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Abstract
The bacterial chaperonins are highly sophisticated molecular nanomachines, controlled by the hydrolysis of ATP to dynamically
trap and remove from the environment unstable protein molecules that are susceptible to denaturation and aggregation.
Chaperonins also act to assist in the refolding of these unstable proteins, providing a means by which these proteins may return
in active form to the complex environment of the cell. The Escherichia coliGroE chaperonin system is one of the largest protein
supramolecular complexes known, whose quaternary structure is required for segregating aggregation-prone proteins. Over the
course of more than two decades of research on GroE, it has become accepted that GroE, more specifically the GroEL subunit, is
a Bhigh-tolerance^ molecular system, capable of accommodating numerous mutations, while retaining its molecular integrity. In
some cases, a given site of mutation was revealed to be absolutely required for GroEL function, providing hints regarding the
network of signals and triggers that propel this unique system. In other instances, however, a mutation has produced a more
delicate response, altering only part of, or in some cases, only a single facet of, the molecular mechanism, and these mutants have
often provided invaluable hints on the extent of the complexity underlying chaperonin-assisted protein folding. In this review, we
highlight some examples of the latter type of GroEL mutants which compose the unique Bmutational repertoire^ of GroEL and
touch upon the important clues that each mutant provided to the overall effort to elucidate the details of GroE action.
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Introduction

The process by which proteins attain and retain their function-
al structure in the cellular environment is truly complex.
Governed by the fundamental thermodynamic principles elu-
cidated by Anfinsen, protein folding in the cell is highly sen-
sitive to various changes in the cell and the environment sur-
rounding it. The structural and functional integrity of cellular
proteins is protected by a cohort of chaperone proteins, whose
function is to sense and rescue various proteins that are ren-
dered unstable by these numerous changes that occur in the

cell (Hartl et al. 2011; Kim et al. 2013). Studies regarding the
overall integrity of the cellular proteome, the Bproteostasis^ of
a given cell, have revealed a multitude of important mecha-
nisms, factors, and interactions that must proceed smoothly in
order to assure the normal function of a typical cell.

Chaperonins are a crucial component of the proteomic sys-
tem that maintains proteostasis in cells. Chaperonins are ubiq-
uitous and found in all three branches of the tree of life, and
examples of life forms that do not possess these molecular
machines are extremely rare (Williams and Fares 2010).
Members of the chaperonin family may be grouped into two
groups, Group I and Group II (Kim et al. 1994; Yébenes et al.
2011). Group I chaperonins, which include most of the bacte-
rial chaperonins and similar proteins from mitochondria and
chloroplasts, are typically composed of a large double ring-
like complex containing 14 homogeneous protein subunits of
average Mr ~ 57 kDa (the Hsp60 subunit). This double ring is
accompanied by a smaller accessory protein, Hsp10 (Mr
~ 10 kDa). Seven subunits of Hsp10 also form a ring-like
structure that conditionally binds to one ring of Hsp60 to act
as a Blid^ on the circular cavity formed by the larger protein.
Group II chaperonins, which include the archaeal and
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cytoplasmic chaperonins, are typically much more diverse in
composition and structure, consisting of 2 to 8 highly similar
but heterogeneous subunits that also associate to form a dou-
ble ring-like quaternary structure. In the case of Group II
chaperonins, however, a companion subunit such as Hsp10
is frequently missing. A unique helical structure, known as
the Bhelical protrusion^, is found in the subunits of Group II
chaperonins, and this structure is postulated to act as a substi-
tute for Hsp10 inmembers of this group (Yébenes et al. 2011).

The GroE protein from Escherichia coli is the representative
member of the Group I chaperonins (Georgopoulos et al. 1972;
Takano and Kakefuda 1972), and much of the work done to
understand the details regarding chaperonin-assisted folding
have been performed using this protein (Fig. 1a). The basic
mechanism of E. coli GroE in assisting the folding of proteins
roughly consists of three distinct stages. In the first stage of the
mechanism, the larger GroEL subunit (Mr 57 kDa) utilizes hy-
drophobic interactions to sense and bind to protein molecules
that have lost their active, native structures due to various stress-
es (Elad et al. 2007; Farr et al. 2000). After recognition and
binding, the mechanism moves on to the second stage, where
the bound protein is guided into the capsule-like quaternary
structure formed by the GroEL ring and the GroES (Mr
10 kDa) lid (Mayhew et al. 1996). This construct, the Bcentral
cavity ,̂ segregates the protein molecule from solution and
shields them from irreversible aggregation and precipitation.
After a predetermined interval has passed, the mechanism
moves on to the final stage of the cycle, where the lid of the
central cavity is dissociated, and the proteinmolecule is released
into the solution. The chaperonin is also primed during this final
stage for further cycles of protein recognition, segregation, and
assistance. The complete repetitive mechanism of GroEL and
GroES-assisted protein folding is coordinated by the binding of
ATP to the GroEL subunit and its subsequent hydrolysis, which
act as triggers to initiate additional binding/dissociation events
and propel the molecular mechanism forward.

