subsequent formation of isopeptide bonds
(Wright, 1993, protein glycation, methionine oxidation Accumulation of misfolded proteins in aged organisms
(Sun et al., 1999 etc. In several cases age-related post- requires an increased amount of chaperones to prevent pro-
translational modifications induce conformational changes tein aggregation. This may be the reason, why some aged
and impaired protein function: aging-induced inactiva- species develop a constitutively increased level of several
tion of isocitrate-lyase Reiss and Rothstein, 19)4or chaperones, such as small heat-shock proteins or Hsc70
phosphoglycerate kinaseYuh and Gafni, 198y could (Séti and Csermely, 20000n the other hand, there is a
be associated with the accumulation of a non-native, large number of reports demonstrating that the induction of
heat labile conformation of the enzymes. In a refold- various chaperones is impaired in aged organish@si @nd
ing study the increased helical content of “old” al- Csermely, 200D Interestingly, while heat-induced synthe-
dolase was preserved after refolding of the enzyme, sis of Hsp70 is impaired in aged rats, exercise in the same
which suggested that the conformational changes wereanimal is able to induce a significant amount of Hsp70
mostly induced by the various posttranslational modifi- (Kregel and Moseley, 1996
cations during the life of the proteirDémchenko et al., The above general statements can be applied to chap-
1983. erone levels and chaperone inducibility in the brain of
Due to their vulnerability for aggregation accumulating aged organisms. Level of several chaperones, such as small
misfolded proteins pose a great danger to the aging cell. heat-shock proteins and Hsc70 is elevated, while the in-
Since the reason of the folding anomaly is mostly a post- ducibility of Hsp70 is impaired Table 3. In contrast to
translational modification, the change becomes irreversible ad libitum fed rats, Hsc70 elevation could not be observed
and can not be reversed by molecular chaperones. Chaperin food restricted ratsy{nno et al., 200D Moreover, the
ones may only accompany these proteins and by a stablebrain of aged, food-restricted rats does not display a loss
association with their hydrophobic surfaces, prevent their of capacity to accumulate Hsp70 in response to heat stress
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Table 2
Changes of chaperone expression in the aging nerve system
Chaperone Change Reference
Chaperone levels
Ubiquitin, Hsp27, alpha B-crystallin Elevated in pallido-nigral spheroid bodies Schultz et al. (2001)
Hsc7@® Elevated in pons, medulla, striatum and thalamus Unno et al. (2000)
Chaperone induction
Hsp70 Heat induction is impaired Rogue et al. (1993)
Hsp70 Heat induction is maintained in food-restricted rats Walters et al. (2001)

2Hsc70 denotes the non-inducible (cognate) form of Hsp70.

(Walters et al., 20011 This shows that calorie-restriction, et al., 1991; Renkawek et al., 1993; Shinohara et al.,
a well-known method to increase longevitiAdll et al., 1993.
2000; Ramsey et al., 20p0maintains the brain chaperone Accumulated chaperones are participating in the heroic
system in a “young-state”. On the other hand, rats main- attempts of the affected neuron to sequestertzenyloid
tained on a dietary restriction schedule exhibit increased and other damaged proteins in Alzheimer’s diseatm{os
resistance of hippocampal neurons and striatal neuronset al., 1991; Kouchi et al., 1999 However, the small
to excitotoxic and metabolic stres8r(ce-Keller et al., heat-shock proteinyB-crystallin enhanced the neurotoxic-
1999. Calorie-restriction also attenuates the degenerationity of the amyolidg 1-40 peptide probably by keeping it in
of dopaminergic neurones in mouse Parkinson modelsa nonfibrillar, highly toxic form $tege et al., 1999 Cyto-
(Duan and Mattson, 1999 plasmic Hsp60, a specific chaperone for actin and tubulin is
decreased in Alzheimer’s disease-affected neurons leaving
the cytoskeletal proteins deficient and aggregagthqller
4. Chaperonesin neurodegener ative diseases et al., 200). Non-affected nerve cells of Alzheimer victims,
such as olfactory neurongétchell et al., 1995showed
Accumulation of misfolded proteins in aged organisms is also a decreased expression of Hsp70.
especially pronounced in postmitotic cells, such as in neu- Since the amyloid precursor is an integral protein of the
rons. The threat of damaged proteins becomes even greateplasma membrane, which should be processed in the en-
if the protein is protease-resistant. The difficulties of pro- doplasmic reticulum (ER), the ER might be an especially
tein degradation together with an impaired protease activity important scene for the fight for cell survival. Indeed,
and chaperone action in aging neurons, lead to a massivecalreticulin, an abundant ER chaperone was shown to par-
accumulation of these proteins and cause neurodegeneratioticipate in the quality control of the amyloid precursor
(Macario and Conway de Macario, 2001 protein Johnson et al.,, 20Qland the ER-homologue of
Oxidative damage and inflammatory processes are moreHsp70, Grp78 had an increased expression in successfully
prevalent during aging, accompany and aggravate neurodesurviving neuronsflamos et al., 1991 There are reports to
generation Gibson et al., 2000; Goodman and Mattson, show that mutant presenilin-1, an ER transmembrane pro-
1994; Hemmer et al., 2001Several molecular chaperones tein being the most prevalent cause of early-onset familial
are involved in the maintenance of cellular redox status Alzheimer’s disease, impairs the ER chaperone response and
(Arrigo, 1998 and protect neurones against oxidative stress thus sensitizes the affected neuron to apoptosis. However,
(Lee etal., 1999; Yu et al., 199However, a direct effect of  this latter finding could not be confirmed in other systems
chaperones on aging-, or neurodegeneration-induced redoXLee, 200).
changes has not been demonstrated yet.

