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accelerated proteolysis can occur in various subcellular
compartments.

Gaps in our understanding of these processes remain;
in most cases the particular proteases responsible have
not been defined. Elucidation of the factors involved in the
degradation of a given mutant protein is facilitated both by
the use of cell-permeable, specific protease inhibitors,
many of which are now widely available, and by protease-
deficient cell lines (Bass et al., 2000). However, this will
often not be a simple task: multiple degradative pathways
can act on a single protein (Fayadat et al., 2000); new
proteases, which can compensate for impaired function of
the currently-known ones, or work in an integrated manner
with them, continue to be discovered (Geier et al., 1999;
Wang et al., 2000); and inhibition of a single protease can
trigger cellular responses involving the activation of other
proteolytic pathways (Wagenkrecht et al., 2000). Another
challenge arises from the fact that co-translational, rather
than post-translational, degradation is probably a major
contributor to proteolysis, requiring novel techniques for
its detection (Turner and Varshavsky, 2000).

Degradation of mutant proteins has now been strongly
implicated in the etiology of a small, but growing, number
of genetic disorders. It would seem that when clear
evidence for the existence of this phenomenon is actively
sought, it is usually found. These observations, when
considered together with the more circumstantial evidence
so far obtained in a far greater number of disorders, begin

to make a convincing case for the importance of proteolysis
in the pathogenesis of inherited loss of function phenotypes.

Misfolding and Misassembly are Triggers for Protein
Degradation

Any newly-synthesised protein molecule, whether mutant
or wild-type, can enter one of two competing pathway types,
shown schematically in Figure 1. It has been shown, initially
by in vitro mutagenesis studies on model proteins (Hawkes
et al., 1984; Betts et al., 1997) and then by analysis of
disease-related mutant proteins (Brown et al., 1997; Bross
et al., 1998; Gamez et al., 2000; Waters et al., 2000), that
missense mutations can reduce the production of functional
protein in one or both of two distinct ways (see Figure 1;
also Figure 1B of Bross et al., 1999). First, mutations can
decrease the thermodynamic stability (i.e. increase the free
energy) of the functional native state conformation.
Reasons for destabilisation of this structure may sometimes
be apparent when an amino acid substitution is examined
in the context of 3D-protein crystal structure. Such reduced
stability increases the propensity of the protein to unfold
from the native state. Secondly, mutations can decrease
the rate of correct folding, affecting the kinetic partitioning
of the protein between the competing pathways; so that a
smaller proportion of newly-synthesised protein enters and
proceeds through the correct pathway for folding and
assembly. It is impossible to predict ab initio how a mutation

Figure 1. Model of competing pathways for correct versus aberrant protein folding and assembly. (Reprinted, in modified form, from Scriver and Waters 1999,
copyright (1999), with permission from Elsevier Science. Originally adapted from Betts et al., 1997). The monomeric folding intermediate is in equilibrium with
one or more misfolding intermediates. Mutation, or environmental factors such as high temperature, can adversely affect rates of correct folding and thus shift
this equilibrium towards the misfolding intermediate. This results in a greater proportion of protein entering the aberrant pathway, where it is more susceptible
to proteolytic degradation than is protein proceeding through the pathway of correct folding and assembly.
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will affect folding pathways, since an amino acid may play
a pivotal role in some transient intermediate structure but
not have an important function in the final native state
conformation (Betts et al., 1997; Waters et al., 2000). A
huge research effort in the mathematical and physical
sciences is now underway, using sophisticated
experimental techniques and theoretical approaches to
resolve the “protein folding problem” (Baker , 2000; Dinner
et al., 2000).

