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Molecular chaperones are important for maintaining a functional set of proteins in all cellular compartments.

Together with protein degradation machineries (e.g., the ubiquitin-proteasome system), chaperones form the core

of the cellular protein-quality control mechanism. Chaperones are proteins, and as such, they can be affected by

mutations. At least 15 disorders have been identified that are associated with mutations in genes encoding

chaperones, or molecules with features suggesting that they function as chaperones. These chaperonopathies and

a few other candidates are presented in this article. In most cases, the mechanisms by which the defective genes

contribute to the observed phenotypes are still uncharacterized. However, the reported observations definitely

point to the possibility that abnormal chaperones participate in pathogenesis. The available data open novel

perspectives and should encourage searches for new genetic chaperonopathies, as well as further analyses of the

disorders discussed in this article, including detection of new cases. Genet Med 2005:7(1):3–12.
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eye diseases.

Protein biogenesis is one of the most crucial physiological
processes, ensuring the maintenance of a complete set of pro-
teins, correctly folded, in every cellular compartment. The
pathogenetic potential of failure in the mechanisms that assist
protein folding and refolding is gradually capturing the atten-
tion of a growing number of investigators.However, the field is
still in its initial stages, despite the fact that themajor players in
assisted protein folding have been under scrutiny in experi-
mental systems for over three decades. Furthermore, a number
of disorders (e.g., several neurodegenerative diseases), both in
humans and in suitable experimental models, have already
been linked with protein misfolding, aggregation, and precip-
itation.1–5 In all of these instances, the causes of the problems
were defects in the protein themselves, i.e., proteinopathies,
rather than deficiencies in the mechanism that assists them to
fold. In contrast, wewill here discuss a number of conditions in
which defects in molecules that assist in protein folding,
termed molecular chaperones, have been identified. In most
cases, it was unclear how much the defective chaperone con-
tributed to pathogenesis; in others, the identity of the defective
molecule was not established, beyond a reported sequence
similarity with a known chaperone. Nevertheless, the amount

and quality of the information currently available justify a se-
rious consideration of the possibility that defective chaperones
contribute to pathogenesis and may even be the primary etiol-
ogy in many disorders. Some of the available information is
discussed in this article, so as to provide investigators and prac-
titioners with an introduction to this emerging discipline: the
study of chaperonepathies.

MOLECULAR CHAPERONES

Molecular chaperones assist other proteins in the following
ways: (1) folding during and after synthesis on the ribosome;
(2) migration to the cellular locale in which they will function;
(3) translocation across membranes to reach the inside of the
organelle (e.g., the mitochondrion) in which they normally
reside andwork; and (4) refolding after partial denaturation by
stressors.6–9 Chaperones also participate in disaggregation of
protein aggregates,10–12 and in protein degradation: they direct
those damaged or abnormal polypeptides that have little
chance for proper folding to the proteolytic machinery.13,14

Many molecular chaperones are heat-shock proteins (Hsp),
because their parent genes are induced by heat shock and, in
some cases also by other stressors, such as heavy metals and
chemicals, hormonal imbalances, and changes in pH, pressure,
or osmolarity. Chaperones and Hsp are sometimes classified
according to molecular mass (a useful criterion for guiding
biochemical and structural analyses) into six groups: highmo-
lecularmass,Hsp90,Hsp70,Hsp60 (chaperonins),Hsp40, and
small Hsp or sHsp (kD: 100 or higher, 81–99, 65–80, 55–64,
35–54, and 34 or lower; respectively).15Within each group it is
possible to identify families of chaperones that are evolution-
arily related, for example, the Hsp70 and alpha-crystallin fam-
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ilies (the latter belongs to the sHsp group). Recently, this evo-
lutionary criterion together with structural and functional
information stored in databases have been used to propose a new
classification.16 This classification reflects the great variety of the
Hsp and chaperones as well as the structural similarities and phy-
logenetic relationshipsamong themembersofvarious subgroups.
Furthermore, a distinction has to be made between the chaper-
onesHsp70(DnaK) andHsp90 and their respective cofactors (co-
chaperones).17 Whereas a chaperone [e.g., Hsp70(DnaK)] binds
the polypeptide in need of assistance for folding or refolding (cli-
ent polypeptide or substrate), a cochaperone [e.g., Hsp40(DnaJ),
a cochaperone for Hsp70(DnaK)] does not, or if it does, client-
polypeptide binding is not its main function. Lastly, a useful
grouping of chaperones takes into account their ranges of differ-
ent substrates: some chaperones [e.g.,Hsp70(DnaK)] bind awide
rangeof substrates,whereasothers (e.g., tubulin assembly factors)
bind one or very few substrates. The latter are “dedicated chaper-
ones.” This distinction is important when considering the impact
of chaperone deficiency. The occurrence of a defective dedicated
chaperone can be predicted to affect a limited group of cellular
functions, to be more localized, as compared with the impact
of a defect in a chaperone with a wide range of substrates.
To exercise its functions, a chaperone teams up with other