4.2. Chaperones and Parkinson’s disease
4.1. Chaperones and Alzheimer’s disease
Parkinson’s disease is an age-related disorder character-

The best known example of folding-related neurode- ized by a progressive degeneration of dopaminergic neurons
generative diseases is Alzheimer’s disease. Several studiein the substantia nigra and showing a corresponding mo-
showed the induction of small heat-shock proteins (Hsp27, tor deficit. An increasing number of evidence shows that
crystallin), Hsp70 and ubiquitin (a 6 kDa heat-shock pro- besides oxidative stress and mitochondrial dysfunction pro-
tein, which labels damaged proteins and directs them for tein folding defects are also key elements of Parkinson’s
proteolytic degradation) in neurons affected by Alzheimer’'s disease etiology. Similarly to Alzheimer’s disease, glial and
disease and in surrounding astrocytes. Neuronal chaper-astroglial cells of Parkinson’s disease victims showed the
ones were localized in neuritic plaques and neurofibrillary expression oftxB-crystallin and similarly to neurofibrillary
tangles Cisse et al.,, 1993; Hamos et al.,, 1991; Perez tangles aggregated proteins in Lewy bodies had a large
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content of various heat-shock proteindel{inger, 200Q and mediates their degradation by the proteasaiimest al.,
Dietary restriction induced an expression of Hsp70 and 2000.

Grp78 parallel with a protection in a Parkinson’s disease An even more interesting role can be assigned to the
model Quan and Mattson, 1999Interestingly, parkin, the  Hsp100 chaperone. Prions can be cured by both the deletion
protein whose mutations cause the autosomal recessive juand overexpression of Hsp100 in yeast, whose primary func-
venile parkinsonism was identified as an ubiquitin-ligase tion in prion propagation is to disassemble prion aggregates
playing a key role in the degradation of ER misfolded and generate the small prion seeds that initiate new rounds of
proteins, such as a G-protein coupled membrane recep-prion propagation@hernoff et al., 1995; DebBurman et al.,
tor, called Pael and synphilin, aa-synuclein interact- 1997; Wegrzyn et al., 2001This situation, where the “help”
ing protein Chung et al., 2001; Imai et al., 2001This of the chaperone may actually promote an even more deadly
gives us one more example for the similarities of the pro- form of the disease, resembles to &&-crystallin-enhanced
tein folding homeostasis in Parkinson’s and Alzheimer’'s neurotoxicity of amyolidg 1-40 Stege et al., 1999men-

diseases. tioned previously. Thus, chaperones may both neutralize
and activate aggregation processes depending on the exact

