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Type | chaperonins are key players in maintaining the proteome of bacteria and
organelles of bacterial origin. They are well known for their crucial role in mediating
protein folding. For almost three decades, the molecular mechanism of chaperonin
function has been the subject of intensive research. Still, surprising new mechanis-
tic discoveries are constantly reported. It seems that we are far from having a full
understanding of the chaperonin mode of action. Chaperonins are not simply pro-
tein folding machines. They also perform diverse extramitochondrial tasks, mainly
related to inflammatory and signal transduction processes. This eBook constitutes
ten articles highlighting the latest developments related to the divers functions of
Type | chaperonins. As its title, mechanism and beyond, the collection starts with
mechanistic view, continues with extracellular functions and ends with biotechno-
logical applications of Type | chaperonins.
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Editorial on the Research Topic
Type I Chaperonins: Mechanism and Beyond

Chaperone proteins control almost all aspects of proteostasis, such as protein synthesis,
translocation, folding, and degradation. As such, chaperones accompany every protein from its
birth until its death. Chaperonins constitute a highly conserved subgroup of molecular chaperones
that is divided into two groups, Type I and Type II. For Type I chaperonins, the protein folding
function is mediated by the Hsp60 (also known as Cpn60) chaperonin, which serves as a folding
chamber for denatured protein, assisted by its 10 kDa co-chaperonin, Hsp10 (or Cpn10). For Type
II chaperonins, the protein folding function is handleed by a single Hsp60 protein, CCT/TRiC
(Horwich et al., 2006, p. 5464; Dekker et al., 2011; Skjaerven et al., 2015). Several important
milestones are worth mentioning that led to our current understanding of the molecular of function
of Type I chaperonins. The latter were discovered in the 1970s as bacterial host proteins that are
essential for the assembly of phage particles (Georgopoulos et al., 1973). During the same period,
the heat shock response of some chaperones was discovered (Ritossa, 1962). Conditions known to
compromise protein folding. Additional in vivo studies showed that chaperonins are key players
in the assembly process of RuBisCO in plants and that they are important for the folding of newly
translocated proteins into the mitochondrial matrix as well (Hemmingsen et al., 1988; Roy et al,,
1988; Cheng et al., 1989; Goloubinoft et al., 1989).

These discoveries led to general recognition of Type I chaperonins as important protein nano
machines that play a key role in cellular protein folding and assembly. In vitro reconstitution of
their protein folding activity using denatured dimeric RuBisCO as a model system opened the door
to a new field of research, which focused on in vitro mechanistic aspects of chaperonin function
(Goloubinoff et al., 1989). The friendly nature of the Escherichia coli chaperonins, in particular the
profound stability of the protein oligomers, enabled their extensive investigation, which established
them as the prototype chaperonin model system. Notably, the preponderance of research in the field
focused on mechanistic aspects of this bacterial chaperone system.

With time, investigation of chaperonins from chloroplasts, mitochondria, and numerous
additional bacterial strains, revealed a wide range of divergence from the E. coli paradigm. The vast
diversity among chaperonins and atypical systems such as those as discovered in bacteriophages, is
reviewed in two manuscripts (Ansari and Mande; Bhatt et al.).

In the case of chloroplast chaperonins, the most striking observation was that these chaperonins
assemble into hetero-oligomeric tetradecamers that are composed of several homologous subunits,
in contrast to the homo oligomeric nature of bacterial chaperonins. The chloroplast chaperonins
are the subject of three manuscripts in this research topic (Zhao and Liu; Vitlin Gruber and Feiz;
Vitlin Gruber et al.). Two of them highlight the sophisticated RuBisCO assembly pathway, with
new assembly factors identified in recent years, and the complexity of the chloroplast chaperonin
system. Recent discoveries in the field represent an important step toward possibly engineering
more efficient RuBisCO thereby potentially increasing crop yield.
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With regard to mitochondrial chaperonins, these were
also found to exhibit unique structural properties and retain
unexpected extra-organelle moonlighting functions. As such,
they were found to function in a variety of processes,
including signal transduction events that may regulate immunity
and inflammation (Athanasas-Platsis et al., 2004; Grundtman
et al., 2011; Jia et al., 2011; Juwono and Martinus, 2016).
Mitochondrial Hsp60 was suggested to adopt variations in its
oligomeric state, in a nucleotide and concentration-dependent
manner that may affect its function. Vilasi et al. review
the oligomeric variability of mitochondrial Hsp60 and its
link to functions that are not related to protein folding
(cytosolic and extracellular) (Vilasi et al.). Due to their extra
mitochondrial functions, in particular in tumors, Hsp60 has
been considered to be a potential target for anticancer drugs.
Meng et al. provide an updated review of available compounds
that inhibit or affect the function of Hsp60 chaperonins
(Meng et al.), with an eye toward using them as anticancer
drugs.