The subunit structure of GroEL is composed of three clear-
ly defined domains; each of which provides a distinct func-
tional role in the mechanism outlined above (Fig. 1a) (Braig
et al. 1994). The equatorial domain, containing the inter-ring
interface and the ATPase active site that times the overall
functional cycle, the apical domain, containing the recognition
site for denatured proteins and GroES, and the intermediate
domain, which links these two domains together via two
Bhinge^ sites that connect the equatorial/intermediate domains
(Hinge 1) and the intermediate/apical domains (Hinge 2).
When ATP binds to GroEL, these three domains are
rearranged in a highly dynamic fashion, and these dynamic
conformations comprise the structural basis of the chaperonin
functional mechanism.

X-ray crystal structure analysis of the E. coli GroEL–
GroES–ADP complex (Xu et al. 1997) revealed two major

conformations of the larger GroEL subunit: the closed confor-
mation formed in the absence of bound nucleotide and the
open conformation, which was visualized in complex with
GroES and formed as a result of ATP binding and hydrolysis
(Fig. 1a). More detailed characterizations using both X-ray
crystallography (Chaudhry et al. 2004) and cryoelectron mi-
croscopy (Clare et al. 2012; Ranson et al. 2006) has revealed a
number of additional conformations that are formed in the
course of completing the GroE functional cycle. Combined
with the results from numerous functional studies, as well as
detailed kinetic analyses of both the ATPase activity of GroEL
and the transient conformational changes that are triggered in
GroEL as a result of ATP binding and hydrolysis, these con-
formational characterizations provide an outline of the process
through which GroEL and GroES facilitates the refolding of
numerous unfolded polypeptides (Fig. 1b).

Cryoelectron microscopy of an ATP-hydrolysis deficient
mutant of GroEL, D398A (Clare et al. 2012), revealed after
binding ATP to its equatorial domain, the GroEL subunit
forms a total of two distinct conformations (Rs1, RS2,
RSopen) before forming the Bopen^ conformation of GroEL
with bound GroES (R-ES) that resembles structures visualized
in X-ray crystallography studies (Chaudhry et al. 2004). In
this conformation, the GroEL ring and the GroES lid forms
a large chamber in which unfolded polypeptides may be
enclosed and segregated from solution (the cis–GroEL–
GroES complex). The inner surface of the chamber is lined
with hydrophilic amino acid residues (Xu et al. 1997), and this
characteristic is conducive to the structural recovery of the
segregated peptide. All of the conformational changes within
the GroEL subunit outlined above consist of domain-level
movements arranged around the two hinges in the intermedi-
ate domain. These rearrangements of domains in GroEL,
therefore, give the impression that a highly Bmechanical^
scheme underlies chaperonin function, and, so, this protein
may very aptly be described as a Bprotein nanomachine^.

The relatively weak ATPase activity of the GroEL subunit
(rate of turnover ~ 0.1 s−1; Viitanen et al. 1990) dictates that
the cis–GroEL–GroES complex will persist for a duration of
several (8 to 10) seconds (Rye et al. 1999). Conversion of all
seven of the ATP molecules to ADP will result in a rearrange-
ment that will first weaken the affinity of GroES toward this
cis ring (Rye et al. 1997) and also prime the GroEL heptameric
ring that is distal from the bound GroES (the trans) ring so that
this ring now displays a tendency to bind unfolded proteins
and ATP (Ranson et al. 2006). This Btransfer^ of activities
between the two GroEL rings is made possible by a highly
sophisticated, nested allosteric mechanism within the GroEL
14-mer (Yifrach and Horovitz 1995). ATP binding to the sev-
en GroEL subunits in a given heptameric ring is controlled by
a positively cooperative, concerted allosteric mechanism. This
results in the preferential binding of seven ATP molecules to
one of the two rings in the GroEL oligomer. Contrastingly, the
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two heptameric rings in GroEL are controlled by a sequential,
negatively cooperative allosteric mechanism. This mechanism
guides the GroEL oligomer toward an asymmetrical mecha-
nism; in other words, there is an inherent tendency for only
one of the two rings of GroEL to be active at any given time.
As a result, the GroE system functions in a manner similar to a
reciprocating engine, where the two rings alternately undergo
cycles of ATP/GroES binding and nucleotide hydrolysis
(Fig. 1b, Without Substrate Protein).