4.3. Chaperones in polyglutamine diseases such as chaperone-target ratio. This vastly different final outcome

Hungtington’s disease of minor changes in chaperone availability warns us to fo-

cus on chaperone occupancy much more seriously than pre-

Polyglutamine repeats make proteins vulnerable for viously thought. The next chapter will elaborate this idea
aggregation. Diseases, such as Hungtington’s diseasefurther.
Kennedy spinal bulbar muscular atrophy, spinocerebral
ataxia, Machado-Joseph disease, etc. all develop due to
an expansion of polyglutamine segments in the respec-5. Chaperone overload: a possible contribution to the
tive proteins. Chaperones co-localize with the aggregatesonset of several polygenetic diseases
of these polyglutamine-containing proteins and increased
chaperone levels, such as that of Hsp40, Hsp60, Hsp70, Besides their protective role against protein aggregation
Hsc70, Hspl00 inhibit polyglutamine-containing pro- chaperones may participate in the prevention of various poly-
tein aggregation and slow down the progress of the dis- genic diseases in a rather unexpected manner. Recently, one
ease Carmichael et al., 2000; Cummings et al., 1998; of the major cytoplasmic chaperones, Hsp90 was shown
Hughes and Olson, 2001; Krobitsch and Lindquist, to act as posttranslational “silencer” of several genetical

2000. changes by assisting in an efficient repair of folding de-
fects Rutherford and Lindquist, 1998 However, severe
4.4. Chaperonesin prion-related diseases stress leads to the accumulation of damaged, misfolded pro-

teins. Stress-induced, new chaperone-targets compete with

Prions are proteins, which have a rather extraordinary existing malfolded proteins, which leads to a decline in
structure trapped in a high-energy state containifglices. chaperone-mediated repair of conformational defects.
These “normal” prions are present in our brain, can not form  According to a recent hypothesi€germely, 2001pthe
large aggregates and are sensitive to proteolysis. If their con-development of modern medical practice depressed natural
formation switches to the low-energy state, characterized by selection by its groundbreaking achievements to reduce pre-
B-sheet formation, they become resistant for proteolysis andnatal and infant mortality leading to a rise of phenotypically
prone to excessive aggregatid@datkakov et al., 2001 The silent mutations in the genome. As a consequence we carry
in vivo functions of prions are not entirely clear. They prob- more and more chaperone-buffered, silent mutations from
ably play a role in signaling, in copper metabolism, in redox generation to generation. The chance of the phenotypic
regulation and in the protection of neuro®ssiner, 2001 manifestation of these mutations becomes especially large
Prion aggregation, which is a cause of Creutzfeld-Jakob in aged subjects, where protein damage is abundant and
disease, involves many chaperones. Chaperones try to bloclchaperone induction is impaired. The background of mis-
the contact surfaces of “transformed” prion molecules. folded proteins increases and by competition prevents the
Therefore, it is not surprising, that many chaperones, suchchaperone-mediated buffering of silent mutations. Pheno-
as Hsp60, Hsp70, or its co-chaperone, Hsp40 were foundtypically exposed mutations contribute to a more abundant
to fight against prion aggregatiob¢bBurman et al., 1997;  manifestation of multigene-diseases, such as atherosclero-
Newnam et al., 1999 Similarly a proteolytic attack is  sis, autoimmune-type diseases, cancer, diabetes, hyperten-
tried to be achieved, therefore the labeling for proteasomal sive cardiovascular disease and several psychiatric illnesses
degradation, the ubiquitinylation is also presehtdqzlo (Alzheimer’s disease, schizophrenia, etc.). The “chaperone
et al., 1992. Since prions are also extracellular proteins overload” hypothesis emphasises the need for efficient ways
attached to the plasma membrane, the fight against theirto enhance chaperone-capacity in ageing subjects and calls
transformed (mutant) forms begins already in ER. Grp78, for the identification and future “repair” of silent mutations
the ER homologue of Hsp70 binds to these deadly prions (Csermely, 20010
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Fig. 1. Competition for chaperone occupancy and its changes in the aging process. Clockwise from bottom: (a) phenotypically buffered, silest mutati
require the assistance of chaperones to rescue them from folding Rafise(ford and Lindquist, 1998; Csermely, 20R1¢(b) Chaperones form low

affinity and highly dynamic extensions of the cytoskeleton participating in cellular traffic and in the organisation of the cytoarchi@=settmreelf,

