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Whole-genome sequencing projects have drastically
changed the landscape of biological research. The lexicon
of contemporary biology contains a plethora of new terms,
including: genomics, research pertaining to the genome;
proteomics, description of the protein complement of an
organism; and bioinformatics, the collection and interpre-
tation of biological information (primarily nucleic acid and
amino acid sequence data) (Bouchez and Höfte, 1998).

However, obtaining sequence information is not an end
unto itself. It is essential that the products of these genes be
identified and their function and physiological significance
discovered (Bork et al., 1998; Saier, 1998). In complex eu-
karyotes such as flowering plants, as many as 5 3 104 genes
can be selectively expressed in individual cells. It is the
products of these genes, the proteins, that determine the
fate and function of the cells.

Protein function is determined by how the protein folds
to form a specific three-dimensional structure. The way
that a protein folds is determined by the free energy of the
constituent amino acid residues (Levitt et al., 1997). As
much as 50% of the primary amino acid sequence is nec-
essary just to define the three-dimensional structure of a
typical protein (Dobson et al., 1998).

PROTEIN FOLDING IN THE CELL IS
NOT AUTONOMOUS

The classic in vitro studies of Anfinsen, which resulted in
his receipt of the 1972 Nobel prize in chemistry, demon-
strated that the primary amino acid sequence of a protein
can contain all of the information necessary to direct the
folding of a polypeptide chain to the correct final structure
(for review, see Anfinsen, 1973). However, the conditions
of temperature and pH, the salt concentration, and espe-
cially the total protein concentration found in vivo tend to
promote a plethora of side reactions that compete with the
single pathway that will lead to the correct final structure.

Unfolded and partially folded proteins tend to aggregate
when present at the concentrations found in vivo, which
are estimated to be as high as 340 mg mL 21 in Escherichia
coli. Molecular chaperones, proteins that prevent inappro-
priate association or aggregation of exposed hydrophobic
surfaces of unfolded or partially folded proteins and direct
them into productive folding, transport, or degradation
pathways, function to minimize protein aggregation and

can promote dissociation of aggregates that have formed
(Boston et al., 1996; Miernyk, 1997; Netzer and Hartl, 1998;
Sigler et al., 1998). Protein-folding catalysts, conventional
enzymes that accelerate the rate-limiting steps in protein
folding, allowing folding intermediates to avoid aggrega-
tion and non-productive interactions with other proteins,
also assist cellular proteins to avoid aggregation by accel-
erating the rate of correct folding (Schmid, 1993; Boston et
al., 1996; Huppa and Ploegh, 1998). The molten globule
state is an intermediate stage where a protein is “partly
unfolded,” and it is thought that proteins are in the molten
globule state when recognized by chaperones or for mem-
brane translocation.

MOLECULAR CHAPERONES PREVENT
NON-PRODUCTIVE INTERACTIONS

Molecular chaperones assist in the assembly/disassem-
bly of proteins but are not themselves components of the
final structures. Molecular chaperones do not have an ac-
tive role in protein folding, do not accelerate the folding
reactions, nor do they provide steric information directing
protein folding. Rather, they serve to reduce the divergence
of folding intermediates into non-productive side reac-
tions. Molecular chaperones reversibly bind to and shield
unfolded segments of polypeptides that would otherwise
act as loci for aggregation. For in vitro analysis, it is as-
sumed the protein folding and unfolding are equivalent.
Molecular chaperones are often characterized by their abil-
ity to prevent aggregation of proteins unfolded by mild
acid or heat treatment (Fig. 1). Under stress conditions such
as heat shock, it is the synthesis of molecular chaperones
that allows cellular proteins to avoid and/or recover from
aggregation. A brief description of each of the major classes
of stress proteins/molecular chaperones from the large to
small subunit size is presented.

THERE ARE SIX MAJOR FAMILIES OF CHAPERONES,
EACH WITH UNIQUE HOMOLOGS IN DIFFERENT

SUBCELLULAR COMPARTMENTS

Stress100/Clp

The 100-kD stress protein is found in all organisms, with
the actual size ranging from 84 to 104 kD. There are two
major subclasses: class 1 proteins (A, B, C, and D) have two
ATP-binding sites, and class 2 proteins (M, N, X, and Y)
have a single ATP-binding site (Schirmer et al., 1996). Class* E-mail miernykj@mail.ncaur.usda.gov; fax 309 – 681– 6686.
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1 Stress100/Clp proteins have a coiled-coil secondary
structure separating the ATP-binding domains (Nieto-
Sotelo et al., 1999). Transmission electron microscopy of
Stress100 reveals ring-shaped particles with a 6-fold rota-
tional symmetry. Side views show two rings stacked to-
gether (a dodecamer).