chaperones of the same or a different group, and forms a chap-
eroning complex or machine. These complexes are designated
according to their components, for example, molecular chap-
erone machine [Hsp70(DnaK)-Hsp40(DnaJ)-nucleotide ex-
change factor], chaperonin type I complex (GroEL-GroES in
bacteria), thermosome (between one and five subunits in ar-
chaea), and chaperonin type II–containing TCP-1 or CCT (in
the eukaryotic cytosol). A team assists a polypeptide to fold or
refold, or tomigrate inside a cell compartment and translocate
across membranes; or it delivers the polypeptide to another,
different, complex (chaperoning networking) for completion
of folding or for degradation.
The eukaryotic cell contains compartments possessing dis-

tinct evolutionary histories, functions, and sets of molecular
chaperones.15

DEFECTIVE CHAPERONES: CHAPERONOPATHIES

In the last few years, attention has begun to be directed to
disorders associated either with defective chaperones, or else
with protein molecules whose primary sequences resemble
those of chaperones.18–22 These pathologic conditions consti-
tute a subset of the proteinopathies; they were reviewed, and
termed chaperonepathies (now chaperonopathies), in 2002.23

Genetic or acquired defects can affect one or more of the
specialized functions of the various segments or domains of a
chaperone molecule. Thus, the pathologic/clinical manifesta-
tions of a chaperonepathy will depend on what domain/func-
tion is impaired or abolished. A molecular chaperone must be
able to do the following: (1) recognize and bind substrate (e.g.,
a polypeptide in need of chaperone assistance for folding or
refolding) via its substrate-binding domain; (2) interact, via its
oligomerization domain, with other chaperones or cochaper-

ones and cofactors with which it builds the chaperoning com-
plex (i.e., the actual chaperone machine that will perform the
folding or refolding pathway for a polypeptide, or that will
assist in the formation of a multimeric assemblage of polypep-
tides); and (3) interact, as part of a chaperone complex, with
other chaperoning and protein-degradationmachines, to inte-
grate the protein-quality control networks of the cell. It is im-
portant to bear in mind that functional domains are not nec-
essarily formed by a single, continuous stretch of amino acids.
Functional domains can also be formed by noncontiguous seg-
ments of the protein coming together by folding into a tertiary
structure. Thus a mutation affecting a given domain/function
may be localized at various positions in the primary structure.
In addition to these structural chaperonopathies, other

types have been found in which the defect was not structural
but regulatory: the expression of a chaperone gene was either
increased or decreased.15,21–27 Although the suggestion was
that the chaperonopathy was caused by defects in the mecha-
nisms regulating chaperone-gene expression, it was not deter-
mined whether the gene dysregulation was the cause or the
effect of the primary disease, or of senescence.
Lastly, other structural chaperonopathies are caused by

posttranslational defects due either to RNA truncation, or else
to protein oxidation, glycation, or other modifications. These
are acquired conditions rather than hereditary ones and they
tend to reach pathologic levels in aged individuals.
The ubiquitin-proteasome system (UPS) and other pro-

teases are also involved in protein quality control.14 Degrada-
tion occurs when a protein is detected to be defective and un-
able to fold correctly, or to have been unfolded (e.g., partially
denatured by a stressor) beyond recovery. If this quality-con-
trol mechanism fails, the abnormal or denatured polypeptides
aggregate and precipitate.28–30

STRUCTURAL CHAPERONOPATHIES DUE TO
GENE MUTATIONS

In genetic chaperonopathies, the molecules affected can
each be assigned to a chaperone group, for example chaper-
onins of group I (bacterial-type chaperonins) and group II
(typical of the archaeal and eucaryal cytosols), chaperone co-
factors involved in tubulin folding and microtubule biogene-
sis, sHsp, and peptidyl-prolyl cis-trans isomerase (PPIase).

CHAPERONINS OF GROUP I
Hereditary spastic paraplegia

The mitochondrion contains a chaperonin related to bacte-
rial GroEL named Hsp60, and Hsp10, related to bacterial
GroES. ThemitochondrialHsp60 andHsp10 are believed to be
of bacterial origin, according to evolutionary analyses, and to-
gether they form a chaperoning machine similar to the bacte-
rial GroEL/GroES chaperonin complex, which plays a critical
role in the folding of numerous cellular proteins.7,31

The term hereditary spastic paraplegia (HSP) designates a
large, heterogeneous group of human neurodegenerative dis-
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eases, in which at least 17 loci have been implicated. Five genes
in these 17 loci have been cloned and sequenced.32 The protein
products of at least two of these five genes, paraplegin and
spastin, are thought to function as chaperones. The genes en-
coding human mitochondrial chaperonins Hsp60(Cpn60)
and Hsp10(Cpn10) map to chromosome 2q33.1. The two
genes are sited in the regionwhere the locus SPG13 forHSPhas
beenmapped. It was also found that SPG13 contains amutated
hsp60, encoding isoleucine-72 instead of valine-72 (V72I).32