In the actual act of facilitating the folding of proteins, the
presence of unfolded polypeptide confers a number of addi-
tional effects to this system (Fig. 1b,With Substrate Protein).
First, the affinity of GroEL toward unfolded polypeptide is
higher in GroEL heptamers that do not possess bound nucle-
otide (i.e., the apo GroEL 14-mer, or the trans GroEL
heptamer in the above scheme) and binding of ATP and other
nucleotides to GroEL weakens this affinity. Multiple GroEL
subunits in the heptameric ring interact with the unfolded
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Fig. 1 The GroE chaperonin system from Escherichia coli. a (Left) The
architecture of the GroE system. Fourteen subunits of GroEL form two
heptameric rings (GroEL7) that are associated back to back. In the
presence of nucleotides such as ATP, the cochaperonin GroES (GroES7)
binds to GroEL to form the cis–GroEL–GroES complex depicted in the
figure. Four subunits in the foreground of the GroEL 14-mer are colored
by domain; the equatorial domain in light blue, the intermediate domain
in red, and the apical domain in dark green. One subunit of GroES is
coloredmagenta. (Right) The two GroEL subunits depicted show the two
main conformations of GroEL (Closed and Open) that are observable in
the crystal structure shown here (1SVT, Chaudhry et al. 2004). Crystal
structures in this and subsequent figures were drawn using UCSF
Chimera (Pettersen et al. 2004). b (Without Substrate Protein) The basic
functional cycle of GroE. Binding and hydrolysis of ATP triggers various

conformational changes that trigger GroES binding, formation of the
encapsulating complex, and cycling. In the absence of unfolded polypep-
tide (the substrate protein), allosteric mechanisms cause the cycle to favor
an asymmetric form where ATP binding and hydrolysis occur on alter-
nating GroEL heptamers. (With Substrate Protein) The presence of un-
folded substrate proteins mainly affects two facets of the basic cycle
outlined above; first, the substrate proteins bindmultivalently to the apical
domains of GroEL to apply a Bload^ on the molecule, which must be
overcome by the conformational changes of GroEL, as well as the bind-
ing of GroES (BSubstrate Protein Load^). Substrate binding also confers
an additional effect where the release of hydrolyzed ADP and bound
GroES is enhanced by the binding of unfolded peptide to the trans ring
(BEnhanced Release^)
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substrate protein during this process, and, so, binding results
in a Bload^ to be applied to this ring which must be overcome
by the concerted rearrangement of apical domains within this
ring, and the binding of GroES (Motojima et al. 2004). When
peptide binding occurs at the trans ring of a preformed
GroEL–ADP–GroES complex, this results in a decrease in
affinity toward the hydrolysis product ADP and the bound
co-chaperonin GroES in the cis GroEL ring (Rye et al.
1999). This latter effect partially aids the functional cycling
between the two GroEL rings.

In this manner, GroEL and GroES cooperate to identi-
fy, isolate, and prevent the irreversible aggregation of
multiple proteins in the cell. The binding and subsequent
hydrolysis of ATP sends signals through the modular do-
main architecture of the GroEL subunit, which is translat-
ed into conformational changes via several important
structural foci to achieve the desired result. A much more
detailed overview of the individual steps that govern
chaperonin action has been the subject of several excel-
lent review articles which also highlight the points of
further discussion (Hayer-Hartl et al. 2016; Saibil et al.
2013), and the complex subject of allostery in GroEL has
been described in great detail by Gruber and Horovitz
(2016); readers are referred to these reviews for more
details on this system.