The HSP100 proteins have been extensively studied in E.
coli as subunits of an ATP-dependent protease (caseino-
lytic protease [Clp]) (Hoskins et al., 1998). Clp consists of
two distinct subunits: ClpP is the actual protease, while the
ClpA/B/C/X chaperone subunits designate target speci-
ficity. The ClpP sequence is unrelated to ClpA/B/C/X,
and ClpP is not a chaperone. Either as subunits of the
homomeric ring structure or as subunits of the protease,
HSP100/Clp employs ATP hydrolysis to promote changes
in protein folding and assembly. Thus, the HSP100/Clp
proteins constitute a class of molecular chaperones (Boston
et al., 1996; Hoskins et al., 1998).

In plant cells HSP100/Clp is both cytoplasmic and or-
ganellar (within plastids and/or mitochondria). HSP100/
Clp is expressed in developmental and organ-specific pat-
terns and is up-regulated by a variety of environmental
stress conditions (heat, cold, high salt, and heavy metals)
(Schirmer et al., 1994).

Stress90

The 90-kD stress proteins, which actually range in size
from 82 to 96 kD, are highly conserved and abundant in the
cytoplasm of both eukaryotic and prokaryotic cells
(Csermely et al., 1998). Despite the high levels of expres-
sion under non-stress conditions, the term HSP90 is widely
employed. Although considered controversial for many
years, the question of ATP binding to Stress90 was an-
swered unequivocally when the x-ray structure was solved
(Fig. 2A). Thus, HSP90 is an ATP-dependent molecular

chaperone that binds transiently to late, probably highly
structured folding intermediates, preventing aggregation.
While the majority of cellular HSP90 is in the cytoplasm,
there are distinct organellar forms found in the rough
endoplasmic reticulum (ER), plastids, and mitochondria
(Boston et al., 1996; Møgelsvang and Simpson, 1998).

HSP90 can function independently as a chaperone; how-
ever, it also acts in concert with a group of other proteins
that together comprise the foldosome, or cytoplasmic chap-
erone heterocomplex (CCH). The CCH has been studied
most extensively in mammalian cells, where it plays an
important role in signal transduction via interaction with
steroid hormone receptors and protein kinases including
the Src and Raf components of the MAP kinase system
(Buchner, 1999). HSP90 is associated with at least six part-
ner proteins complexed with the hormone-free receptor.
Formation of this complex is essential for subsequent hor-
mone binding. After binding of the ligand and dissociation
of the CCH, the activated hormone-bound receptor func-
tions as a transcription factor. In the absence of ligands, the
receptors interact with HSP70 to start a new cycle. Two
important factors have led to the characterization of CCH
function: (a) the CCH can be assembled in vitro from
isolated components, and (b) this assembly can be pre-
vented by geldanamycin, a specific inhibitor of Stress90
function (Buchner, 1999).

HSP90 partner proteins in the CCH include: Stress70,
Hip (HSP70 interacting protein; p48), Hop (HSP70/HSP90
organizing protein; p60 or Sti1p), a DnaJ homolog, the
folding catalyst prolyl-isomerase (PPI), and p23 (Sba1p in
yeast). An additional component, p50 (Cdc37), has only been
detected in complexes of the CCH with protein kinases.

Although the CCH has been best characterized in mam-
malian systems, a complex that is very similar in both
composition and function can also be found in both yeast
and filamentous fungi (e.g. Brunt et al., 1998). Plant cells
also contain a CCH capable of activating the mammalian
glucocorticoid receptor in vitro. HSP70, HSP90, and an
FKBP-type prolyl-isomerase have been identified as com-
ponents of the wheat CCH (Reddy et al., 1998). The maize
CCH also contains a DnaJ homolog and a cyclophilin-type
prolyl-isomerase (J.A. Miernyk, unpublished data). Plant
and yeast homologs of the mammalian steroid hormone
receptors have not yet been reported, and the native targets
for CCH function in these cells are at this time unknown.