Complementation experiments in Escherichia coli showed that
the humanmutant gene encoding an Hsp60 with isoleucine at
position 72, together with the wild-type hsp10 gene, did not
rescue cells that lacked their own set of hsp60-hsp10 (groEL/
groES) genes. In contrast, the wild-type human gene and a
human gene with a mutation at position 158 tested under the
same conditions (both in conjunction with wild-type Hsp10)
did rescue E. coli cells. These results suggest that, indeed, the
mutant Hsp60 protein, V72I, from patients with HSP is func-
tionally defective, at least when tested in an E. coli system, per-
haps due to its impaired ability to form an effective chaperon-
ing complex. It was speculated that themutated chaperone also
malfunctions in humans, and that this malfunction is respon-
sible for some of the manifestations of HSP.

CHAPERONINS OF GROUP II
McKusick-Kaufman syndrome

Several abnormalities occur in patients with McKusick-
Kaufman syndrome (MKS); typically, these patients display hy-
drometrocolpos, postaxial polydactyly, and heart disease.33,34

The genomic alterations associated with MKS have been
mapped to chromosome 20p12, where the gene MKKS is lo-
cated. This gene’s encoded protein is similar to a subunit of the
archaeal thermosome fromThermoplasma acidophilum, which
is equivalent to the eukaryotic cytosolic CCT, the archetype of
group II chaperonins. It was inferred, from the similarity be-
tweenMKKS and the thermosome subunit, that the former is a
chaperone, part of the CCT. Two mutations were found to be
responsible forMKS.33 A comparison of the crystal structure of
the thermosome from T. acidophilum with a model thermo-
some built in the computer using the mutant MKKS proteins
instead of the archaeal counterparts, was performed. The com-
parison revealed that the MKS mutations would disrupt the
thermosome structure, which depends on the correct assembly
of, and interactions among, the subunits. Thus, the chaperon-
ing functions of the CCT would be seriously impaired if a
mutated subunit of the type found in patients with MKS
became incorporated in the chaperonin complex. That this
is the operative mechanism awaits experimental demon-
stration. Nonetheless, it was suggested that failure of the
CCT during development and growth would lead to protein
misfolding, aggregation, and precipitation in many tissues,
for example those in the limbs, heart, and reproductive or-
gans, thereby producing the abnormalities observed in pa-
tients with MKS.33 This is an interesting suggestion that
should stimulate further research into elucidation of the

pathogenetic mechanisms causing the various manifesta-
tions of MKS. In this regard, it should be mentioned that a
143 base-pair deletion in the gene encoding the CCT gamma
subunit of zebrafish has been implicated in developmental
defects in this model organism.35

Bardet-Biedl syndrome

Bardet-Biedl syndrome (BBS) is characterized by a series of
abnormalities, some similar to those observed inMKS: retinitis
pigmentosa, obesity, polydactyly, learning disability, hypogo-
nadism, and renal anomalies,36,37 with linkages to eight or
more loci.38–43 The genes implicated are involved in a variety
of functions. In this review, we focus on one of these genes,
MKKS (locus BBS6), which is associated with some forms of
the condition: it encodes a protein resembling a CCT subunit
and was found to be mutated in four cases of BBS.44 As ex-
plained earlier forMKS, failure of the chaperoning function of
CCT due to the presence of mutant subunits would lead to
protein misfolding, aggregation, and precipitation in retina,
brain, andpancreas, producing someof the anomalies typically
seen in BBS. Here again, further research is needed to ascertain
whether the wild-type protein behaves in vivo as a chaperone,
as suggested by its structural features, and to assess the conse-
quences of the mutations on this protein’s functions.

Hereditary sensory neuropathy

The term hereditary sensory neuropathy (HSN) is used to
designate a large and heterogeneous group of hereditary neu-
ropathies. Among these, the most common ones are Charcot-
Marie-Tooth (CMT) disease (also called hereditary motor and
sensory neuropathy or HMSN); and HSNs or hereditary sen-
sory and autonomic neuropathies (HSAN).45

Animal models for these diseases are available. One of them
is an autosomal, recessive, early-onset sensory neuropathy in
the rat. The implicated mutation is called mutilated foot (mf),
and is characterized by ataxia, insensitivity to pain, and foot
ulceration. In this animalmodel, it was found that themf locus
contains Cct4, which encodes the CCT delta subunit, in a mu-
tated form, in which the highly conserved cysteine-450 is re-
placed by tyrosine. This would, as explained, interfere with the
assembly of a competent CCT, resulting in abnormalities due
to the lack of the correct mechanism for protein folding in the
various tissues affected by the syndrome. Although an analo-
gousmutationwas not found in the humanCct4, the finding in
the rat model should encourage research in similar directions,
for patients affected with any of the HSN syndromes.