In the biotechnology arena, O’Neil et al. developed a highly
sophisticated system that utilizes immobilized GroEL on sensors
for the detection of aggregated proteins among the various
species in solution (O’Neil et al.).

For almost three decades, research on the bacterial
GroEL/GroES chaperonin molecular mechanism of function has
been central in the field of chaperone proteins (Thirumalai and
Lorimer, 2001; Horwich et al., 2006; Gruber and Horovitz, 2016;
Hayer-Hartl et al., 2016). The identity of active forms during the
reaction cycle, whether the symmetrical (GroEL)14 ((GroES);),
(also named footballs) or the asymmetrical (GroEL);4(GroES)7
complexes (bullets), the role of chaperonins in the cycle (e.g.,
passive or active) and the role of ATP (Goloubinoff et al., 2018)
all are discussed in several of the contributions, particularly
in Weiss et al. The molecular function of the mitochondrial
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Dynamic Complexes in the
Chaperonin-Mediated Protein
Folding Cycle

Celeste Weiss *, Fady Jebara, Shahar Nisemblat and Abdussalam Azem *

George S. Weiss Faculty of Life Sciences, Department of Biochemistry and Molecular Biology, Tel Aviv University, Tel Aviv,
Israel

The GroEL-GroES chaperonin system is probably one of the most studied chaperone
systems at the level of the molecular mechanism. Since the first reports of a bacterial
gene involved in phage morphogenesis in 1972, these proteins have stimulated intensive
research for over 40 years. During this time, detailed structural and functional studies
have yielded constantly evolving concepts of the chaperonin mechanism of action.
Despite of almost three decades of research on this oligomeric protein, certain aspects
of its function remain controversial. In this review, we highlight one central aspect of
its function, namely, the active intermediates of its reaction cycle, and present how
research to this day continues to change our understanding of chaperonin-mediated
protein folding.

Keywords: chaperonin, GroEL, GroES, protein folding, football, symmetric, chaperone

INTRODUCTION

Extensive studies carried over the years to uncover the mechanism behind functioning of the
bacterial GroEL/GroES chaperonins led to a generally accepted description of their pathway of
operation. The individual components that assemble to form the active complexes have been
crystallized and, the interactions that mediate formation of the complexes have been clearly
described. Yet, due to the highly dynamic nature of the system, many aspects of their operation
remain obscure, and conflicting models describing their function are endorsed. Major controversy
in the field is related to nature of the active species in the chaperonin-mediated protein folding
cycle: Is it really a case of mutually exclusive models, as many think i.e., is the active form
either a symmetrical complex (American football-like complex) or an asymmetric complex (bullet-
shaped complex)? Are there additional factors that affect the active species? Are there additional
species that participate in the cycle? The discovery of divergent chaperonins in chloroplast and
mitochondria has added an additional dimension to this discussion. Do all type I chaperonins
operate utilizing the same functional mechanism? In this review, we present the evolution of our
understanding of the chaperonin cycle and attempt to convey the fine differences between the two
major views of the GroEL-GroES reaction mechanism. We also show how the study of organellar
chaperonins can contribute to our understanding of the mechanism by which type I chaperonins
carry out their protein folding function.
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THE KEY PLAYERS