Stress70

The 70-kD stress proteins comprise a ubiquitous set of
highly conserved molecular chaperones that range in ac-
tual size from 68 to 110 kD (Vierling, 1991; Boston et al.,
1996; Miernyk, 1997). Some family members are constitu-
tively expressed and are often referred to as HSC70 (70-kD
heat shock cognate). Other family members are expressed
only when the organism is challenged by environmental
stresses such as temperature extremes, anoxia, heavy met-
als, and predation. These family members are generally
referred to as HSP70 (70-kD heat shock protein), even, for
example, when they are induced by cold shock. No differ-
ences in actual chaperone function have been described

Figure 1. The Stress70 chaperone machine prevents thermal aggre-
gation of the model protein malate dehydrogenase. Malate dehydro-
genase (300 nM) was incubated at 45°C with no chaperone (V), with
recombinant Arabidopsis Stress70 (ƒ), Stress70 plus the chaperone
activating protein AtJ2 (‚), or Stress70 plus AtJ2 plus the nucleotide
exchange factor AtE1 (L). Light scattering, measured at 320 nm,
increased as the enzyme was unfolded during heat treatment. Data
are the means 6 SE of three measurements.
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between the constitutive and stress-induced proteins, and
hereafter they will be discussed collectively as Stress70.
Several excellent recent reviews cover the molecular details
of stress protein induction in plants (e.g. Schöffl et al.,
1998), which are outside the scope of this review.

Specific species of the Stress70 proteins are found in all
subcellular compartments (Boston et al., 1996; Miernyk,
1997). While plant cytoplasmic Stress70 proteins are more
closely related to their mammalian isologs, the mitochon-
drial and plastidic proteins are more similar to their pro-
karyotic counterparts. The rough ER luminal resident form
of Stress70 is variously referred to as BiP (from early stud-
ies on its function as the IgG-binding protein of mam-

malian cells), GRP78 (78-kD Glc-regulated protein), and in
yeast, KAR2 (karyogamy).

The prokaryotic and organellar Stress70 proteins do not
function as chaperones by themselves, but rather in concert
with two accessory or co-chaperone proteins. The func-
tional association of these components is often referred to
as the Stress70 chaperone machine (Miernyk, 1997; Bukau
and Horwich, 1998) (Fig. 3). DnaK (Stress70) is the central
component of the machine, and functions as a chaperone
in association with DnaJ, a chaperone-activating protein
(CAP), and GrpE, a nucleotide exchange factor (NEF). Eu-
karyotic counterparts of DnaJ are widespread and are re-
ferred to variously as DnaJ homologs, Hsp40, or Stress40.

Figure 2. Structures of selected molecular chap-
erones. A, Ribbon diagram derived from the
1.8-Å x-ray structure of the tetragonal form of
the N-terminal domain of Saccharomyces cer-
evisiae Stress90 complexed with the specific
inhibitor geldanamycin. This inhibitor binds to
the ATP-binding site. B, Ribbon diagram derived
from the 1.7-Å x-ray structure of the 44-kD
N-terminal ATP-binding domain of bovine
Stress70. C, Ribbon diagram derived from the
NMR structure of the J-domain of the human
DnaJ homolog HdJ1. D through F, Structures of E.
coli GroE reconstructed from cryo-electron mi-
croscopy. D, GroEL; E, GroEL plus 30 mM ATP;
F, GroEL-ATP-GroES (http://bioc09.uthscsa.edu/
approximately seale/chap/em1.html).
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Thus far the occurrence of eukaryotic cytoplasmic nucleo-
tide exchange proteins has been controversial, although
structurally related GrpE homologs have been found in
mitochondria and plastids.

While both the primary sequence and structural organi-
zation of the Stress70 proteins are highly conserved, results
from recent studies suggest that the Stress70 reaction cycle
might be significantly different in prokaryotes and the
eukaryotic cytoplasm. The eubacterial paradigm begins
with DnaJ binding to an unfolded peptide and this binary
complex subsequently interacts with ATP-ligated DnaK.
When ATP occupies the nucleotide site of DnaK, the chap-
erone is in the open state and can effectively bind the
extended peptide (Fig. 2B). DnaJ promotes the hydrolysis
of ATP by DnaK, and the concomitant conformational
change drives the release of a more structurally organized
portion of the polypeptide chain. GrpE subsequently facil-
itates the exchange of ADP for ATP. This cycle repeats until
a stable structure is achieved. In the mammalian Stress70

cycle, the unfolded peptide reacts directly with HSP70 (Fig.
3). Next, the DnaJ homolog binds to the polypeptide/
HSP70 complex and stimulates the ATPase activity. The
HSP70 complex then adopts the more stable ADP-ligated
state. This state is further stabilized by association with
Hip, the HSP70 interacting protein. In the absence of a
nucleotide exchange factor, the cycle ends with slow dis-
sociation of ADP, acquisition of the next ATP molecule,
and release of the polypeptide from the ATP-bound, open
form of Stress70.