Notable examples of the GroE mutational
repertoire (Fig. 2)

Since the elucidation of the first X-ray crystal structure of
E. coli GroEL 14-mer by Braig et al. (1994), many research
groups have constructed various mutants of GroEL in order to
map the relationship between the subunit structure of GroEL
and its functional mechanism. A very comprehensive initial
characterization of the GroE architecture was performed by
Fenton et al. (1994) at the time the above crystal structure was
reported, and, subsequently, many other research groups
followed with their own efforts. As new findings continued
to be reported, the general consensus was that the modular
architecture of GroE proved to be especially conducive to
analysis through mutation (in other words, mutations in
GroEL caused extensive aggregation and misfolding of
GroEL only in very rare cases, and recovery of mutants in
soluble, analyzable form was the norm rather than the excep-
tion). In many cases, mutation of a single residue completely
abolished the chaperonin activity of GroE (as characterized by
an inability to support E. coli growth in the absence of wild-
type GroEL). These mutants could invariably be correlated
with an essential function of the GroEL mechanism; for ex-
ample, the mutation of Asp 87 to Lys (abolishes ATPase ac-
tivity) or Tyr 199 to Glu (abolishes recognition and binding of

Fig. 2 Examples of GroEL mutants where the functional mechanism has
been Breprogrammed^. Depicted at center is the cis–GroEL–GroES
complex from 1SVT; arranged around this depiction are four panels
which show the locations of various amino acid residues that were
mutated to induce functional modifications to GroEL. The Inter-ring
residues panel shows the four amino acid residues that are altered to
form the single-ring GroEL mutant SR-1 in green and turquoise, and
Arg13 and Ala126, which were altered to negate the negative
cooperativity between GroEL rings, are shown in magenta and purple
in their respective subunits. In the Asp398 panel, Helix M, which orients

this residue toward the ATP binding site upon nucleotide binding, is
depicted in green for the closed form and yellow in the open form.
Asp398 is depicted in ball and stick form. This panel was generated by
fitting the equatorial domains of the open and closed forms of the GroEL
subunits in PDBID 1SVT using the MatchMaker tool in UCSF Chimera
(Pettersen et al. 2004). The Intra-ring residues panel shows the location
of Arg197 (orange), Glu386 (yellow), Asp155 (blue), and Arg395 (light
blue). The Hinges panel shows the two residues that were modified to
confer temperature sensitivity (Cys138, cyan) and substrate binding af-
finity (Gly192, dark blue)
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unfolded polypeptide substrate) (Fenton et al. 1994). In other
cases, however, the results were more ambiguous, resulting in
qualitative changes in the ATPase, peptide binding, and cu-
mulative folding assistance abilities of GroEL. The availabil-
ity of the X-ray crystal structure of GroE allowed researchers
to target localized areas of the GroE architecture with greater
and greater precision, and, in certain cases, resulted in changes
to the GroE functional mechanism that may be termed as a
Breprogramming^ of the original functional mechanism.

Below, we give some examples of GroEL mutants which
display a qualitative change in the chaperonin mechanism (a
Breprogramming^), to highlight the contributions that each
mutant has provided in our efforts to understand the details
regarding GroE-facilitated protein folding, and also to put
forth an idea regarding the versatility and applicability of this
system in various fields in addition to protein folding. We
hasten to add that the list below is hardly extensive; we apol-
ogize in advance for the omission of numerous important mu-
tations that contributed greatly to our understanding of GroE-
facilitated protein folding.

Quaternary structure and function

GroEL SR-1 (Weissman et al. 1995, 1996) GroEL SR-1 is a
single-ring variant of GroEL which was created in order to
determine details regarding the fate of polypeptide that un-
dergoes a single binding–release cycle into the GroEL central
cavity. Four amino acid residues located at the base of the
GroEL equatorial domain (Arg452, Glu461, Ser463, and
Val464) were all replaced by alanine residues in order to create
GroEL SR-1. These amino acid replacements disrupt the ma-
jor interface that allows contacts to be formed between the two
rings of GroEL, and, true to design, GroEL SR-1 was isolated
as a single-ring version of the original GroEL oligomer.
Importantly, it was found that GroEL SR-1 retained most of
the functional abilities of GroEL, specifically ATP binding/
hydrolysis (albeit with a reduced rate), and substrate protein
binding and encapsulation (in concert with GroES).