2001a; Pratt et al., 1999(c) Cytoplasmic chaperones of eukaryotic cells participate in the maintenance of the conformation of some, selected protein
substrates. Most of these unstable proteins are parts of various signalling cagsetese{y et al., 1998; Pratt et al., 199@) During the aging process,
chaperones become more and more occupied by damaged proteins. As a consequence of this: (1) silent mutations escape and contribute to the onset o
polygenic diseases; (2) cell architecture becomes disorganized; (3) signaling is impaired. The verification of these, presently largelyahygiwhets

requires further experimentation.

6. Perspectives and closing remarks Acknowledgements

Aging can be defined as a multicausal process leadingtoa Work in the authors’ laboratory was supported by re-
gradual decay of self defensive mechanisms and an exponensearch grants from ICGEB (CRP/HUN 99-02), Hungarian
tial accumulation of damage at the molecular-cellular and Science Foundation (OTKA-T25206), Hungarian Ministry
organismal level. The attenuation in molecular chaperone in- of Social Welfare (ETT-493/96) and the Volkswagen Foun-
ducibility and availability and the simultaneous protein oxi- dation (1/73612).
dation, misfolding and aggregation in aged organisms raise
the gap between the amount of tasks and the available help
as aging proceeds. Since numerous key elements of cellulaReferences
life are competing with each other for the maintenance and
repair function of molecular chaperones (damaged proteins,Arrigo, A.P., 1998. Small stress proteins: chaperones that act as regulators
signaling proteins, silent mutations and cytoarchitecture, see g;é”trl"’;cez”g"ar redox state and programmed cell death. Biol. Chem.
Fig. 1)_chaperones emerge as a_centr_al SWIt_Chboard ofthe In-Baskal;ov, I.V., Legname, G., Prusiner, S.B., Cohen, F.E., 2001. Folding of
tegration of cellular homeostasis. Aging shifts the “normal” prion protein to its native alpha-helical conformation is under kinetic
functions of chaperones from the maintenance of cytoarchi-  control. J. Biol. Chem. 276, 19687-19690.
tecture, signaling and silent mutations to their struggle with Bence, N.F., Sampat, R.M., Kopito, R.R., 2001. Impairment of the
the increasing amount of damaged proteins. Cells become ubiquitin-proteasome system by protein aggregation. Science 292,
disorganized, non-responsive and silent mutations escape 1552-1555.

h . ]Bruce—KeI_ler, AJ., Umberger, G., McFall, R_., Mattson, M.P.,_ 1999. Food
Ca‘%s'”g unexpe_cteq disturbances and the development 0 restriction reduces brain damage and improves behavioral outcome
various polygenic diseases. There are a plethora of opportu-  fojiowing excitotoxic and metabolic insults. Annu. Neurol. 45, 8-15.

nities to explore the complexity of these competitive events: Bukau, B., Horwich, A.L., 1998. The Hsp70 and Hsp60 chaperone

. . . machines. Cell 92, 351-366.
e Exposure of silent mutations can be mampUIated by Bulteau, A.-L., Verbeke, P., Petropoulos, I., Chaffotte, A.-F., Friguet,

the overexpression of chaperones, administration of B., 2001. Proteasome inhibition in glyoxal-treated fibroblasts and
chaperone-specific antisense oligonucleotides, or overex- resistence of glycated glucose-6-phosphate dehydrogenase to 20S
pression of damaged proteins. The incidence of polygenic proteasome degradation in vitro. J. Biol. Chem. 276, 30057—-30063.
diseases can be monitored Carmichael, J., Chatellier, J., Woolfson, A., Milstein, C., Fersht, A.R.,

ch .. . i h h f Rubinsztein, D.C., 2000. Bacterial and yeast chaperones reduce both
* aperone-sensitive signaling events (SUC as those o aggregate formation and cell death in mammalian cell models of

nuclear hormone receptors, the MAP kinase cascade, Huntington's disease. Proc. Natl. Acad. Sci. U.S.A. 97, 9701-9705.
apoptosis, etc.) as well as the organization of the cytoar- Chernoff, Y.0., Lindquist, S.L., Ono, B., Inge-Vechtomoyv, S.G., Liebman,
chitecture could be assessed after similar manipulations ~S:W., 1995. Role of the chaperone protein Hsp104 in propagation of
of chaperone and/or damaged protein levels. the yeast prion-like factor [psi]. Science 268, 880-884.