In addition to Hip and Hop, which are mentioned in the
section on HSP90, there are at least two other proteins that
bind to the mammalian Stress70 complex and can poten-
tially control chaperone activity. In keeping with the Hip/
Hop vernacular, these have been termed Hap and Hup.
Hap, the HSP70-associating protein, also known as BAG-1
or Rap46, is a negative modulator of Stress70 chaperone
activity. Hup, the HSP70-unbinding protein, also known as
p16 or Nm23, is ostensibly a nucleoside diphosphate ki-

Figure 3. Schematic presentation of the Stress70 chaperone machine showing the interactions among the central ATP-
dependent chaperone, the chaperone-activating protein/DnaJ, and the nucleotide exchange factor/GrpE. The 44-kD
N-terminal ATPase domain of Stress70 is indicated as a gray rectangle; the peptide-binding domain is indicated in black. A
newly synthesized polypeptide can be recognized and bound by the ATP-ligated form of Stress70 while still nascent or
immediately after release from the ribosome. This binary complex is recognized by the chaperone-activating protein (blue
trapezoid) that binds and stimulates ATP hydrolysis. The ADP-ligated form of Stress70 has a lower affinity for the
polypeptide, which is then released from the machine. If the polypeptide folds incorrectly, it is prone to aggregation.
Similarly, a mature correctly folded protein will aggregate when unfolded/denatured. The ADP-ligated form of Stress70 is
recognized by the nucleotide exchange factor (orange triangle) that promotes the exchange of ADP for ATP, allowing another
cycle by the machine. A typical protein would require several cycles of binding and release before reaching the final
correctly folded conformation. The polypeptide chain is not folded by the machine, but rather “held” in a conformation that
allows expression of the folding information present in the primary sequence.
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nase. Hup is also a stress protein and modulates HSP70
chaperone activity by promoting dissociation (unbinding)
of the chaperone-target complex. The elaborate, but until
now comprehensible, model of the mammalian Stress70
chaperone machine became a bit more difficult to fathom
with a recent report that Hop interacts with TriC and
modulates the protein folding activity of the chaperonin
(molecular chaperone proteins that are related to GroE
either by primary sequence homology or overall structure)
by affecting nucleotide exchange (Gebauer et al., 1998).
This would represent an unprecedented economy of func-
tion, with Hop regulating two structurally unrelated chap-
erone complexes.

Less is known about the Stress70 chaperone machine in
the cytoplasm of plant cells. The HSP70 proteins and DnaJ
homologs of plant cells are structurally similar to their
microbial or mammalian counterparts (Boston et al., 1996;
Miernyk, 1997). While GrpE is a well-defined nucleotide
exchange factor for the prokaryotic Stress70 chaperone ma-
chine, it is currently believed that the mammalian cytoplas-
mic machine functions without such a component. A small
Arabidopsis protein (GB U64825) that stimulates ATP/
ADP exchange by a plant Stress70/DnaJ-homolog complex
has recently been characterized (B. Kroczyńska and J.A.
Miernyk, unpublished observations). This protein (which
should possibly be named the HSP70-exchange protein)
has no obvious sequence relationship with GrpE, Hip, Hop,
Hap, or Hup. To date, only one other plant component, a
soybean Hop homolog (accession no. GBX79770), has been
cloned or studied. Thus, it appears that the plant cytoplas-
mic Stress70 chaperone machine has some features in com-
mon with both bacterial and mammalian complexes, and
perhaps unique features as well.

The Chaperonins

The chaperonins comprise the best-studied family of
molecular chaperones (Boston et al., 1996; Netzer and
Hartl, 1998; Sigler et al., 1998). They are double-ring, oli-
gomeric structures that provide a closed compartment that
shields folding proteins from the cellular environment (Fig.
2, D–F). Based upon evolutionary relationship, there are
two distinct groups of chaperonins. The archetype group I
chaperonin is GroEL, which occurs in the cytoplasm of
eubacteria and within the mitochondria and plastids of
eukaryotic cells, where it is referred to as cpn60 (Boston et
al., 1996). Group II chaperonins include the archaeal ther-
mosome and the eukaryotic cytoplasmic chaperonin com-
plex, variously referred to as C-cpn, TCP-1 (T-complex
protein-1), CCT (chaperonin containing TCP-1), or TriC
(TCP-1 ring complex).