The absence of the second ring in GroEL SR-1 induced
many subtle changes to its functional characteristics, and these
changes proved to be vital hints toward understanding the
importance of inter-ring communication in the chaperonin
system (Rye et al. 1997). Proteins bound to SR-1 are encap-
sulated within the central chamber upon addition of GroES
and ATP; however, the chaperonin cycle is arrested at this
point, and the protein is entrapped within this complex until
artificial measures, such as a reduction in experimental tem-
perature to 4 °C, is applied (Rye et al. 1997). The reason for
this arrest is the absence of inter-ring signals from the missing
ring, which, in the native GroEL oligomer, is triggered by the
binding of unfolded proteins and/or ATP to this second ring.
In addition to being a useful trapping molecule to rapidly
remove GroES from experiments (Weissman et al. 1995),

SR-1 was used to demonstrate the folding of proteins that
were trapped inside the closed central cavity (Rye et al.
1997; Weissman et al. 1996) and in determining the impor-
tance of ATP binding, as compared to ATP hydrolysis, in
assisting the folding of denatured polypeptide.

D398A (Rye et al. 1997) In 1997, a refined crystal structure of
the asymmetric GroEL–GroES–ADP complex (Xu et al.
1997), presumed to be the predominant form of GroE in
E. coli cells, was determined. The structure revealed that
Asp398 was a key amino acid residue in orienting the ATP
molecule during hydrolysis, specifically through interactions
with the coordinating Mg2+ ion to orient a water molecule to
the γ-phosphate of ATP for subsequent use in hydrolysis.
Asp398 also plays a role in orienting a long helical element
(Helix M) toward the ATP binding site after this nucleotide is
bound to the equatorial domain in the open GroEL conforma-
tion. When this residue was altered to an alanine, the resultant
mutant could hydrolyze ATP at only 2% of the rate seen in the
wild-type chaperonin (Rye et al. 1997). After further analysis,
it was found that, although GroEL D398A indeed displays a
greatly reduced ATPase activity, the other functional compo-
nents of the GroE mechanism, such as the ability to bind
GroES, the ability to encapsulate unfolded protein within the
GroE central chamber, and the ability to release this trapped
protein molecule into the chamber to allow refolding, were all
conserved. GroEL D398A offered a unique opportunity for
researchers to observe in detail a Bcycle-arrested form^ of
GroEL, where refolding assistance reactions could be initiat-
ed, but would be stopped at a predetermined state, the asym-
metric GroEL–GroES–ADP form containing the unfolded
protein molecule within the cis encapsulated complex.

This arrested form of the chaperonin complex was incred-
ibly useful in characterizing the details of functional transfer
between the cis and trans rings during the chaperonin cycle,
and also in determining the differences in substrate protein and
nucleotide binding affinities between the two rings in this
complex. Presently, this mutant is also vitally involved in clar-
ifying an important question regarding the GroE functional
mechanism: whether the chaperonin functions strictly as an
Balternating^ asymmetrical nanomachine (Hayer-Hartl et al.
2016) or is the folding assistance capacity of GroE expanded,
under certain conditions of high client protein load, through
the simultaneous use of both refolding chambers (Iizuka and
Funatsu 2016; Yamamoto and Ando 2016).

Allosteric regulation and function

R197A, D155A As outlined above, the complex molecular
mechanism of GroE is supported by an intricate nested allo-
steric mechanism that coordinates intersubunit communica-
tions within the GroEL heptameric ring, and between the
two rings of the GroEL 14-mer (Yifrach and Horovitz
1995). Intra-ring communication between GroEL subunits
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displays positive cooperativity, and is explained according to
the Monod–Wyman–Changeux mechanism of concerted
allostericity. The subunits, therefore, coordinate their molecu-
lar rearrangements so that the seven apical domains of the
GroEL heptameric ring may coordinate their movements to
dislodge the bound unfolded polypeptide prior to
encapsulation.

Yifrach and Horovitz (1994) constructed a mutation,
R197A, which displayed a great reduction in both the positive
intra-ring cooperativity and the negative inter-ring
cooperativity in the GroEL 14-mer, highlighting the impor-
tance of the R197–E386 salt bridge in the overall allosteric
architecture of GroE. Subsequently, the importance of this
residue was highlighted by the identification of two salt brid-
ges that are formed between adjacent subunits in the GroEL
ring (the first between Glu255 and Lys207, and the second
between Arg197 and Glu386) (Clare et al. 2012; Piggot et al.
2012; Xu et al. 1997). Binding of ATP to the GroEL subunit
disrupts these salt bridges, and the rearrangement of the do-
mains to the GroEL open form causes new salt bridges to be
created, between Glu255 and Lys245, and between Lys80 and
Glu386 (Clare et al. 2012).