All these experiments could be tested in aged or anismsChung' KK, Zhang, Y, Lim, KL. Huang, H., Gao, J. Ross,
° P 9 9 C.A., Dawson, V.L., Dawson, T.M., 2001. Parkin ubiquitinates

and the aggravation, or prevention of aging-induced dam-  the alpha-synuclein-interacting protein, synphilin-1: implications for
age can be monitored. Lewy-body formation in Parkinson’s disease. Nat. Med. 7, 1144-1150.



388 C. Siti, P. Csermely/ Neurochemistry International 41 (2002) 383-389

Cisse, S., Perry, G., Lacoste-Royal, G., Cabana, T., Gauvreau, D., 1993.Hemmer, K., Fransen, L., Vanderstichele, H., Vanmechelen, E.,

Immunochemical identification of ubiquitin and heat-shock proteins in Heuschling, P., 2001. An in vitro model for the study of microglia-
corpora amylacea from normal aged and Alzheimer's disease brains. induced neurodegeneration: involvement of nitric oxide and tumor
Acta Neuropathol. 85, 233-240. necrosis factor-alpha. Neurochem. Int. 38, 557-565.

Conconi, M., Szweda, L.I., Levine, R.L., Stadtman, E.R., Friguet, B., Heydari, A.R., Takahashi, R., Gutsmann, A., You, S., Richardson, A,
1996. Age-related decline of rat liver multicatalytic proteinase activity 1994. Hsp70 and aging. Experientia 50, 1092-1098. 3 _
and protection from oxidative inactivation by heat-shock protein 90. Hughes, R.E., Olson, J.M., 2001. Therapeutic opportunities in

Arch. Biochem. Biophys. 331, 232-240. polyglutamine disease. Nat. Med. 7, 419-423.
Csermely, P., 1997. Proteins, RNAs, chaperones and enzyme evolution; almai, Y., Soda, M., Inoue, H., Hattori, N., Mizuno, Y., Takahashi, R.,
folding perspective. Trends Biochem. Sci. 22, 147-149. 2001. An unfolded putative transmembrane polypeptide, which can

lead to endoplasmic reticulum stress, is a substrate of Parkin. Cell

105, 891-902.

Jellinger, K.A., 2000. Cell death mechanisms in Parkinson’s disease. J.
Neural Trans. 107, 1-29.

Jin, T., Gu, Y., Zanusso, G., Sy, M., Kumar, A., Cohen, M., Gambetti, P.,

Singh, N., 2000. The chaperone protein BiP binds to a mutant prion

protein and mediates its degradation by the proteasome. J. Biol. Chem.

275, 38699-38704.

Csermely, P., 1999. The chaperone-percolator model: a possible molecular
mechanism of Anfinsen-cage type chaperone action. Biol. Essays 21,
959-965.

Csermely, P., 2001a. A nonconventional role of molecular chaperones:
involvement in the cytoarchitecture. News Physiol. Sci. 15, 123-126.
Csermely, P., 2001b. Chaperone-overload as a possible contributor to

civilization diseases: atherosclerosis, cancer, diabetes. Trends Genet.

17, 701-704. . . —

' . . , . Johnson, R.J., Xiao, G., Shanmugaratnam, J., Fine, R.E., 2001. Calreticulin

nggmkeg, P. ?chnlalde;], T, sot, ? F_’Iro_haszka, Z.,fNard_al, G.,d19?_8_. Tre functions as a molecular chaperone for the beta-amyloid precursor
a molecular chaperone, family: structure, function and clinical protein. Neurobiol. Aging 22, 387—395.

applications: a comprehensive review. Pharmacol. Ther. 79, 129-168. Kouchi, Z., Sorimachi, H.. Suzuki, K., Ishiura, S., 1999. Proteasome
Cuervo, A.M., Dice, J.F., 2000. Age-related decline in chaperone-mediated jpibitors induced the association of Alzheimer's amyloid precursor

autophagy. J. Biol. Chem. 275, 31505-31513. protein with Hsc73. Biochem. Biophys. Res. Commun. 254, 804-810.
Cummings, C.J., Mancini, M.A., Antalfy, B., DeFranco, D.B., Orr, HT.,  Kregel, K.C., Moseley, P.L., 1996. Differential effects of exercise and

Zoghbi, H., 1998. Chaperone suppression of aggregation and altered  peat stress on liver Hsp70 accumulation with aging. J. Appl. Physiol.

subcellular proteasome localization imply protein misfolding in SCA 80, 547-551.