Members of both groups require energy derived from
ATP hydrolysis to drive protein folding, and share the
same basic mode of action. However, details at the molec-
ular level differ considerably (Sigler et al., 1998). Group I
chaperonins depend upon a partner protein, chaperonin 10
(cpn10, or GroES in bacteria), while a distinct cpn10 protein
is not part of the group II system.

In group I chaperonin-mediated protein folding, an
asymmetrical double-ring structure, in which GroES/

cpn10 is bound to only one end, acts as the polypeptide
acceptor (Fig. 2F). Binding occurs exclusively to the
GroEL/cpn60 ring not occupied by GroES/cpn10. After
polypeptide binding, a round of ATP hydrolysis in the
occupied GroEL/cpn60 ring induces release of GroES/
cpn10 (Fig. 2D). After release, GroES/cpn10 binds to the
GroEL/cpn60 ring, where the polypeptide is bound. In this
form the polypeptide is sequestered under a GroES/cpn10
“lid” in an enlarged central cavity. ATP then binds to the
unoccupied ring, initiating polypeptide folding (Fig. 1E).
ATP hydrolysis drives GroES/cpn10 release and allows the
polypeptide to exit the GroEL/cpn60 central cavity. This
cycle is repeated until the polypeptide reaches the final
native structure (Bakau and Horwich, 1998; Sigler et al.,
1998).

Nuclear-encoded group I chaperonins are found within
the plastids and mitochondria of plant cells, and it was
based upon studies of the chloroplast cpn60 (or Rubisco
large-subunit-binding protein, as it was previously known)
that the molecular chaperone concept was revived and
extended (Hemmingsen et al., 1988). The structures and
reaction cycles of the plant mitochondrial chaperonins are
highly homologous to those of GroEL/S. The reaction cycle
of the plastid chaperonins is also homologous to that of the
prokaryotic counterparts. There are, however, some in-
triguing structural differences.

Plastids contain two distinct sets of GroEL homologs,
cpn60a (61 kD) and cpn60b (60 kD). It remains unclear if
there are distinct a- and b-ring structures in vivo or if there
are structures composed of varying proportions of a- and
b-subunits. The existence of distinct subunits implies dis-
tinct structures and distinct protein target specificity, how-
ever, this has not yet been experimentally demonstrated.

Initial analyses of chloroplast cpn10 revealed that the
protein was unusually large at 21 kD. The spinach cpn10
cDNA encodes an open reading frame that consists of two
cpn10 sequences fused head to tail, explaining this appar-
ent anomaly (Boston et al., 1996). It has been suggested that
the two halves of the protein might play subtly different
roles in vivo. The large fused-dimer form of cpn10 is found
only in photosynthetic eukaryotes (Boston et al., 1996). It is
noteworthy that cyanobacterial cpn10 is of the usual size,
suggesting that the apparent gene-fusion event took place
after the presumptive endosymbiosis that gave rise to
chloroplasts.

In mammalian cells, TriC forms a double-ring structure
that is very similar in appearance to GroEL. The TriC is
hetero-oligomeric; nine different subunits have been char-
acterized (a–l). TriC has been best characterized as a chap-
erone for actin and tubulin in mammalian cells (Boston et
al., 1996; Sigler et al., 1998). In contrast to the organellar
chaperonins, relatively little is known about TriC in plant
cells. The larger subunit (e.g. a or 1) has been cloned from
Arabidopsis and oat, and the deduced amino acid se-
quences are similar to those of their mammalian and yeast
counterparts. In plant cells the TriC subunits are of rela-
tively low abundance, and there have not yet been any
reports of specific chaperone activity.
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The Small Stress Proteins

The low-molecular-mass (small) heat shock proteins
(smHSPs) (15–30 kD) are ubiquitous among eukaryotes,
and represent a particularly important class of molecular
chaperones in plant cells (Vierling, 1991). The smHSPs
share a conserved C-terminal domain with the mammalian
a-crystallin proteins. Biochemical analyses indicate that in
vivo the smHSPs are found not as monomer/dimers
but, rather, in high-molecular-mass complexes of 200 to 400
kD. Despite the occurrence of multiple species of smHSPs,
they appear to exist as separate high-molecular-mass
homo-complexes rather than as mixed-subunit hetero-
complexes. This suggests subtly different functions for the
different smHSPs, even when present in the same cellular
compartment.