The name chaperonins was coined almost three decades ago
to describe the 60 kDa heat shock protein family, a group of
ubiquitous proteins that share primary sequence homology, in
some cases as low as 20-30% (Hemmingsen et al., 1988; Hill
and Hemmingsen, 2001). They are divided into two groups: type
I chaperonins and type II chaperonins. The latter is found in
the eukaryotic cytosol (CCT and TCP-1) and Archaea, while
type I is located in bacteria, mitochondria, and chloroplasts (Hill
and Hemmingsen, 2001). The primary role of chaperonins is
to prevent aggregation of nascent and misfolded polypeptides
and ultimately facilitate their correct (re) folding (Goloubinoft
et al.,, 1989a,b; Horwich et al., 2007; Saibil et al., 2013; Hayer-
Hartl et al., 2016). How this occurs is still not completely
understood and is the topic of much debate (Jewett and Shea,
2010), however, accumulating evidence suggests that in the
case of misfolded proteins, the chaperonin exerts an unfoldase
action on the protein, overcoming the free energy barrier
(Todd et al., 1996; Walter et al., 1996; Finka et al., 2016). In
addition, to the major protein-folding activities, moonlighting
functions were also reported for plant and various bacterial
systems harboring multiple chaperonin homologs (Lund, 2009;
Henderson et al., 2013; Vitlin Gruber et al., 2013; Fares, 2014).
The most widely studied prototype at the mechanistic level is
the GroEL chaperonin of Escherichia coli. Its ~60 kDa subunits
assemble into barrel-shaped structures built of two heptameric
rings (Hendrix, 1979; Hohn and Wuttke, 1979; Braig et al., 1994;
Xu et al., 1997) composed of identical subunits. Each subunit
contains three functional domains: the equatorial domain, site of
the ATP binding pocket; the apical domain, which binds substrate
and GroES; the intermediate domain, which connects the
previous two and allows for dynamic structural changes within
the molecule (Figure 1). The tetradecameric cylinders harbor the
binding sites for unfolded/misfolded substrate proteins, which
reside inside the barrel lumen (the Anfinsen cage; Buckle et al.,
1997; Chaudhuri and Gupta, 2005; Chen et al., 2013). Due to
its double ring assembly, each GroEL molecule can bind two
substrate molecules with high affinity (Viitanen et al., 1992;
Llorca et al, 1997; Taguchi et al., 2004). In the absence of
necessary co-factors, some substrate proteins can bind tightly
to the GroEL molecule for extended periods of time in an
unfolded conformation (Goloubinoff et al., 1989a; Viitanen et al.,
1992; Hartman et al., 1993; Hartmann and Eisenstein, 2000).
The folding reaction proceeds through multiple steps, during
which the chaperone undergoes major ordered and concerted
conformational changes (Hartman et al., 1993; Weissman et al.,
1994). The driving force for these conformational changes, as well
as their timing, is provided by ATP hydrolysis and the binding of
the co-chaperonin GroES (Todd et al., 1994). The latter is itself
an oligomeric protein, which assembles into a single heptameric
ring arranged in a dome-like structure (Hunt et al., 1996; Mande
et al., 1996).

THE MAJOR COMPLEXES

Early after the discovery of chaperonins, it became clear that
modulation of GroEL activity is governed by complex formation