Meanwhile there is much empirical evidence that
mutant proteins involved in loss-of-function disease
phenotypes display an aberrant protein monomer
conformation and/or altered oligomerisation. Studies
including the use of conformation-sensitive antibodies,
spectroscopic analysis, size exclusion chromatography and
non-denaturing gel electrophoresis (Brooks, 1997; Bross
et al., 1999; Waters et al., 2000) show conclusively that
accelerated degradation of mutant proteins in various
subcellular compartments is linked to their aberrant folding
or assembly. Proteolytic systems are present in most,
probably all, subcellular compartments (Suzuki et al., 1997;
Netzer and Hartl, 1998; Bross et al., 1999; Wickner et al.,
1999; Leroux and Hartl, 2000). While different proteases
are found in different parts of the cell they mostly share a
broad substrate specificity, particularly recognising
stretches of hydrophobic amino acids which are normally
buried in the interior of correctly folded proteins. Studies
on structure and mechanism of these proteases shows
that some can only act upon unfolded proteins, while others
can cleave partially folded proteins. Additional proteases
recognise much more specific cleavage-site sequences
(Kato et al., 1999), which again may become more exposed
due to alterations (ranging from major to very modest) in
folding (Bass et al., 2000). Considerable redundancy
among proteases renders the overall system highly
stringent and it can be sensitive to even very slight
differences in protein conformation (Ellgard et al., 1999;
Wickner et al., 1999).

The reason why the cell must possess such extremely
sensitive and stringent systems for protein degradation is
not simply apparent on consideration of the classic loss of
function disease phenotypes, in which proteolysis actually
leads to disease. However the reason becomes abundantly
clear on examination of other disorders in which the cell
fails to remove certain aberrant proteins, which apparently
evade or swamp the cell’s capacity for proteolysis; and
then by their continued presence cause catastrophic
problems. A large group of dominantly-inherited disorders
affecting structural proteins reveal how the aberrant
structure of the mutant protein damages the function of
the wild-type protein (the “dominant negative” mutant
phenotype effect) and usually also of other structural
proteins with which it interacts, and in this way greatly
perturbs the functional architecture of the cell (Byers, 2001;
Dietz and Pyeritz, 2001). Another group of “gain of
(abnormal) function” disorders includes neurodegenerative
disorders such as Alzheimer’s, Parkinson’s, Huntington’s
and Creutzfeld-Jakob diseases, and systemic amyloid
protein disorders; as well as acquired disorders involving
prion proteins. In all of these conditions the aberrant protein
progresses to form aggregates (Figure 1), which are

protease-resistant and appear to be highly toxic to the cell
(Wickner et al., 1999; Kopito, 2000; Wanker, 2000; Benson,
2001). Loss of function phenotypes may in fact sometimes
represent a “better” alternative to a gain of function
scenario: for example, PiZZ α1-antitrypsin (α1-AT)
deficiency (Wu et al., 1994) is an example of a loss of
function disease in which emphysema results from the
absence of circulating α1-AT, which would normally protect
the lungs against damage by neutrophil proteases. In a
subset of patients, however, accumulation of some
misfolded α1-ATZ protein in liver causes an additional liver
pathology. Overall, then, the cell is required to strike a
precarious balance which in most cases results in the
“lesser of two evils”. But the degradative system is limited
in its ability to discriminate between serious alterations in
protein conformation and those which could have negligible
effects within the cell; and the tremendous cost of this
limitation is implied by examples where some mutant
proteins, which have extremely subtle folding defects
allowing them to remain fully functional, suffer rapid
degradation (Tamarappoo et al., 1999).

Cellular Defences Against Protein Misfolding and
Misassembly

Since misfolding and misassembly lead towards the serious
consequences of excessive protein degradation or
aggregation, cells require strategies to pre-empt these
occurrences as far as possible. Protective systems, notably
molecular chaperones, are accordingly present in all cell
types, and in all organelles (reviewed by Bross et al., 1999;
Ellgard et al., 1999; Wickner et al., 1999; Agashe and Hartl,
2000; DeFranco, 2000). While all of the information required
for correct folding of a protein resides within its own primary
sequence, chaperones can interact transiently with proteins
in such a way as to protect them from entering aberrant
pathways, thus buying them time to fold properly into their
native conformations. Broad-specificity chaperones identify
misfolded proteins by the same general biophysical
properties which proteases recognise; hydrophobic surface
patches in particular, also mobile peptide loops and lack
of compactness. Two classes of chaperones act, usually
in concert, on newly-synthesised polypeptides; chaperonins
physically sequester unfolded proteins in an internal
chamber, while “folding helper” chaperones  appear to
protect nascent chains during translation and to partially
unfold misfolding intermediates. Some chaperones of the
latter class can also protect or assist during assembly of
folded subunits into oligomers (Tyedmers et al., 2000) and
even, to a limited degree, solubilise aggregates already
formed (Diamant et al., 2000; Kopito and Sitia, 2000;
Wickner et al., 2000). There are also other more specialised
protective proteins (Ellgard et al., 2000) which appear to
interact with only one or a few other proteins; these include
chaperones with narrow specificity, “escort proteins” which
accompany a protein during its trafficking through the cell,
or proteins which are required to stabilise the functional
conformation of other proteins throughout their lifetimes
by forming a multiprotein complex with them (Lukong et
al.; Vinogradova et al., 1998).