CHAPERONE CO-FACTORS INVOLVED IN TUBULIN
FOLDING AND MICROTUBULE BIOGENESIS
Cofactor C

X-linked retinitis pigmentosa

Progressive degeneration of photoreceptor cells in the retina
characterizes X-linked retinitis pigmentosa (RP or XLRP).
Once begun, the degenerative process continues over 20–30
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years and may eventually result in blindness. Over 30 loci and
several gene defects have been implicated in RP. Some of the
mutated genes have no known function; one such is RP2,
which encodes a protein of 350 amino acids.46 The N-terminal
segment of RP2 has similarity with cofactor C, which in hu-
mans is one of a set of at least five chaperones (A through E)
involved in tubulin folding.46,47 Cofactors C and D activate
tubulin GTPase (hence they are called GTPase activator pro-
teins, or GAP). RP2, together with cofactor D, serves as the
GAP for tubulin, meaning that RP2 can replace cofactor C.
Although RP2 replaced cofactor C to act as GAP in conjunc-
tion with cofactor D, RP2 did not catalyze tubulin het-
erodimerization as cofactor C did.
Missense and protein-truncation mutations of RP2 have

been identified. The missense mutations were localized to the
cofactor C homologous position of the RP2 gene, whichmight
thus have impaired catalytic activities. The various mutations
of RP2 were tested, to determine the localizations and distri-
butions of the respective proteins within the cell.46 The pro-
teins were found to be either absent or abnormally distributed.
It was hypothesized that lack, and/or abnormal distribution, of
the RP2 protein, contributes to cell pathology. This could thus
represent an example of failure by a chaperone to recruit other
chaperone molecules (networking) and to thereby build a
chaperoning network.
Recently, it was demonstrated that if RP2 has a mutation in

arginine 118, or if cofactor C has a mutation in arginine 262,
the tubulin-GTPase stimulatory ability of each protein is lost.47

These and other data from experiments with Saccharomyces
cerevisiae indicated that RP2 and cofactor C have overlapping
functions, in addition to other functions that are specific to
each molecule. It was also shown that RP2 reacts with ADP-
ribosylation factor-like 3-protein, when the latter protein is
bound toGTP. This finding links RP2with several other retinal
proteins, which, when mutated, are also associated with RP.

Cofactor E

HRD or Sanjad-Sakati syndrome and Kenny-Caffey syndrome

HRD and Kenny-Caffey syndrome (AR-KCS), both consist
of congenital hypoparathyroidism, mental retardation, facial
dysmorphism, and severe impairment of growth; additionally,
in AR-KCS, osteosclerosis and repeated bacterial infections oc-
cur. Mutations (deletions and truncations) in the gene TcbE,
encoding cofactor E, were found in both disorders.48 Because
cofactor E is involved in cytoskeletal biogenesis, the cytoskele-
ton was examined in diseased cells, in efforts to determine
pathogenetic mechanisms. Fibroblasts and lymphoid cells
from affected individuals had a density of microtubules at the
microtubule-organizing center that was lower than the density
in their normal counterparts. Also, the microtubule polarity
was altered in the patients’ cells. These finding prompted the
suggestion that E-gene mutations that curtail the chaperoning
capacity of its protein product (due, for example, to impair-
ment of its networking ability, which would interfere with its

interaction with the other cofactors, A through D) can cause
HRD.

Progressive motor neuronopathy

Mice homozygous for the pmnmutation in chromosome 13
suffer a progressive caudocranial degeneration of motor axons
starting at 2 weeks after birth, ending in death 2–4 weeks lat-
er.49 These animals serve as amodel for studies pertinent to the
autosomal recessive proximal spinal muscular atrophy (SPM)
of children. A missense mutation in the gene TbcE, encoding
cofactor E in mice, has been implicated as a cause of progres-
sive motor neuronopathy (PMN).49,50 Examination of the sci-
atic and phrenic nerves of affected mice, by electron micros-
copy, showed a scarcity of microtubules. This anomaly could
be corrected by transgenic complementation with a wild-type
gene.49 The conclusion was that the TbcE gene, and conse-
quently its protein product, cofactor E, play a key role in mi-
crotubule biogenesis and stability in motor neurons. Most im-
portantly, when cofactor E is altered, motor neuron disease
ensues. Gene expression studies, genemappings, and sequence
analyses all suggested that the mouse TbcE gene in chromo-
some 13 is the ortholog of the human TBCE gene in chromo-
some 1q42.3. These data, taken together with those from stud-
ies of HRD andAR-KCS patients discussed earlier, support the
involvement of human TBCE in motor neuron disease. The
intrinsic molecular mechanisms involved in the pathogenesis
of HRD and AR-KCS are not yet understood, but a failure of
cofactor E networking abilities (as described for HRD) is one
possibility to consider, as a working hypothesis, in research
aiming at identifying pathogenetic factors and molecular tar-
gets for therapeutics.

SMALL Hsp
Hsp27

Williams syndrome

Deletion of the gene encoding the sHsp Hsp27 was found in
patients with Williams syndrome (WS).51 The gene is located
in chromosome 7q11.23, telomeric to the typical WS deletion
region. Three patients with the longer deletion regions, includ-
ing the hsp27 gene, showed the classical WS features (mental
retardation, facial dysmorphism, elastin arteriopathy, and the
characteristic cognitive profile and personality), but mental
retardation wasmore severe than in the patients with deletions
that did not include hsp27.