with GroES, which occurs only following nucleotide-induced
conformational changes in the GroEL oligomer (Goloubinoff
etal., 1989a,b; Roseman et al., 2001). This discovery was followed
by extensive research aimed at identifying the active form of the
GroEL-GroES complex. In their pioneering study, Langer and
coworkers used EM to identify two forms of the chaperonin in
vitro: the apo form, consisting of the GroEL tetradecamer alone,
without GroES, and a complex containing one tetradecamer of
GroEL bound to one GroES heptamer, formed in the presence
of ADP (Langer et al., 1992). This form was suggested to be the
active form of the system and became known as the asymmetric,
bullet-shaped complex (Langer et al., 1992). Subsequently, a third
chaperonin complex was observed in the presence of ATP, by
several groups (Azem et al., 1994b; Harris et al., 1994; Llorca
et al., 1994; Schmidt et al., 1994). The third form is composed of
one GroEL barrel sandwiched in between two GroES heptamers,
in a symmetric complex, known as the “football” (American)—
like complex. High-resolution crystal structures were obtained
for all three forms over the years (Figure 1) (Braig et al., 1994,
1995; Boisvert et al., 1996; Xu et al., 1997; Chen and Sigler, 1999;
Bartolucci et al., 2005; Fei et al., 2013, 2014; Koike-Takeshita et al.,
2014). In these studies, contacts between the subunits within
rings and between GroEL/GroES oligomers have been delineated.
More importantly, structural changes that occur during the
reaction cycle have also been elucidated, through the analysis
of various nucleotide-bound forms (Roseman et al., 1996, 2001;
Ranson et al., 2001, 2006; Clare et al., 2009, 2012). It has become
clear from the vast number of studies that the system is very
dynamic in the presence of ATP, and what we are able to capture
at any one point, in the test tube, may not necessarily reflect the
only active form of the reaction (Todd et al., 1994; Yang et al.,
2013; Taguchi, 2015; Yamamoto and Ando, 2016). Indeed, the
concentration and type of nucleotide, the presence of mono- and
divalent cations and other parameters may determine the form
of the complex that is detected and efficiency of protein folding
activity (Todd et al.,, 1993; Azem et al., 1994a, 1995; Diamant
etal,, 1995; Engel et al., 1995). In a single cycle of ATP hydrolysis,
GroEL will bind one or two substrate protein monomers, bind
one or two GroES heptamers, bind and hydrolyze 14 ATP, fold
the substrate protein, and eject the bound components, all in a
matter of seconds (Figure 2). What we observe in the standard
biophysical examination is the steady state levels of the complexes
with a strong bias for the rate-limiting complex of the cycle under
the tested conditions (Todd et al., 1994; Fei et al., 2013; Yang et al.,
2013; Taguchi, 2015; Yamamoto and Ando, 2016).

THE REACTION CYCLE

If the forms that we observe in the test tube do not necessarily
reflect the only present or active ones, how can we accurately map
out the reaction cycle of the system? The answer to this question
comes from numerous kinetic and mechanistic studies (for a
review see Skjeerven et al., 2015; Taguchi, 2015) that enable us to
peek into what is really happening in order to identify shorter-
lived complexes. To simplify the arguments, we will focus on
events that occur in the presence of unfolded substrate protein.
Assuming that we have initiated the cycle with the simplest
component, the apo GroEL, then the next step will be binding
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Bullet Football

GroEL,,-GroES,

GroEL,-(GroES,),

FIGURE 1 | Crystallographic models showing the architecture of the major chaperonin complexes. Left figure, unliganded, apo GroEL+4, PDB code 4WGL;
Center figure, GroEL14 with one bound GroES; co-chaperonin (“bullet”), PDB code 1AON; right figure, GroEL14 with two bound GroES co-chaperonin heptamers
(“football”), PDB code 4PKO. The GroES co-chaperonin is colored purple. The three domains of each GroEL subunit are color coded as follows: Apical domain, red;
Equatorial domain, cyan; Intermediate domain, green. The top row of figures shows the full structure of each oligomer. The bottom row presents two subunits of each
ring, in order to better visualize the spatial orientation of each subunit and its domains. The figure was generated using the PyMOL program (The PyMOL Molecular

Graphics System, version 1.5.0.4; Schrodinger, LLC; available at www.pymol.org).

of ATP and/or substrate protein followed by GroES binding,
which leads to formation of the folding-competent form. What
follows this step constitutes the crux of the controversy. The
canonical view suggested that the complex moves through the
asymmetric “bullet” cycle (Figure2A) (Horwich et al., 2006;
Hayer-Hartl et al,, 2016) while an alternative understanding
suggested that the reaction proceeds via the symmetric “football”
cycle (Figure 2B) (for reviews see Grallert and Buchner, 2001;
Taguchi, 2015).