Taking these results one step further, Danziger et al. (2003)
focused on another residue, Asp155, which was revealed in
crystal structures to form an intrasubunit salt bridge with
Arg395, which is, in turn, linked to Glu386 via the long helix
motif Helix M. Strikingly, when Asp155 was replaced with an
alanine, the resultant mutation caused a reprogramming of the
intra-ring allosteric mechanism of GroEL, from a concerted
mechanism to a sequential form (Danziger et al. 2003). This
change in the allosteric mechanism was directly visualized in
transition electron microscopy experiments, which showed
that the apical domains of D155A displayed a break in sym-
metry in the orientation around the GroEL ring. This finding
demonstrated the degree of precision that may be attained in
manipulating the architecture of GroEL in a targeted fashion.

R13G/A126V Separate experiments were also performed to
analyze the inter-ring negative cooperativity of GroEL. The
two rings of the GroEL 14-mer associate through interactions
between multiple amino acid residues arranged at the base of
the equatorial domain GroEL base. In addition to the four
amino acids outlined above that were mutated in order to
produce the single-ring SR-1mutant, two amino acid residues,
Arg13 and Ala126, were highlighted as potential candidates to
disrupt the inter-ring communication network of GroEL.
These two residues were targeted through an unconventional
coincidence; both Arg13 and Ala126 were discovered in mu-
tated from in the original crystal structure determined by Braig
et al. (1994). Aharoni and Horovitz (1996) reasoned that these
two mutations acted to reduce the number of attainable con-
formations in GroEL during crystallization, thereby facilitat-
ing crystal production and analysis. Their surmise turned out

to be correct; the R13G/A126V double mutant was character-
ized by a selective disruption of the inter-ring negative
cooperativity that coordinates the alternating chaperonin cycle
in wild-type GroEL, while leaving the positive intra-ring
mechanism intact (Aharoni and Horovitz 1996). The degree
of selectivity in these mutations again demonstrates the preci-
sion with which researchers may manipulate the molecular
architecture of GroEL to obtain a desired result.

Modular domain structure and function

C138W Of the two hinge regions, the link between the three
domains of GroEL, Hinge 1, which connects the equatorial
domain with the intermediate domain, is situated in the vicin-
ity of the ATP binding site and located next to the machinery
that controls conformational rearrangements and allosteric
transitions.

Taking into account previous chemical modification exper-
iments that highlighted the importance of this region in
interdomain communication (Martin 1998), we replaced a
cysteine residue in Hinge 1, Cys138, with a larger, fluorescent
tryptophan side chain. The resultant mutant, GroEL C138W,
was, at first glance, indistinguishable from the wild type, with
an ATPase activity comparable to wild-type GroEL that was
sensitive to GroES binding (Kawata et al. 1999). However,
this mutant was completely unable to assist in the folding of
proteins such as rhodanese when we probed this ability under
conditions that were routinely used (specifically, at 25 °C). A
curious disappearance of the heretofore normal ATPase activ-
ity under these same conditions led us to probe further, where
we found that the C138W mutant converted the chaperonin
into a temperature-sensitive variant. At 37 °C, C138W was
indistinguishable in all aspects from the wild type; however, at
25 °C, steric hindrances caused the chaperonin to be arrested
in a Bternary complex^ form, with both unfolded protein and
GroES bound to the same ring of GroEL C138W (Kawata
et al. 1999).

Upon further experimentation, the nature of the arrested
C138W complex became clearer, and we concluded that this
form was arrested at a stage of the cycle immediately after
ATP hydrolysis had been completed, but prior to the release
of bound protein into the central cavity, which would allow
the folding of trapped polypeptide (Miyazaki et al. 2002).
Characterization of this complex allowed us to propose a spe-
cific sequence of events that occur after binding of ATP to the
target peptide–GroEL complex: after ATP is bound, GroES
binds to the GroEL ring, and only after this event is the release
of polypeptide from the apical domains initiated. Most inter-
estingly, the nature of this arrested complex was reversible;
simple increases in temperature to > 30 °C was sufficient to
restart both target protein refolding and ATPase activity in
GroEL C138W. This final characteristic argued strongly for
the explanation that the arrested complex detected in GroEL
C138W was not a side reaction that diverted GroEL from the
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main mechanistic pathway, but was, in fact, an Bon-pathway^
intermediate that provided vital hints to understanding the
chaperonin mechanism. The ability to introduce a reversible,
temperature-sensitive switch into GroEL also demonstrated
again the degree of control that could potentially be incorpo-
rated into this system.