Some, but certainly not all, wild-type proteins interact
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in vivo with molecular chaperones. These represent a
subset of proteins whose folding and assembly is naturally
very inefficient, so that they require additional aid if sufficient
protein is to attain the functional native state conformation
(Netzer and Hartl, 1998; Wickner et al., 1999; Berson et
al., 2000; Fayadat et al., 2000; Leroux and Hartl, 2000).
Many mutant proteins show chaperone interactions which
in the case of the corresponding wild-type protein either
do not occur at all or are far more transient (Brooks, 1997;
Kuznetsov and Nigam, 1998; Bross et al., 1999; Bass et
al., 2000; Jorgensen et al., 2000).This suggests that these
mutant proteins are receiving additional opportunities to
fold and assemble correctly. The principle that chaperones
may attenuate the loss-of-function phenotype associated
with mutant proteins has also been demonstrated by
experiments involving the co-overexpression, in
transformed bacterial cells, of bacterial chaperones
together with mutant human cytosolic or mitochondrial
proteins (Castanie et al., 1997; Bross et al., 1998; Gamez
et al., 2000). In these studies the additional exogenous
chaperones increased the yield of a soluble and active form
of the mutant protein.

Protein Folding and Degradation Can Contribute to
Complexity in “Single-Gene” Diseases

Most Mendelian monogenic “loss of function” diseases
display inter-individual variability in phenotypic outcome;
parameters such as age of onset and severity and range
of symptoms can differ enormously between patients. At
the beginning of the 1990s, as many disease-associated
genes were cloned and the technologies for DNA mutation
detection and in vitro protein expression analysis of
mutation effects became available, hopes ran high that this
phenotypic variability would be largely explicable in terms
of allelic heterogeneity at the primary disease gene locus.
The widespread expectation was that genotype at that
locus would be a simple predictor of phenotype, enabling
accurate prognosis and tailoring of treatment. A decade
later it is clear that many monogenic disorders are indeed
associated with a remarkable degree of allelic
heterogeneity, with hundreds of different disease-causing
mutations often being recorded for a single locus. However,
it is also evident that genotype does not always consistently
predict phenotype; in vitro analysis and population-based
studies may classify certain mutations as “severe” or
“mild”, yet individuals, even siblings, with the same
mutations can show dramatically different disease
severities (Summers, 1996; Scriver and Waters, 1999;
Dipple and McCabe, 2000).

For any genetic disease in which degradation of the
mutant protein plays a pathogenic role, it might be
envisaged that inter-individual differences in capacities for
protein folding and assembly or for proteolysis could
modulate the disease phenotype. Direct evidence on this
point is currently sparse; not surprisingly, since only in a
few disorders have the specific proteases and/or
chaperones involved been delineated. However, the
principle is clearly established by the example of PiZZ α1-
antitrypsin deficiency. Fibroblasts from the subgroup of
patients with liver pathology, associated with accumulation

of misfolded α1-ATZ, demonstrated in culture markedly
retarded degradation of the α1-ATZ mutant protein
compared to fibroblasts from patients without liver disease
(Wu et al., 1994). This showed that genetic factors other
than the primary disease locus significantly influenced
ability to dispose of the mutant protein. Six years later the
pathways involved in this proteolysis are still being
painstakingly dissected out, indicating a complex picture
involving both ubiquitin-dependent and independent
proteasomal mechanisms (Teckman et al., 2000), with the
individual disease-modifying component(s) yet to be
identified.