1. Nat. Genet. 19, 148-154. Krobitsch, S., Lindquist, S., 2000. Aggregation of huntingtin in yeast
DebBurman, S.K., Raymond, G.J., Caughey, B., Lindquist, S., 1997.  varies with the length of the polyglutamine expansion and the

Chaperone-supervised conversion of prion protein to its protease-  expression of chaperone proteins. Proc. Natl. Acad. Sci. U.S.A. 97,

resistant form. Proc. Natl. Acad. Sci. U.S.A. 94, 13938-13943. 1589-1594.

Demchenko, A.P., Orlovska, N.N., Sukhomudrenko, A.G., 1983. Laszlo, L., Lowe, J., Self, T., Kenward, N., Landon, M., McBride, T.,
Age-dependent changes of protein structure. The properties of young  Farquhar, C., McConnell, I., Brown, J., Hope, J., 1992. Lysosomes as
and old rabbit aldolase are restored after reversible denaturation. key organelles in the pathogenesis of prion encephalopathies. J. Pathol.
Exp. Gerontol. 18, 437-446. 166, 333-341.

Duan, W., Mattson, M.P., 1999. Dietary restriction and 2-deoxyglucose Lee, A.S., 2001. The glucose-regulated proteins: stress induction and
administration improve behavioral outcome and reduce degeneration of  clinical applications. Trends Biochem. Sci. 26, 504-510.
dopaminergic neurons in models of Parkinson’s disease. J. Neurosci.Lee, J., Bruce-Keller, A.J., Kruman, Y., Chan, S.L., Mattson, M.P., 1999.
Res. 57, 195-206. 2-DeoxyD-glucose protects hippocampal neruons against excitotoxic

Friguet, B., Stadtman, E.R., Szweda, L.I., 1994. Modification of glucose- and oxidative injury: evidence for the involvement of stress proteins.
6-phosphate dehydrogenase by 4-hydroxy-2-nonenal. Formation of J. Neurosci. Res. 57, 48-61.
cross-linked protein that inhibits the multicatalytic protease. J. Biol. Macario, A.J.L., Conway de Macario, E., 2001. Molecular chaperones
Chem. 269, 21639-21643. and age-related degenerative disorders. Adv. Cell Aging Gerontol. 7,

Getchell, T.V., Krishna, N.S., Dhooper, N., Sparks, D.L., Getchell, M.L., 131-162. . . ) ]
1995. Human olfactory receptor neurons express heat-shock protein N@gata, K., 1998. Expression and function of heat-shock protein 47: a
70: age-related trends. Annu. Othol. Rhinol. Laryngol. 104, 47-56. collagen-specific molecular chaperone in the endoplasmic reticulum.

Gibson, G.E., Park, L.C., Sheu, K.F., Blass, J.P., Calingasan, N.Y., 2000.  Matrix Biol. 16, 379-386. o
Newnam, G.P., Wegrzyn, R.D., Lindquist, S.L., Chernoff, Y.O., 1999.