G192W The second hinge region in GroEL, Hinge 2, was also
an interesting target to probe regarding the extensive rear-
rangement of the apical domain during GroE function, and
the potentially high dynamism of this site was inferred by
the presence of no less than three glycine residues (Gly192,
374, and 375) situated in close proximity in this region. Each
of these glycines was replaced by tryptophans, and, among
them, Gly 192 proved to be an interesting site for further
analysis due to the finding that inserting a bulky indole side
chain into this site caused a tilting of the apical domain from
its original position in the closed GroEL form (Machida et al.
2009). This change in apical domain tilt resulted in a number
of interesting consequences for the structure and function of
GroEL. G192W is capable of binding to GroES in the absence
of ATP binding. Presumably, this novel ability of ATP-less
GroES interaction was due to a change in the orientation of
the apical domain that exposed the GroES binding site to
solution. When ATP was added to GroEL G192W, experi-
ments indicated that the double-ring structure was retained.
Interestingly, the two rings of GroEL G192W could bind both
unfolded protein or GroES, but not both at the same time, as
was the case for the arrested complex in GroEL C138W. In
other words, the addition of ATP and GroES to GroEL
G192W simultaneously caused the forcible formation of a
trans ternary complex, where GroES and refolding substrate
protein were bound to opposite rings of the GroEL G192W
tetradecamer.

Upon further study, it was found that mutation of Gly192
might result in a degree of GroELmanipulation that wasmuch
more precise than previously expected. Very recently, we

constructed a series of substitution mutants of Gly192 in order
to probe the possible utility of GroEL in controlling irrevers-
ible aggregation and fibril formation of various proteins im-
plicated in molecular diseases (Fukui et al. 2016). Our find-
ings indicated that, by selecting the amino acid to replace
Gly192 according to the van der Waals volume of the
substituting side chain, it was possible to change the orienta-
tion of the GroEL apical domain to a surprising degree of
precision, and, in the process, modulate the affinity of this
domain (and the GroEL oligomer) toward proteins such as
α-synuclein. This Badjustable^ affinity of the G192X series
of mutants resulted in significant differences in both the ability
of GroEL to suppress protein fibrillogenesis and, also, to alter
the morphology of fibrils that are produced in the presence of
chaperonin to a certain degree.

Radical alterations and expansions
to the chaperonin repertoire (Fig. 3)

Minichaperones

An interesting characteristic of the GroEL subunit architecture
was that the N- and C- termini of the polypeptide backbone
are localized in roughly the same area of the subunit: at the
base of the equatorial domain, inside the heptameric ring
(Braig et al. 1994). The polypeptide backbone of GroEL starts
at this position, proceeds to the apical domain, and returns to
the equatorial domain, having transited through this domain
and the intermediate domain twice (Fig. 1a, right). The apical
domain, unlike the other two domains in GroEL, is, therefore,
a self-contained domain. Zahn and coworkers (1996) focused
on this characteristic of the GroEL apical domain and devel-
oped the concept of Bminichaperones^, a soluble polypeptide
derived from the GroEL apical domain that displayed a min-
imal mechanism of protein aggregate control and

“Minichaperone” Random Mutagenesis Circular Permutation

Wild

CP376

CP86

Fig. 3 Unconventional modifications to the GroEL architecture. Left the
Bminichaperones^, isolated domains of GroEL that retain minimal
chaperonin function; center random mutagenesis of selected apical

domain residues (magenta) performed by Kawe and Plückthun (2006);
right circular permutation to perturb the polypeptide backbone of GroEL
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solubilization. These minichaperones bound to unfolded pro-
teins, required no nucleotides to function, and were found to
be active both in vitro and in vivo (Chatellier et al. 1998).
Recently, we ourselves have found that the minichaperones
are also effective in controlling the irreversible fibrillation of
proteins such as α-synuclein and Alzheimer beta peptide 1-42
(Ojha et al. 2016). The relatively small size of this protein
derivative makes the minichaperones an attractive tool in de-
veloping practical protein solubilization and anti-aggregation
reagents, and some attempts to utilize them (Altamirano et al.
1997, 1999; Sharapova et al. 2016) and improve them for this
role (Wang et al. 2000) have been reported.