Mutations in genes encoding proteases, as well as
inhibitors and regulators of proteolytic pathways, have been
unambiguously shown to cause numerous human
diseases, both inherited and acquired (oncogenic) (Kato,
1999; Vu and Sakamoto, 2000). These disorders include
complex syndromes such as Angelman and von Hippel-
Lindau, in both of which the primary defect affects a ligase
which adds ubiquitin to proteins, targeting them for
degradation. Functional links between the gene defects
and the clinical phenotypes were by no means immediately
self-evident, and the near future is likely to unearth further
surprising causative relationships between mutations which
disorder proteolysis and disease phenotypes. It is tempting
to speculate that more subtle polymorphic variation in
genes encoding proteins involved in proteolysis or protein
folding will contribute to the modulation of phenotype in
many monogenic disorders. Only time will tell how
significant variation in these systems may or may not prove
to be, in comparison with the other genetic and
environmental factors which together ensure that
“monogenic traits are not simple” (Scriver and W aters,
1999; Hartman et al., 2001).

Prospects for Therapy: Advent of the “Designer
Chaperones”

At the beginning of the new millenium the available
therapeutic options for most monogenic loss of function
diseases remain severely limited (Scriver and Treacy,
1999). Gene therapy has not thus far materialised into the
“cure-all” which it was once hoped by many to represent,
and maturing understanding of that field has brought with
it the realisation that there are many technical and biological
hurdles still to overcome. Recognition that the pathogenesis
of many of these diseases involves defective protein folding
and assembly and increased proteolytic degradation
requires us to evaluate critically the potential for artificial
manipulation of these processes as a new therapeutic
approach.

Inhibition of proteases is unlikely to be widely, if at all,
applicable. Certainly inhibition of such major pathways as
proteasomal degradation would derange a multitude of
other cellular functions (Mayer, 2000). Inhibition of
proteases with a very narrow substrate specificity could
be considered, but with multiple provisos. The aberrantly-
folded form of the mutant protein would have to be
functionally active and also not have other adverse effects
on the cell (which could only be determined empirically).
An apparently narrow protease substrate specificity could
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simply reflect a shortfall in current knowledge; proteases
believed to have a “specific function” have a tendency to
gradually reveal new substrates and thus new functions
(Wang et al., 2000). Finally, for those mutant proteins which
show prolonged retention in intracellular compartments
during their trafficking, there is no guarantee that preventing
their degradation is all that is required to secure their
release. The list collectively is daunting, and encourages
one instead to address the other side of the problem;
namely, protein folding, assembly and stability.

A general up-regulation of broad-specificity chaperone
proteins might at first sight be expected to solve the problem
in many disorders. However, chaperones do not simply
provide a passive buffer against misfolding and
misassembly; they appear also to be actively involved in
judging proteins to be unsalvageable and targeting them
for degradation (Suzuki et al., 1997; Ellgard et al., 1999).
The balance is a delicate one, and at higher cellular
concentrations chaperones might also interact with properly
folded proteins and cause their inappropriate degradation
(Wickner et al., 1999); moreover, chaperones appear to
actually exacerbate the formation of some protease-
resistant amyloid protein aggregates (Wickner et al., 1999),
perhaps in the process of an abortive rescue attempt.
Chaperones also have numerous other biological roles,
such as signal transduction (Wickner et al., 1999;
DeFranco, 2000). Those chaperones and other protective
proteins which appear most specific in their interactions
(Ellgard et al., 1999) would be the best candidates for
manipulation, but again the caveat here is the possibility
of hitherto unsuspected interactions involving these
proteins (Leroux and Hartl, 2000).

The use of so-called “chemical chaperones” as an
alternative approach to the problem of protein misfolding
was proposed (Brown et al., 1997) based on a timely
revisiting of some old observations. Glycerol and other low
molecular weight compounds, long known to stabilise the
native state of isolated proteins in vitro, could correct the
effects of various mutations in yeast by “osmotic
remediation” (Hawthorne and Friss, 1964). Subsequently
it was shown that three main classes of such osmolytes
are in fact naturally produced by various cells as a defence
against protein misfolding under conditions of osmotic
stress. Brown et al. (1997) showed that glycerol and
trimethylamine N-oxide (TMANO) corrected, in cultured
cells, protein folding defects in mutant forms of CFTR
(∆F508), the p53 tumour suppressor protein, the viral
oncogene protein pp60src and the ubiquitin activating
enzyme E1. The mechanism of effect appears complex
and multi-faceted, and it involves a general alteration of
the aqueous cellular environment rather than a direct
interaction between the compound and the protein per se,
so that the term “chaperone” in this context is something
of a misnomer. Nevertheless, the effects of these
chemicals, however indirect their action, evidently included
a beneficial impact upon the kinetic partitioning between
folding versus misfolding pathways (Brown et al., 1997).
However, the effective concentrations (100-1000 mM)
would probably be impossible to obtain in most tissues in
vivo, and even if achieved would very likely frequently
produce other major problems. TMANO was subsequently