The alpha-ketoglutarate dehydrogenase complex in neurodegeneration. T ’
Antagonistic interactions between yeast chaperones Hsp104 and Hsp70

Neurochem. Int. 36, 97-112. in prion curing. Mol. Cell. Biol. 19, 1325-1333
Goodman, Y., Mattson, M.P., 1994. Secreted forms of beta-amyloid Ohtsuka, K., Suzuki, T., 2000. Roles of molecular chaperones in the

precursor protein protect hippocampal neurons against amyloid nervous system. Brain Res. Bull. 53, 141-146
beta-peptide-induced oxidative injury. Exp. Neurol. 128, 1-12. Ovadi, J., Srere, P.A., 2000. Macromolecular compartmentation and
Hall, D.M., Oberley, T.D., Moseley, P.M., Buettner, G.R., Oberley, channeling. Int. Rev. Cytol. 192, 255-280
L.W., Weindruch, R., Kregel, K.C., 2000. Caloric restriction improves  pa44 B Mihaly, K., Csermely, P., 2001. Chaperones and cytoarchitecture:
thermotolerance and reduces hyperthermia-induced cellular damage in geldanamycin induces an accelerated flux of cytoplasmic proteins from
old rats. FASEB J. 14, 78-86. ) detergent-treated cells. Eur. J. Biochem. 268, 107a.
Hamos, J.E., Oblas, B. Pulaski-Salo, D., Welch, W.J., Bole, D.G., perez, N., Sugar, J., Charya, S., Johnson, G., Merril, C., Bierer, L.,
Drachman, D.A., 1991. Expression of heat-shock proteins in  per, D., Haroutunian, V., Wallace, W., 1991. Increased synthesis and

Alzheimer's disease. Neurology 41, 345-350. accumulation of heat-shock 70 proteins in Alzheimer's disease. Brain
Harding, J.J., Beswick, H.T., Ajiboye, R., Huby, R., Blakytny, R., Rixon, Res. Mol. Brain Res. 11, 249-254.

K.C., 1989. Non-enzymatic post-translational modification of proteins Porankiewicz, J., Wang, J., Clarke, A.K., 1999. New insights into the

in aging: a review. Mech. Aging Dev. 50, 7-16. ATP-dependent Clp proteasdEscherichia coli and beyond. Mol.
Hartl, F.U., 1996. Molecular chaperones in cellular protein folding. Nature Microbiol. 32, 449-458.

381, 571-580. Pratt, W.B., Silverstein, A.M., Galigniana, M.D., 1999. A model
Head, M.W., Goldman, J.E., 2000. Small heat-shock proteins, the for the cytoplasmic trafficking of signalling proteins involving the

cytoskeleton and inclusion body formation. Neuropathol. Appl. Hsp90-binding immunophilins and p50cdc37. Cell. Signal. 11, 12 839—

Neurobiol. 26, 304-312. 851.



C. Siti, P. Csermely/ Neurochemistry International 41 (2002) 383-389 389

Prusiner, S.B., 2001. Shattuck lecture: neurodegenerative diseases and 1999. The molecular chaperone alpha B-crystallin enhances amyloid
prions. New Engl. J. Med. 344, 1516-1526. beta neurotoxicity. Biochem. Biophys. Res. Commun. 262, 152—
Ramsey, J.J., Colman, R.J., Binkley, N.C., Christensen, J.D., Gresl, T A.,,  156.
Kemnitz, J.W., Weindruch, R., 2000. Dietary restriction and aging in Sun, H., Gao, J., Ferrington, D.A., Biesiada, H., Williams, T.D., Squier,
rhesus monkeys: the University of Wisconsin Study. Exp. Gerontol. T.C., 1999. Repair of oxidized calmodulin by methionine sulfoxide
35, 1131-1149. reductase restores ability to activate the plasma membrane Ca-ATPase.
Reiss, U., Rothstein, M., 1974. Heat-labile isozymes of isocitrate lyase = Biochemistry 38, 105-112.
from aging Turbatrix aceti. Biochem. Biophys. Res. Commun. 61, Terman, A., Dalen, H., Brunk, U.T., 1999. Ceroid/lipofuscin-loaded
1012-1016. human fibroblasts show decreased survival time and diminished
Renkawek, K., Bosman, G.J., Gaestel, M., 1993. Increased expression autophagocytosis during amino acid starvation. Exp. Gerontol. 34,
of heat-shock protein 27 kDa in Alzheimer's disease: a preliminary 943-957.