Random mutagenesis

Directed evolution using in vitro random mutagenesis is a
powerful technique to probe the evolutionary potential of a
given protein system. The E. coliGroE system has undergone
two major efforts in this area; the first project involved using
in vitro evolution to optimize the GroE system for the folding
of green fluorescent protein (Wang et al. 2002) and the second
effort localized the randomization to selected amino acid res-
idues in the apical domain of GroEL in an attempt to modify
the target specificity of the GroE mechanism (Kawe and
Plückthun 2006). In the case of the GFP-optimizing experi-
ments performed byWang et al. (2002), the results of directed
evolution were modest; GFP-optimized derivatives of GroE
produced a modest increase in GFP refolding ability of up to
8-fold. However, this increase was accompanied by a corre-
lating decrease in the efficiency toward other refolding pro-
teins. It seemed that the mechanism of wild-type GroE was
already strongly evolved toward a Bgeneral protein assistance
chaperone^, and an unbiased effort at improving this system
toward a certain protein target was, in effect, specializing this
system toward that target at the expense of other target pro-
teins. In the more localized survey performed by Kawe and
Plückthun (2006), modifying selected amino acid residues in
the GroEL apical domain that were implicated in substrate
binding capability proved to be not as effective in obtaining
an Bimproved^ chaperonin. One major reason for this was that
the binding region for unfolded polypeptide in the GroEL
apical domain overlaps the binding site for the co-
chaperonin GroES. In the cell, proteins that strictly require
the assistance of GroE in order to attain its native structure
invariably requires the participation of GroES during the func-
tional cycle, and, so, any modifications to this site in directed
evolution studies result in an immediate effect on co-
chaperonin binding, thereby weakening the overall effect of
GroE. The results of these two major efforts in GroE directed
evolution highlighted the degree to which the GroE system
was already tuned to support the folding of as many proteins
as possible, by utilizing a highly complex, multistage protein
nanomachine.

Circular permutation mutants

The fact that the polypeptide termini of GroEL are situated in
close steric proximity allowed us to probe another method to
perturb the subunit structure of GroEL, through circular per-
mutation (Heinemann and Hahn 1995). By changing the lo-
cation of the peptide termini in the GroEL subunit structure, it
would be possible to perturb the domain linkage of GroEL by
a method other than simple amino acid replacement. With this
in mind, we constructed a random circular perturbation library
of GroEL mutants with the polypeptide termini located at
different locations of the subunit (Mizobata et al. 2011).

Two circularly permuted variants of GroEL, CP376 and
CP86, were of particular interest in analyzing the domain
structure of GroEL in relation to its functional mechanism.
In GroEL CP376, the polypeptide termini were shifted to the
Hinge 2 region, in effect cutting off one of the two polypeptide
backbones that linked the apical and equatorial domains to-
gether (Mizobata et al. 2011). Experiments showed that, in
this mutant, domain rearrangements that involved the apical
domain were strongly affected. In particular, the large tilting
of the apical domain in response to ATP binding, proposed to
be the Bpower stroke^ of the GroEL subunit that was respon-
sible for dislodging unfolded polypeptide from this domain in
order to initiate protein encapsulation, was selectively
abolished. It should be noted, however, that, despite this rad-
ical departure from the original GroEL subunit architecture,
GroEL CP376was, nevertheless, capable of assisting the fold-
ing of proteins to a certain extent, demonstrating the tenacity
of this protein in assisting the folding of unstable
polypeptides.

The second circularly permutedmutant, CP86, has its poly-
peptide termini relocated to a site immediately adjacent to the
ATP binding site in the equatorial domain (Mizuta et al. 2013).
This mutant was characterized initially by a Breprogramming^
of the functional mechanism of GroE in the form of a
recalibrated substrate specificity; CP86 was capable of
assisting the folding of malate dehydrogenase in vitro to the
same extent as wild-type GroEL, while completely losing the
ability to assist the folding of bovine rhodanese. What was
more interesting, however, was that we were able to engineer
an additional molecular circuit to this mutant in the form of a
disulfide bond that linked the two polypeptide termini under
oxidizing conditions. The engineering of a reversible redox
switch into the GroEL architecture was an interesting feat that
demonstrated the potential versatility of this molecule in the
protein engineering field.

Final remarks

Although the structure of E. coli GroEL has proved to be a
highly complex protein nanomachine system capable of
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assisting the folding of many proteins indiscriminately, the
system has also been demonstrated to be robust and capable
of accommodating many changes to its architecture to pro-
duce a variety of targeted modifications. Further studies will
undoubtedly reveal even more intriguing details on the struc-
ture and function of the chaperonins, as well as provide op-
portunities to utilize the unique capabilities of this
nanomachine.
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