shown to correct, in cultured cells, mutant aquaporin-2
trafficking in nephrogenic diabetes insipidus, at
concentrations which arguably might be achievable under
physiological conditions in the relevant tissue, renal medulla
(Tamarappoo and Verkman, 1998). Meanwhile the
encouraging early proof-of-principle observations on the
effects of “chemical chaperones” prompted a search for
compounds which would be effective at lower concentration
and without appreciable toxicity.

Several groups of researchers have reasoned that, in
order to find a chemical which will rescue a mutant protein
by acting as an artificial chaperone at low (micromolar or
less) concentration, the best starting point would be to
examine compounds already known to interact, directly,
specifically, and with high affinity, with the wild-type protein
in question. Such features may be considered functional
prerequisites for any potential “designer chaperone”. The
human multidrug transporter (P-glycoprotein) was used as
a model system to study this approach in cultured cells
(Loo and Clarke, 1997). Multiple artificial missense
mutations in this protein cause its misfolding, retention and
degradation in the ER. Four structurally different cell-
permeable compounds (two substrates and two inhibitors
of drug transport) were all, at micromolar concentrations,
able to rescue function for many different mutant isoforms
of the protein. The normal trafficking of the protein together
with its processing into a fully functional mature form was
enhanced, and the rate of its degradation drastically
slowed.

Application of this approach to mutations causing
monogenic loss of function diseases has quickly followed.
Mutations in the V2 vasopressin receptor (V2R) gene cause
X-linked nephrogenic diabetes insipidus, many by impairing
protein folding such that the receptor fails to escape ER
degradation and to reach the plasma membrane.
Functional rescue of eight different missense mutations
using two different cell-permeable V2R antagonists was
observed (Morello et al., 2000; Welch and Howard, 2000).
The mutant receptors were transported to the cell
membrane where they could, like the wild-type, both bind
vasopressin and activate adenylate cyclase to initiate signal
transduction.

A second example (Fan et al., 1999) concerns
mutations in the gene encoding lysosomal α-galactosidase
A (α-Gal A) which cause Fabry disease, a disorder of
glycosphingolipid metabolism. Once again, several of these
mutations have been shown to cause misfolding and
abortive exit from the ER leading to the enzyme’s
degradation. Cell lines derived from Fabry disease patients
with different mutant genotypes were treated with a potent
competitive inhibitor, 1-deoxy-galactonojirimycin (DGJ) at
20 µM concentration. This concentration achieves near-
total inhibition of the enzyme in vitro, but the actual
intralysosomal concentration was far lower, probably due
in part to pH-induced dissociation of enzyme and inhibitor.
DGJ treatment accelerated the maturation and transport
of the mutant enzymes, enabling them to reach the
lysosome, and enhanced the enzyme activity in
lymphoblasts and fibroblasts. Also oral administration of
DGJ to transgenic mice overexpressing a mutant α-Gal A
substantially elevated the enzyme activity in several organs.
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Some generally applicable observations emerge from
the exciting observations above. Heterogeneity of
mutations appears less of a barrier to the development of
relevant pharmacological chaperones than was previously
feared (Morello et al., 2000). There are various possible
suitable ligand types; antagonists and inhibitors can be
useful if they can act as chaperones at sub-inhibitory
concentrations or if they dissociate from a mutant protein
after it has been safely escorted to a correctly assembled
and stable functional conformation. Existing knowledge of
the relevant biology for other proposed mutant protein
targets will often guide decisions as to whether a substrate,
cofactor or other ligand might be used. Loss of function
recessive phenotypes represent particularly good
candidates for correction by chemical chaperones
(provided of course that the particular mutations involved
do not directly ablate the function of the protein molecule),
since the presence of even a relatively small amount of an
active protein in the correct subcellular destination is often
adequate to prevent the disease phenotype. High-
throughput screening for chaperone function of new
compounds generated by combinatorial chemistry may
contribute to the treatment of some of these genetic
disorders. For others it appears that a little creative
imagination, if overlaid on a solid foundation of biochemistry
and cell biology, could prove both necessary and sufficient.
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