Hsp27, the product of hsp27, is an actin-binding chaperone
involved in actin polymerization and formation of the cy-
toskeleton, and it is structurally and functionally related to the
alpha-crystallins.51,52 The key role of Hsp27 in the biogenesis
and maintenance of the microfilament network suggests that
its absence, or functional failure, will affect those aspects of cell
and tissue physiology that depend on the cytoskeleton. At least
some of the manifestations of the WS can be attributed to
cytoskeletal abnormalities during postnatal development and
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growth. The exact functional defect of theHsp27molecule that
contributes to pathogenesis has not been characterized.

Charcot-Marie-Tooth disease and distal hereditary
motor neuropathy

Two types of Charcot-Marie-Tooth (CMT) disease have
been identified, demyelinating (CMT1) and axonal (CMT2),
both characterized by peripheral nerve degeneration.53,54 At
least eight loci and five genes have been implicated in the cau-
sation of CMT2, which in fact constitutes a clinically and ge-
netic heterogeneous group of disorders, with onset in teenag-
ers and young adults. One of the genes involved,HSPB1, which
encodes Hsp27, has been found with a missense mutation in a
group of affected individuals.53 Other mutations in HSPB1
were found in four families with distal hereditary motor neu-
ropathy (distal HMN) and in one case of CMT disease.53

Transfection of mutatedHSPB1 into neuronal cells resulted in
impairment of the viability of these cells as compared with
neuronal cells transfected with the wild-type gene.
The type ofmalfunction of the product of themutated chap-

erone gene and themechanismbywhich thismalfunction con-
tributes to the generation of the abnormalities observed in
CMT disease remain to be investigated. In this regard, some
pathogenetic pathwaysmay be hypothesized if we consider the
number of interactions that normally occur between sHsp and
various cellular structures, such as neurofilaments and the cy-
toskeleton. No doubt, elucidation of what is wrong with the
chaperone itself, and how this deficiency affects cellular func-
tions, will not only shed light on pathogenesis but also will
guide the development of means for disease prevention and
treatment.

Crystallins

Alpha-crystallins are members of a large family within the
sHsp group, and they have chaperoning abilities.52,55–59 A dis-
tinctive structural feature of these sHsp is a conserved sequence
toward the middle of the molecule, about 80 amino acids in
length, termed the alpha-crystallin domain.60 Usually, this do-
main is flanked by a nonconserved N-terminal segment of
variable length (depending on the organism), and by a short,
C-terminal tail.
Most of our knowledge on alpha-crystallins stems from

studies of those present in the eye lens, and it has been known
for some time that the lenticular alpha-A- and alpha-B-crys-
tallins abate protein aggregation-precipitation and the devel-
opment of cataracts.61 It is important to bear mind, however,
that alpha-crystallins are widespread in nature, being present
in all three domains of life: archaea and bacteria (both pro-
karyotes) and eucarya (eukaryotes)59; in the latter organisms,
they are present not only in the eye lens, but also in other
tissues.62

An important characteristic of alpha-crystallins is their abil-
ity to formhomo-oligomeric complexes, a property apparently
dependent on the alpha-crystallin domain, and directly related
to chaperoning functions.55 Thus, it can be expected that mu-

tations affecting this domainwill interfere bothwith oligomer-
ization capability and with function.

Cataracts

The presence in the eye’s lens of misfolded proteins, includ-
ing crystallins, is a feature that characterizes some forms of
cataracts. The association of cataracts with mutations in the
crystallin genes, leading to protein misfolding, has been re-
ported on several occasions.61,63–66 The implicated, mutated
crystallin genes includeCRYAA (alpha-A-crystallin),63CRYAB
(alpha-B-crystallin),67,68 CRYBB2 (beta-B-crystallin),69,70 and
CRYGC (gamma-C-crystallin).66,71 For example, a missense
mutation in the human alpha-A-crystallin gene CRYAA was
reported to accompany autosomal dominant congenital cata-
racts (ADCC) in one family.63

In another study, it was found that progressive juvenile-
onset punctate cataracts were caused by amutation in the gam-
ma-D-crystallin gene.72 The investigation focused on three
generations of a family with hereditary progressive cataracts,
transmitted as a fully penetrant dominant trait. In these pa-
tients, the lenses were clear at birth but, as the children grew,
the lenses became increasingly opaque, and cataracts became
detectable at around 2.5 years of age.
In another case, a 5-year old boy with congenital cataracts, a

unique feature was observed: deposition of birefringent crys-
tal-like inclusions in the lens.73 The inclusions were composed
of the crystal-forming protein gamma-D-crystallin (CRYGD)
lacking the N-terminal methionine.
Experimentally, in mice, it was demonstrated that mutant