In vitro, the smHSPs can both facilitate the reactivation
of chemically denatured proteins and prevent heat-
induced protein aggregation (Boston et al., 1996). Based on
these observations, it is likely that the smHSPs can also act
in vivo as a type of molecular chaperone. In marked con-
trast to members of the other classes of molecular chaper-
ones, the activity of the smHSPs is ATP independent.

In higher plants, six nuclear gene families encoding
smHSPs have been described. Each family encodes pro-
teins localized within distinct cellular compartments, in-
cluding the cytoplasm, plastids, rough ER, and mitochon-
dria (Waters et al., 1996). Additionally, specific smHSPs are
expressed during various phases of plant development
(Boston et al., 1996).

Calnexin and Calreticulin

Calnexin (CNX) is a rough ER-localized chaperone that is
also a low-affinity, high-capacity calcium-binding protein
(Helenius et al., 1997; Crofts and Denecke, 1998). CNX is a
non-glycosylated type I integral membrane protein with a
relatively short cytoplasmic domain and a large rough ER
lumenal domain. Adjacent to the CNX transmembrane re-
gion is the P domain, a Pro-rich sequence that participates
in glycan recognition and chaperone function. CNX binds
ATP, although no ATPase activity has been reported, and
ATP binding promotes a monomer to oligomer shift (Chap-
man et al., 1997). CNX interacts with a wide range of newly
synthesized proteins, then dissociates from these proteins
upon folding prior to export or further assembly (Helenius
et al., 1997). Thus, CNX is a component of the rough ER
quality control system that allows only proteins that have
acquired a final native conformation to move on through
the secretory pathway (Boston et al., 1996).

Calreticulin (CRT) is a soluble lumenal protein of the
rough ER. Like CNX, CRT is a low-affinity, high-capacity
calcium-binding protein (Borisjuk et al., 1998). CRT has
been found associated with other proteins in the rough ER
lumen, and has similar behavior and target specificity to
that of CNX. Possibly, CNX and CRT cooperate in the
rough ER as chaperones in the folding of secretory proteins
(Helenius et al., 1997; Crofts and Denecke, 1998).

Because of the environment with the lumen of the rough
ER (Huppa and Ploegh, 1998), protein folding is a partic-

ularly complex process involving multiple molecular chap-
erones and folding catalysts. Many of the interactions must
occur sequentially in order for proteins to achieve the
correct native structure. While CNX binds to all folding
intermediates, CRT associates preferentially with the ear-
liest oxidative species either immediately prior to or coin-
cident with disulfide bond formation (Helenius et al.,
1997). Thus, recognition and binding by CRT seems to
precede interaction with the rough ER-localized folding
catalysts. Overall, CNX and CRT promote correct protein
folding in the rough ER by inhibiting aggregation, prevent-
ing premature oxidation and oligomerization, and sup-
pressing degradation of incompletely or incorrectly folded
intermediates.

FOLDING CATALYSTS ACCELERATE THE RATE
OF FOLDING

In contrast to molecular chaperones, the folding catalysts
are conventional enzymes. Protein-folding catalysts accel-
erate the slow chemical reactions in protein folding that
might otherwise be rate limiting. Without the acceleration
of the rate-limiting reactions, cellular proteins would be
trapped in intermediate states, and most folding interme-
diates are vulnerable to aggregation and to non-productive
interactions with other proteins (Dobson et al., 1998). The
two best-studied protein-folding catalysts are protein di-
sulfide isomerase (EC 5.3.4.1) and peptidyl-prolyl cis-trans-
isomerase (EC 5.2.1.8).

Protein Disulfide Isomerase

Protein disulfide isomerase (PDI) is a member of the
thioredoxin superfamily of proteins, and contains two cop-
ies of the characteristic active-site motif CXXC. Protein
disulfide isomerase facilitates folding through its ability to
reduce or oxidize disulfide bridges in the presence of an
oxidizing or reducing agent such as glutathione (Huppa
and Ploegh, 1998). To accomplish this, PDI expedites di-
sulfide interchange by shuffling the disulfide bonds to
quickly find the most thermodynamically stable pairing
(Laboissière et al., 1995).

In eukaryotic cells, PDI is localized exclusively within
the lumen of the rough ER. This is a unique environment
for protein folding in terms of pH, redox conditions, and
high calcium ion concentrations (Huppa and Ploegh, 1998;
Møgelsvang and Simpson, 1998).