study. Neuroreport 5, 14-16. Thirumalai, D., Lorimer, G.H., 2001. Chaperonin-mediated protein
Richter, K., Buchner, J., 2001. Hsp90: chaperoning signal transduction.  folding. Annu. Rev. Biophys. Biomol. Struct. 30, 245-269.
J. Cell Physiol. 188, 281-290. unno, K., Asakura, H., Shibuya, Y., Kaiho, M., Okada, S., Oku, N., 2000.
Rogue, P.J., Ritz, M.F., Malviya, A.N., 1993. Impaired gene transcription Increase in basal level of Hsp70, consisting chiefly of constitutively
and nuclear protein kinase C activation in the brain and liver of aged expressed Hsp70 (Hsc70) in aged rat brain. J. Gerontol. A: Biol. Sci.
rats. FEBS Lett. 334, 351-354. Med. Sci. 55, 329-335.
Rutherford, S.L., Lindquist, S., 1998. Hsp90 as a capacitor for Verkman, A.S., 2002. Solute and macromolecule diffusion in cellular
morphological evolution. Nature 396, 336-342. aqueous compartments. Trends Biochem. Sci. 27, 27-33.

Schliwa, M., van Blerkom, J., Porter, K.R., 1981. Stabilization of the Walters, T.J., Ryan, K.L., Mason, P.A., 2001. Regional distribution of
cytoplasmic ground substance in detergent-opened cells and a structural Hsp70 in the CNS of young and old food-restricted rats following
and biochemical analysis of its composition. Proc. Natl. Acad. Sci. hyperthermia. Brain Res. Bull. 55, 367-374.

U.S.A. 78, 4329-4333. Wegrzyn, R.D., Bapat, K., Newnam, G.P., Zink, A.D., Chernoff, Y.O.,

Schuller, E., Gulesserian, T., Seidl, R., Cairns, N., Lube, G., 2001. Brain 2001. Mechanism of prion loss after Hsp104 inactivation in yeast.
t-complex polypeptide 1 (TCP-1) related to its natural substrate betal = Mol. Cell. Biol. 21, 4656—-4669.
tubulin is decreased in Alzheimer’s disease. Life Sci. 69, 263-270.  Wright, H.T., 1991. Nonenzymatic deamination of asparaginyl and

Schultz, C., Dick, E.J., Hubbard, G.B., Braak, E., Braak, H., 2001. glutaminyl residues in proteins. Crit. Rev. Biochem. Mol. Biol. 26,
Expression of stress proteins alpha B-crystallin, ubiquitin and Hsp27 1-52.
in pallido-nigral spheroids of aged rhesus monkeys. Neurobiol. Aging Young, J.C., Moarefi, I., Hartl, F.U., 2001. Hsp90: a specialized but
22, 677-682. essential protein-folding tool. J. Cell Biol. 154, 267-273.

Shinohara, H., Inaguma, Y., Goto, S., Inagaki, T., Kato, K., 1993. Alpha Yu, Z., Luo, H., Fu, W., Mattson, M.P., 1999. The endoplasmic reticulum
B crystallin and Hsp28 are enhanced in the cerebral cortex of patients  stress-responsive protein GRP78 protects neurons against excitotoxicity

with Alzheimer’s disease. J. Neurol. Sci. 119, 203-208. and apoptosis: suppression of oxidative stress and stabilization of
Séti, C., Csermely, P., 2000. Molecular chaperones and the aging process. calcium homeostasis. Exp. Neurol. 155, 302-314.
Biogerontology 1, 225-233. Yuh, K.C.M., Gafni, A., 1987. Reversal of age-related effects in rat muscle

Stege, G.J., Renkawek, K., Overkamp, P.S., Verschuure, P., van Rijk, A.F.,  phosphoglycerate kinase. Proc. Natl. Acad. Sci. U.S.A. 84, 7458
Reijnen-Aalbers, A., Boelens, W.C., Bosman, G.J., de Jong, W.W., 7462.



	Chaperones and aging: role in neurodegeneration and in other civilizational diseases
	Introduction: general functions of chaperone proteins
	Protein folding and the aging process
	Chaperones in aged organisms and brain
	Chaperones in neurodegenerative diseases
	Chaperones and Alzheimer's disease
	Chaperones and Parkinson's disease
	Chaperones in polyglutamine diseases such as Hungtington's disease
	Chaperones in prion-related diseases

	Chaperone overload: a possible contribution to the onset of several polygenetic diseases
	Perspectives and closing remarks
	Acknowledgements
	References