gamma-crystallins can form aggregates in the nuclei of the pri-
mary-lens fiber cells.65 This potential of the mutant crystallins
to form precipitates can contribute to lens opacity instead of,
or in addition to, the precipitate-forming abilities of other,
abnormal, proteins with a tendency to misfold.
Here again, the question of exactly what is wrong, in func-

tional terms, with the lenticular chaperone (i.e., the alpha-
crystallin) deserves exploration, in the context of what is
known about chaperones and their domains and interactions,
and what we would predict to be the consequences of
mutations.
In a recent study, the interaction between alpha-A- and

gamma-C-crystallinswas investigated, in order to elucidate the
mechanism responsible for cataract formation when gamma-
C-crystallin is mutated.74 A mutation, T5P, is associated with
Coppock-like cataracts, an example of autosomal, dominant
congenital cataracts.66,71 It is not yet established why the wild-
type alpha-A-crystallin (which is known to possess chaperon-
ing capacity and which is present in the cells of the patient with
this type of cataracts), cannot prevent the aggregation-precip-
itation of the mutant protein T5P gamma-C-crystallin (which
because of its mutation tends to aggregate and precipitate).
The results indicated that a decrease in the interactions of
the mutant T5P with other crystallins is probably the reason
why this protein remains unassisted by the chaperones and
falls prey to its mutation-related tendency to aggregate and
precipitate.74
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A known crystallinmutant, alpha-A-crystallin R116C, is the
result of a missense mutation in which arginine 116 is changed
to cysteine. This mutation is involved in cataracts in the el-
derly. The stability of the quaternary structure of the alpha-A-
crystallin R116Cmutant was investigated, along with this mu-
tated protein’s chaperoning activity, its subunit-exchange
capability, and its membrane association abilities.75 The mu-
tant-protein complexes became highly polydisperse at 37° C.
Under these conditions, the chaperoning activity was four
times lower than that of the wild-type complexes. The same
trend was observed when the ability for subunit exchange was
tested: the mutant was less efficient than the wild-type com-
plex. It was speculated that these impairments in the mutant
molecules and their complexes must have an impact in vivo,
for several reasons: (1) the wild-type proteins, WT-alpha-A-
crystallin and WT-alpha-B-crystallin, have the ability to sup-
press stress-induced protein aggregation,55 suggesting that
these proteins do play a role in the maintenance of lens trans-
parency; (2) the two subunits readily exchange between soluble
alpha-crystallin complexes in a time- and temperature-depen-
dent manner; (3) alpha-crystallin endows the lens with its re-
fractive and transparency qualities via short-range molecular
interactions and ordering; and (4) alpha-crystallin binds inter-
mediate filaments and the plasma membrane. Furthermore, it
is known that the amount of soluble alpha-crystallin in the
cytosol of eye lens fiber cells declines with progression of both
senescence and of cataracts in the aged (see references in Hor-
witz55). All of these pieces of information converge to suggest
that the quantity of correctly folded alpha-crystallin available
to bind partially denatured proteins (damaged by the ageing
process via oxidation, deamidation, etc.) decreases during se-
nescence. This decrease in the crystallin’s chaperoning ability
would lead to progressive accumulation of protein aggregates,
with ensuing precipitation and formation of light-scattering
inclusions in the lens.

Desmin-related myopathy

Typical of desmin-related myopathy (DRM) are desmin ag-
gregates in skeletal and cardiac muscle.67 The various DRM
syndromes all share several characteristics: they appear in the
adult as neuromuscular disorders, with muscle weakness first
in the limbs and then progressing to the neck, pharynx, and
trunk.76Mutations in the desmin gene have been implicated in
pathogenesis.77 Another gene affected (mutation R120G) is
named CRYAB; it encodes alpha-B-crystallin and maps to
chromosome 11q21–23.67

The product of the defective gene R120G showed decreased
beta-sheet secondary structure, with reduction, or lack—
depending on the substrate used in the assay—of chaperone
activity in vitro.78 Alterations in secondary structure may
impair one or more of the functions and interactions of chap-
erone molecules, and thus become a pathogenetic factor.
For elucidation of the pathogenesis of DRM associated with

the mutation R120G, experiments were performed using pri-
mary cultures of muscle tissue from patients and normal con-
trols.79 The glucocorticoid hormone dexamethasone induced

expression of the alpha-B-crystallin and hsp27 genes in normal
cells, which were thus made resistant to the effects of heat and
oxidative stresses. In contrast, these protective abilities were
considerably impaired in DRM cells, correlating with the re-
duced expression of both chaperone genes.
Recently, an investigation was performed to determine

whether the R120G mutation has an effect on the accumula-
tion of desmin aggregates inside cells.80 R120G had a decreased
capability to reduce aggregate accumulation, as comparedwith
the wild-type protein. Aggregate formation and accumulation
were prevented by wild-type alpha-B-crystallin and Hsp27,
and these two normal proteins co-oligomerized with the de-
fective R120G molecule. Likewise, Hsp70 together with Hdj-1
[of the Hsp40(DnaJ) family] also reduced the cell load in ag-
gregates. It was suggested that the aggregates form in DRM
because the R120G protein cannot fold correctly due to its
mutation, and that misfolding, aggregation, and precipitation
might be preventable, or at least slowed down considerably, by
the chaperoning action of alpha-B-crystallin, either alone or in
conjunction with other chaperones.