Peptidyl Prolyl Cis-Trans Isomerases

Attempts to follow the literature on PPI are complicated
by the diverse terminology employed by various research-
ers. In addition to the formal enzyme name, PPIs are var-
iously referred to as: cyclophilins, immunophilins, rota-
mase, FKBPs, and parvulins (Dolinski and Heitman, 1997).
The term immunophilin comes from the ability of PPI to
bind immunosuppressive drugs. The cyclophilins are im-
munophilins that bind the cyclic undecapeptide cyclo-
sporin A, while FKBPs are immunophilins that bind the
macrolide drug FK506.
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Whatever the term used, PPI participates in protein fold-
ing by accelerating the cis-trans isomerization of prolyl
peptide bonds. Pro isomerization can be the rate-limiting
step in overall protein folding, and this reaction is acceler-
ated 300-fold by PPI (Schmid, 1993). After isomerization,
the correct form of Pro is stabilized by the polypeptide
secondary or tertiary structure.

While most PPI proteins are localized in the cytoplasm/
nucleus, there are unique forms present within the rough
ER/nucleus, the plastid stroma, and the mitochondrial ma-
trix (Boston et al., 1996; Kurek et al., 1999).

What’s in a Name?

The distinctions between chaperones and folding cata-
lysts have in some instances become blurred. The folding
catalysts bind to their target proteins, and in some in vitro
experiments it has been observed that this binding can
prevent aggregation. Can the folding catalysts also there-
fore be chaperones? Furthermore, site-directed mutagene-
sis has been used to modify catalytically essential residues
in PDI or PPI, and the resultant mutant proteins still had
chaperone activity in vitro. However, such results must be
interpreted with care. Recently it was shown that a mutant
form of PPI that had no activity in vitro with an artificial
substrate, remained fully active when assayed with an
unfolded polypeptide as the substrate (Scholz et al., 1997).
The distinction between chaperones and folding catalysts
remains that the latter accelerate the rate of target polypep-
tide folding.

PROTEIN FOLDING IN THE CYTOPLASM

The majority of nuclear-encoded proteins reside in the
cytoplasm throughout their lifetime. It is important to iden-
tify which molecular chaperones and folding catalysts as-
sist the newly synthesized cytoplasmic proteins to their
final native state. This is a particularly interesting question
in plant cells that are uniquely complex in their array of
cytoplasmic chaperones.

Some proteins, especially those that are small, single-
domain, and monomeric, are able to fold spontaneously in
the cytoplasm without any external assistance, or perhaps
only with the assistance of a folding catalyst. Other pro-
teins are recognized by the Stress70 chaperone machine
and bound while still nascent. There are three potential
fates for this complex: the polypeptide might fold to the
correct final structure and be released from the chaperone,
it might be maintained in an unfolded translocation-
competent conformation until transferred to the protein
machinery associated with an organellar outer membrane,
or the polypeptide might be transferred to a different chap-
erone for further folding, assembly, or oligomerization.
Among the other known cytoplasmic chaperones, the chap-
eronins, the CCH, and the smHSPs are the best understood.

For the most part, the actual native target proteins for
each of the chaperone systems remain unidentified. The
inner chamber of the chaperonin structure, or “Anfinsen
cage” as it is sometimes referred to, is limited to polypep-
tides no larger than 55 kD (Netzer and Hartl, 1998; Sigler et

al., 1998). A precise structural model of the CCH has not
yet been defined; however, in principle, the HSP70 and
HSP90 components are capable of assisting the folding of
proteins considerably larger than 55 kD. In mammalian
cells the only CCH target polypeptides identified to date
are various receptors and some protein kinases (Pratt and
Toft, 1997). The oligomeric small HSPs are thought to bind
target polypeptides on the external surfaces and should be
capable of assisting in the folding of any size protein (Vi-
erling, 1991; Boston et al., 1996).

For the most part, HSP100/Clp are thought to mediate
the unfolding/refolding of damaged proteins (Schirmer et
al., 1996; Hoskins et al., 1998), but a potential role in the
initial stages of protein folding cannot be excluded. Protein
refolding by HSP100/Clp is typically assisted by the
Stress70 machine and/or HSP90.