In the first model, the GroEL tetradecamer alternates between
the bullet complex and the apo form, complexed with nucleotide.
An important feature of this mechanism is the sequential nature,
by which binding of ATP and substrate protein to the trans
ring stimulates release of GroES, ADP and sequestered substrate
from the cis ring (Rye et al, 1999). According to this model,
the strong negative cooperativity in nucleotide binding between
the two GroEL rings (Gruber and Horovitz, 2016) ensures that
nucleotide binding to one ring will suppress nucleotide binding
and hydrolysis in the opposing ring (Horwich et al., 2007). Thus,
a complex with nucleotide and GroES bound on both sides will

not form. For many years, this model was almost universally
accepted as that which accurately describes the GroEL reaction
cycle.

In an alternative model, known as the symmetrical “football”
model, the complex alternates between the symmetric complex
and the asymmetric form. Despite the negative cooperativity
in nucleotide binding that exists between the two rings,
conformations with ATP occupying both rings have been
described (Clare et al., 2012), along with numerous reports
of football structures, which have GroES bound to both
sides (Azem et al., 1994b; Harris et al., 1994; Llorca et al,
1994; Schmidt et al., 1994). The involvement of these species
in refolding was inferred from many early kinetic studies
on GroE-mediated refolding to their native state of foldable
substrates such as Rubisco, mMDH, and a maltose binding
protein variant, all of which demonstrated a clear correlation
between the efficiency of refolding and the occurrence of
symmetric GroEL14/GroES14 complexes (Azem et al., 1995;
Sparrer et al., 1997; Ben-Zvi et al,, 1998; Beissinger et al,
1999).
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FIGURE 2 | Models for the chaperonin reaction cycle. (A) Unfolded
protein binds to the apo (“brick”) form of GroEL and is capped by GroES in the
presence of ATP, forming the “cis” ring. Binding of ATP to the opposite, “trans”
ring induces release of GroES, ADP and folded protein from the “cis” ring,
such that protein folding cycles between one side and the other. Brackets
signify a transient species. (B) In the presence of substrate protein, ADP to
ATP exchange is extremely rapid, resulting in formation of, a symmetric
“football” intermediate, in which protein folding takes place simultaneously in
both rings. ATP hydrolysis is now the slower, rate-limiting step, resulting in the
accumulation of the football form. This form reverts briefly to a bullet
conformation upon ATP hydrolysis. (C) The mitochondrial chaperonin exists in
equilibrium between single- and double-ringed forms. Upon binding of ATP
and GroES, the equilibrium is shifted to the double-ringed form. Protein folding
takes place in both chambers and release of the cochaperonin transpires upon
ATP hydrolysis.

Were the symmetric complexes to represent a side-abortive
reaction or dead end, then one would not expect to see such
a correlation, rather, the opposite of what was observed. This
correlation was substantiated by sophisticated mechanistic
studies demonstrating the importance of the symmetric
intermediate in the protein folding cycle (Koike-Takeshita et al.,
2008; Sameshima et al., 2010a; Takei et al., 2012; Yang et al., 2013;
Ye and Lorimer, 2013; Fei et al., 2014; Yamamoto and Ando,
2016).

RECENT DEVELOPMENTS AND
OUTSTANDING QUESTIONS

Earlier studies showed that in the presence of substrate, the
chaperonin complex behaves differently than in its absence
(Motojima and Yoshida, 2003; Motojima et al., 2004). Further
investigation demonstrated that substrate protein facilitates the
formation of symmetric, football complexes (Sameshima et al.,
2010a). Recent studies using FRET-based analyses concluded that
the substrate protein accelerates ADP exchange, in the complex
(Ye and Lorimer, 2013; Fei et al., 2014). Thus, the football
model posits that if we follow the kinetics of formation and
dissociation of cycle intermediates, we will find that both exist in
solution (symmetrical and asymmetrical complexes). However,
when we use steady state analyses to detect complexes, the form
that precedes the rate-limiting step is that which will primarily
be observed. Since ADP exchange in the presence of substrate
protein occurs very fast relative to ATP hydrolysis, the major
species observed in the presence of substrate protein is the
football (Takei et al., 2012; Ye and Lorimer, 2013; lizuka and
Funatsu, 2016; Figure 2B). In the absence of substrate protein,
the rate-limiting step is the release of ADP, leading to population
of the species preceding this step, the asymmetric form.