Hsp22

Distal motor neuropathy

Distal motor neuropathy (DMN) comprises a genetically
heterogeneous group of conditions, in which several loci and
genes have been found to be abnormal (see references in Irobi
et al.81). Two mutations (K141N and K141E) were recently
identified in the gene HSPB8 (HSP22) in cases of DMN type
II.81 The mutated amino acid (lysine) is located in the central
alpha-crystallin domain, is highly conserved, and is key to the
functional efficiency of the sHsp alpha-A-crystallin: mutations
at this position are known to cause various disorders (see “Cat-
aracts” and “Desmin-related myopathy”).

PEPTIDYL-PROLYL CIS-TRANS ISOMERASE (PPIase)
Leber congenital amaurosis

Leber congenital amaurosis (LCA) is a severe and inherita-
ble form of retinopathy, manifested at birth as a serious vision
impairment, or blindness.82,83 A number of loci and mutated
genes have been implicated in LCA.83,84 One of these genes,
AIPL1 (aryl-hydrocarbon receptor-interacting protein-like 1),
is involved in LCA4.83,85,86 The protein product of AIPL1,
AIPL1, has 384 amino acids and three tetratricopeptide repeats
(TPR), suggesting its involvement in nuclear transport and/or
protein-protein interactions, such as those observed during
the formation and function of chaperone complexes. The gene
was mutated in LCA patients of the original LCA4 family.
The amino-acid sequence of AIPL1 is 49% identical to that

of the human aryl-hydrocarbon receptor-interacting protein
(AIP), a member of the FK506-binding protein (FKBP) family
with chaperone functions; all of these proteins contain
TPR.82,86,87 Comparative analyses of primary structures re-
vealed that all mammalian AIPs are conserved and are related
to the FKBP group of chaperones.85 The FKBP chaperones
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function in steroid receptor signaling, heat-shock response,
and immunosuppression. Hence, it was hypothesized that AIPL1
is also a molecular chaperone with functions similar to those of
the FKBPs. Mutations could alter some of the functions and in-
teractions of AIPL1 in amanner that can be inferred fromwhat is
known about the interactions of chaperones.
A specific and strong interaction of AIPL1 with farnesylated

proteins has been demonstrated; this interaction was impaired
by mutations.88 Farnesylation is a posttranslational modifica-
tion (prenylation) that occurs in the C-termini of a variety of
proteins, including those in retinal cells essential for vision.
Thus, it was suggested that one of the causes of LCA is the
failure of AIPL1 to assist in the farnesylation of retinal proteins
when AIPL1 has mutations that interfere with its farnesyla-
tion-assistance function.88

OTHER CANDIDATES
Proteins with DnaJ-Hsp90 markers

Autosomal recessive spastic ataxia of Charlevoix-Saguenay

The gene responsible for Autosomal recessive spastic ataxia
of Charlevoix-Saguenay (ARSACS or SACS) has been mapped
to chromosome 13q11.89 It encodes sacsin in a single, very long
exon encompassing nearly 13,000 base pairs. A protein similar
to sacsin is also found in mice and Arabidopsis thaliana. Sacsin
would possess on its C-terminal half a J domain [found in
many proteins such as the chaperones of the Hsp40(DnaJ)
group], and an N-terminal domain similar to the N-terminal
domain of Hsp9089 but we could confirm the latter (unpub-
lished). The occurrence in sacsin of chaperone markers would
suggest that sacsin is a chaperone. If indeed sacsin is a chaper-
one, then mutations affecting domains involved in the inter-
actions and functions of a chaperone could be pathogenic.
Demonstration of chaperoning functions for sacsin should be
a very attractive line of research in the quest to elucidate the
molecular mechanisms responsible for the manifestation of
ARSACS.
Recently, new mutations of the SACS gene were report-

ed.90–92 Any of these mutations could have a damaging effect
on sacsin’s chaperoning functions (although this awaits exper-
imental confirmation), and could thus account for the anom-
alies seen in ARSACS.

Alpha-synuclein: An emerging chaperone?