The complexity of the various interactions has not yet
been fully defined. While chaperone-mediated protein
folding is generally considered to be unidirectional, there is
some in vitro evidence for retrograde transfer between
chaperones (Netzer and Hartl, 1998). Additionally, there
are some instances in which more than two of the chaper-
one systems seem to be involved in the folding of a single
target protein (i.e. the prion protein has been observed
during its “normal” lifetime to be associated with HSP70,
the chaperonins, and HSP90).

FROM THE CYTOPLASM INTO THE ER

Molecular chaperones have a dual interaction with pro-
teins destined to reside within the ER or any of other
compartment of the endo-membrane system. These pro-
teins are first inserted into a channel in the ER membrane
that is aligned with the ribosome (Vitale and Denecke,
1999). Translocation must occur in a luminal direction. The
directionality and driving force for polypeptide transloca-
tion into the ER lumen are provided by the resident
Stress70 chaperone, BiP, which acts as a “molecular
ratchet” (Matlack et al., 1999). Multiple BiP molecules in-
teract with the translocating polypeptide to minimize any
retrograde movement. The BiP:target polypeptide complex
interacts with the J-domain of an integral membrane pro-
tein (Sec63p in yeast), which activates the ATPase function
of the chaperone (Miernyk, 1997).

Once within the ER lumen, polypeptide folding begins
immediately. As in the cytoplasm, non-productive folding
is forestalled by interaction with the Stress70 chaperone
machine (Møgelsvang and Simpson, 1998). BiP is abso-
lutely essential for protein translocation and folding in the
ER (Li et al., 1993). In addition to variously interacting with
the specific ER homologs of Stress70 (BiP), DnaJ, PDI and
PPI, the unique environment found within the rough ER
lumen (Huppa and Ploegh, 1998) has given rise to the CNX
and CRT chaperones and the PDI-folding catalyst (Chap-
man et al., 1997; Borisjuk et al., 1998; Crofts and Denecke,
1998; Møgelsvang and Simpson, 1998).

While all of the Stress70 proteins are subject to multi-
ple posttranslational modifications (phosphorylation, N-
methylation) (e.g. Miernyk et al., 1992), BiP is unique in
that it is additionally ADP-ribosylated (Boston et al., 1996).
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Specific roles have not been defined for any of the modifi-
cations, however, it has been shown that the extent of
phosphorylation and ADP-ribosylation varies with physi-
ological state or in some mutants, suggesting regulatory
functions (Fontes et al., 1991).

PROTEIN FOLDING IN OTHER
SUBCELLULAR COMPARTMENTS

Most organellar proteins are nuclear encoded and syn-
thesized as precursors in the cytoplasm. As such, they will
interact with various cytoplasmic chaperones prior to
membrane translocation. After membrane translocation,
protein folding within other subcellular organelles of a
plant cell likely follows pathways similar to those in the
cytoplasm or ER, and specific forms of HSP70, HSP90, the
chaperonins, and the small HSPs have been found in plas-
tids, mitochondria, and peroxisomes (Boston et al., 1996;
Waters et al., 1996; Corpas and Trelease, 1997; Miernyk,
1997).

PROSPECTUS: WHERE DO WE GO FROM HERE?

I have attempted to provide an overview of the roles
played by several of the better-understood chaperones in
protein folding. Such a presentation is by definition limited
in two ways: by space and by knowledge. SecB is a general
chaperone for proteins that will be secreted by bacteria.
MSF is a mammalian ATP-dependent protein that specifi-
cally chaperones mitochondrial precursors. Atx1p from
yeast and UreE from bacteria are metal ion chaperones for
copper and nickel, respectively. PapD and CssC chaperone
pilus formation in prokaryotes. This list could go on, but
the unifying feature of these otherwise diverse chaperones
is that no homolog has yet been identified in plants. Thus,
it seems likely that many different molecular chaperones
remain, awaiting discovery.

Necessarily, most of the early studies on molecular chap-
erones and folding catalysts have been conducted in vitro,
based upon mammalian and microbial paradigms, and
used model target proteins. It is crucially important that we
bridge the gap between these studies and actual in vivo
activities. Only then can we be said to have truly “cracked
the second half of the genetic code” (Ellis, 1991). A prom-
ising step in this direction has recently been provided by
Forreiter et al. (1997). While this experimental system em-
ploys a model protein as the target, folding and the roles of
molecular chaperones in this process can be studied in vivo
in real time. Developing further methods to identify and
study the bona fide targets of specific chaperone/folding
systems in vivo remains a substantial challenge to the
ingenuity of plant cell biologists.
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