Is function of the two rings coordinated or do they function
as independent folding chambers? Consistent with conclusions
of early kinetic studies, single-molecule analyses demonstrate
that the first GroES to interact with GroEL is not necessarily
the first one to dissociate from the symmetric complex. Rather,
the dissociation may occur randomly (Corrales and Fersht, 1996;
Sameshima et al., 2010b). A new study using state of the art AFM
to dissect molecular events related to GroES binding revealed that
that inherently different types of football species can exist, and
they will alternate or not, in release of GroES, depending upon
the nature of the specific football species (Yamamoto and Ando,
2016). The authors postulate that complete exchange of seven
ADPs with seven ATPs ensures that the system goes through
an alternating pathway, while incomplete exchange of nucleotide
at the trans-ring may cause the cycle to go through a non-
alternating pathway in which the newly bound GroES dissociates
first.

Although the above studies suggest that GroEL may function
as two independent folding chambers, a number of facts indicate
that the picture is not entirely clear. Firstly, why would such an
elaborate system of cooperativity be conserved in E. coli if it is not
essential? In the classic model, negative cooperativity is taken to
its extreme, so that nucleotide binding on one ring completely
precludes binding in the opposing ring (Horwich, 2011). But
perhaps the effect is not so drastic. In fact, when initial rates of
ATP hydrolysis were measured in GroEL as a function of ATP
concentration, two transitions were observed, with respective
midpoints of 16 and 160 M (Yifrach and Horovitz, 1995).
This data suggests that, despite negative cooperativity, both
sides are expected to be saturated with nucleotide under most
experimental or cellular conditions. Even in the presence of
0.5 mM ADP (which is inhibitory for refolding and prevents
football formation) and 1.5 mM ATP, a majority of football
species was observed, which would require that nucleotide be

Frontiers in Molecular Biosciences | www.frontiersin.org

10

December 2016 | Volume 3 | Article 80


http://www.frontiersin.org/Molecular_Biosciences
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Biosciences/archive

Weiss et al.

Dynamic Chaperonin Complexes

bound to both rings (Azem et al, 1995). However, it is still
possible that negative cooperativity retained in this structure,
may contribute to alternating release of GroES, resulting in a
more efficient machine. This would be consistent with the fact
that the majority of GroES release was shown to occur via polarity
change (69%) by way of a football complex (Yamamoto and
Ando, 2016). Another reason for retaining such a cooperative
system could be the fact that GroEL is able to fold large proteins
that cannot be accommodated inside the cavity underneath the
GroES (Chaudhuri et al.,, 2009; Dahiya and Chaudhuri, 2014;
Pastor et al., 2016). In this instance, it is possible that release
of the cis-bound substrate must be induced by trans binding
of substrate, ATP and GroES in a fully alternating mechanism,
although in this case, the folding protein would not have the
benefit of encapsulation.

THE PHYSIOLOGICAL RELEVANCE

It is evident, as discussed above, that at least in vitro, both types
of complexes, symmetrical and asymmetrical, co-exist. Thus,
the debate has changed its focus to the physiological relevance
of the various forms observed. It has been well established
that the velocity of the GroEL-GroES reaction cycle and
the partitioning between various complexes depends on many
important factors such as concentration and ratio of nucleotide,
as well as concentrations of magnesium and potassium (reviewed
in Grallert and Buchner, 2001; Sameshima et al., 2008, substrate
protein Sameshima et al., 2010a; Yang et al, 2013; Ye and
Lorimer, 2013; Fei et al., 2014, GroEL and GroES Azem et al.,
1994b). The latter two are often expressed as ratios, but this could
be misleading. In an E. coli cell under normal conditions, the
concentration of GroEL is estimated to be ~35uM protomer
(Lorimer, 1996). This concentration can be even much higher
under conditions of heat stress. To the best of our knowledge,
most in vitro assays of GroEL are carried out at concentrations
much <10 uM for the chaperonin. In most biophysical studies,
the concentrations used are on the order of 1M and even
much less. At these concentrations, we know that the chloroplast
and mitochondrial chaperonins dissociate to monomers in the
presence of ATP (Bloom et al., 1983; Lissin, 1995; Viitanen
et al., 1998; Bonshtien et al., 2009). Since some oligomers or
complexes may dissociate upon dilution, we cannot assume that
we are working under the exact physiological conditions or that
the species that we observe necessarily reflect those relevant
to the cell. Moreover, the local concentrations of the above
and other small effectors are difficult to determine in vivo in
a precise manner, making it even more complicated to define
the active species. Another factor that may affect the oligomeric
state includes temperature (Goloubinoff et al., 1997; Llorca et al.,
1998). One way of investigating the physiological relevance of
folding intermediates would be to follow the reaction cycle in
vivo, not an easy task at all. The only laboratory with a monopoly
on physiological conditions is the cell itself. Until then, the
significance of the in vitro experiments for the actual situation
in vivo will remain an open question.