Parkinson’s disease

Alpha-, beta-, and gamma-synucleins aremembers of a fam-
ily of related proteins that display chaperoning activities in
vitro.93 Their physiologic roles in vivo have not yet been fully
elucidated. Alpha-synuclein is a presynaptic protein, associ-
ated with several neurodegenerative disorders,3,94 whose par-
ent gene is mutated in some forms of Parkinson disease.95,96 It
was recently found that the chaperone alpha-B-crystallin (a
sHsp) inhibits, in vitro, the formation of fibrils by wild-type
alpha-synucleins and by the two mutant alpha-synucleins im-
plicated in early-onset Parkinson disease.97 Inhibition of fibril-

lization was accompanied by formation of large, irregular, ag-
gregates containing alpha-B-crystallin and alpha-synuclein.
These amorphous aggregates would presumably be less stable
and more easily disaggregated by specialized chaperones than
are the fibrils formed by alpha-synuclein in the absence of al-
pha-B-crystallin. The generation of these amorphous aggre-
gates would preempt the formation of stable, deleterious, in-
tracellular amyloid inclusions, such as the Lewy bodies seen in
Parkinson disease. It was also observed that the two mutant
alpha-synucleins typical of early-onset Parkinson disease had
reduced chaperoning activity in vitro: they were less efficient
than was the wild-type molecule in minimizing the aggrega-
tion of two test proteins that had been partially denatured for
the purpose of the assay.
Another interesting finding pertains to the degradation

pathway of alpha-synuclein, which involves this protein’s
translocation into lysosomes and which is assisted by chaper-
ones.98 The alpha-synuclein mutants A53T and A30P, which
are part of the pathogenic build-up of Parkinson disease, did
not complete the translocation route: they remained stuck on
the lysosomal membrane. Thus, we may infer that accumula-
tion of alpha-synuclein in the Lewy bodies is due to the inabil-
ity of the cell to degrade themutantmolecules. Furthermore, it
was found that the two mutants not only did not translocate
into the lysosome, but they also interfered with the transloca-
tion of other protein destined for transport to this organelle for
digestion. This would constitute one example of chaperone
failure due not to a defective chaperone but rather to a struc-
tural abnormality in the substrate that cannot be recognized/
assisted by the chaperone.
If alpha-synuclein is definitively shown to be a chaperone, as

some of the results mentioned suggest, Parkinson disease will
have to be considered a chaperonepathy. This shift in perspec-
tive would not only suggest new avenues for developing novel
therapeutic strategies and means, but it would also dramati-
cally broaden interest in chaperonepathies.

Mitochondrial protein-specific chaperones

Mitochondrial diseases

This termisusually applied todisordersof the respiratorychain
inmitochondria.99 A number of proteins in themitochondria are
involved in the respiratory pathway. Some of these proteins are
encoded in genes located in the mitochondrial DNA, whereas
others are coded by genes in the nuclear DNA, and mutations in
these genes can cause disease.99 The specific roles of all these pro-
teins are still under investigation, but it is already clear that some
form assemblages to exercise their functions in the respiratory
pathway whereas others assist in the assembly process. The latter
“assembly factors” may be regarded as chaperones that, when al-
tered bymutations, would fall within the genetic chaperonepathy
class of disorders.

CONCLUSIONS AND PERSPECTIVES

At least 15 pathologic conditions have been reported in
which a gene encoding a chaperone, or a molecule sharing
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structural features with known chaperones, is mutated or ab-
sent. These conditions, which can be classified as genetic chap-
eronepathies, are characterized by abnormalities in the ner-
vous, muscular, or other tissues, and they may be considered
inborn errors of development, a term coined to encompass a
variety of genetically determined developmental disorders.100

The precise nature of the chaperonemalfunction and the exact
role of the defective chaperone in the development of the clin-
ical and anatomic abnormalities are still under investigation.
However, the types of chaperone malfunctions due to muta-
tions, as well as the impact of these malfunctions on protein
biogenesis and other cellular processes in vivo,may be inferred
from the known interactions and functions of chaperones. It is
likely that at least a subset of the pathologic manifestations
characteristic of those syndromes in which a chaperone gene is
mutated are due to malfunction of the mutant chaperone pro-
tein. Studies on the degree and type (e.g., substrate binding
strength and specificity) of mutant chaperone malfunction
and the impact of this malfunction upon development of var-
ious tissues and organs promise to be rewarding. Also, consid-
ering the data available, the situation is ripe now to undertake
a search for new genetic chaperonepathies. It is likely that we
may uncover new pathologies and expand our knowledge of
conditions, such as those discussed in this article, whose patho-
genetic mechanisms are still incompletely understood. These
goals can be achieved by reexamining samples from patients
already identified but that were not tested to fully ascertain if
they carried a chaperonepathy or to elucidate its molecular
mechanism, and by studying new potential carriers of this ab-
normality. In parallel, it will be necessary to conduct similar
studies using experimental models and the techniques applied
to other genetic disorders tomap chromosomal abnormalities,
unveil genetic polymorphisms, detect gene mutations, com-
pare genomes focusing on chaperone genes (chaperonomics),
and analyze gene sequences and find their matches in genomic
databases. In addition, the mutated genes and their protein
products should be tested in vivo (e.g., gene complementation)
and in vitro (e.g., determination of chaperoning ability with
regard to a denatured test polypeptide) to establish their con-
tributions to the chaperoning-protein quality control mecha-
nisms, and tomeasure the extent of impairment of thesemech-
anisms when they are mutated. This is critical because there is
overlap among chaperoning systems that have probably been
conserved during evolution to provide compensatory mecha-
nisms in case one of the components fails.
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