DIVERGENT MECHANISMS? INSIGHT
FROM STRUCTURAL STUDIES OF THE
MITOCHONDRIAL CHAPERONIN

The human mitochondria harbor a type I chaperonin system
(Hsp60), which is related, at least at the primary sequence
level, to the bacterial machinery. Surprisingly, the mitochondrial
chaperonin was isolated as single ring and it was traditionally
regarded as active in this form (Nielsen and Cowan, 1998).
However, subsequent studies using analytical ultracentrifugation
and electron microscopy showed that the protein exists in
dynamic equilibrium between single and double rings (Levy-
Rimler et al., 2001; Vilasi et al., 2014). While Hsp60 is detected
predominantly as a single ring, upon addition of ATP and
mitochondrial co-chaperonin, the equilibrium is shifted toward
formation of double-ringed, football shaped structures (Levy-
Rimler et al, 2001). This observation again reinforces the
relevance of working as close as possible to physiological
conditions. However, at concentrations that are used routinely
in the field, the mitochondrial chaperonin dissociates not only
to single rings but also to 60 kDa monomers (Viitanen et al,,
1998). The fact that most of the apo-protein is single ringed,
even in the presence of bound substrate, while in the presence of
ATP and co-chaperonin the protein oligomerizes to primarily the
football form, presents an additional challenge to the prevailing
theory of chaperonin function, since the complex does not even
seem to pass through the asymmetric, bullet-shaped complex.
Instead, a small amount of “half footballs” are observed- one ring
of Hsp60 bound to one ring of Hspl0 (Viitanen et al., 1998).
Similar structures were observed for the Thermus thermophilus
chaperonin as well (Ishii et al, 1995). This suggests that the
mitochondrial homolog may function using its own unique
reaction mechanism, in which the tetradecamer exists as a
football in its protein-folding state, but dissociates into two single
rings at some point during the cycle (Figure 2C). Dissociation
to single rings was observed previously both for mHsp60 (Levy-
Rimler et al., 2002) and for Cpn60 from T. thermophilus (Todd
et al., 1995; Taguchi, 2015). For mHsp60, hydrolysis of ATP to
ADP was proposed to cause a drastic decrease in co-chaperonin
binding, allowing rapid dissociation of the mitochondrial Hsp10
and release of the encapsulated protein (Nielsen and Cowan,
1998).

Additional evidence for a unique mechanism can be gleaned
from the recent crystal structure of a mitochondrial Hsp60
variant in complex with Hsp10, which crystallized as a football
complex that displays one subunit in a different conformation
than the other six in the ring (Nisemblat et al, 2015). This
is in stark contrast to GroEL, for which one hallmark of its
mechanism is the high level of cooperativity between subunits in
each ring, which results in their concerted movement (Saibil et al.,
2013). Moreover, the crystallized mHsp60-mHspl0 structure
shows ADP in all the 14 sites, a conformation which cannot
exist for GroEL-GroES due to the strong inter-ring negative
cooperativity of nucleotide binding. Finally, in this football
structure, the surface contact area between the two rings is much
more extensive than for the GroEL football or bullet (Nisemblat
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et al.,, 2015). Such an extensive interface is not consistent with
the weak inter-ring interaction observed upon binding of ATP to
the second ring of GroEL (Clare et al., 2012). Thus, a large body
of evidence suggests that the mitochondrial chaperonin may have
evolved a unique mechanism related to its specific functions. This
mechanism seems to involve primarily football structures during
the folding cycle that alternate with half footballs and single rings.

More recently, a novel phage-encoded Cpn60 was described
which was also proposed to function via single ringed
intermediates. In this case, the apo form of the chaperonin is
tetradecameric. However, upon nucleotide binding, the oligomer
dissociates into two heptameric rings with a largely expanded
cavity, able to accommodate larger substrate proteins than other
known chaperonins (Molugu et al., 2016). Thus, similar to
what was proposed for the mitochondrial and T. thermophilus
chaperonins, phi-EL seems to incorporate a single-ringed
intermediate in its reaction cycle.

CONCLUDING REMARKS

Although a large body of data has accumulated concerning the
chaperonin system and its mechanism of action, there are still a
number of open questions concerning its reaction cycle(s) and
the nature of the active species. The existence of different species
in the functional cycle is now almost universally accepted and has
paved the way for research into the role of each species in the
molecular mechanism. Cutting-edge technologies applied to this
system are allowing dissection of the protein folding events at the
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Everly Conway de Macario* and Alberto J. L. Macario *#
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Chaperonins play various physiological roles and can also be pathogenic. Elucidation
of their structure, e.g., oligomeric status and post-translational modifications (PTM),
is necessary to understand their functions and mechanisms of action in health and
disease. Group | chaperonins form tetradecamers with two stacked heptameric rings.
The tetradecamer is considered the typical functional complex for folding of client
polypeptides. However, other forms such as the monomer and oligomers with smaller
number of subunits than the classical tetradecamer, also occur in cells. The properties
and functions of the monomer and oligomers, and their roles in chaperonin-associated
diseases are still incompletely understood. Chaperonin | in eukaryotes occurs in various
locations, not just the mitochondrion, which is its canonical place of residence and
function. Eukaryotic Chaperonin |, namely Hsp60 (designated HSP60 or HSPD1 in
humans) has, indeed, been found in the cytosol; the plasma-cell membrane; on the
outer surface of cells; in the intercellular space; in biological liquids such as lymph,
blood, and cerebrospinal fluid; and in secretions, for instance saliva and urine. Hsp60
has also been found in cell-derived vesicles such as exosomes. The functions of
Hsp60 in all these non-canonical locales are still poorly characterized and one of the
questions not yet answered is in what form, i.e., monomer or oligomer, is the chaperonin
present in these non-canonical locations. In view of the steady increase in interest
on chaperonopathies over the last several years, we have studied human HSP60 to
determine its role in various diseases, its locations in cells and tissues and migrations
in the body, and its post-translational modifications that might have an impact on its
location and function. We also carried out experiments to characterize the oligomeric
status of extramitochondrial of HSP60 in solution. Here, we provide an overview of our
results, focusing on the oligomeric equilibrium and stability of the various forms of HSP60
in comparison with GroEL. We also discuss post-translational modifications associated
with anti-cancer drugs to indicate the potential of Hsp60 in Medicine, as a biomarker and
etiopathogenic factor.

Keywords: Hsp60, GroEL, monomer, heptamer, tetradecamer, post-translation modification, chaperonopathies,
non-canonical locales
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Research on molecular chaperones is steadily increasing not only
because they are key elements in cellular and organismal normal
physiology but also because, if abnormal, they can become
etiopathogenic and contribute to the development of diseases,
the chaperonopathies. These are pathologic conditions in which
chaperones abnormal in composition-structure (e.g., mutations
or post-translational modifications), quantitative levels, location
in the cell or outside it, or function (loss or excess of it, gain
of new function) play an etiopathogenic role, either primary
or auxiliary. Chaperonins of Group I and II have indeed been
identified as pathogenic factors in a number of conditions. For
example, chaperonins of Group I, the object of this review,
can cause serious diseases (a subgroup of chaperonopathies that
may be called chaperoninopathies) if mutated at critical sites
(Bross et al., 2008; Bross and Fernandez-Guerra, 2016), or can
contribute to the initiation and/or progression of certain types of
cancer, and chronic and autoimmune disorders (Macario et al.,
2013; Cappello et al., 2014; Wick et al., 2014; Wick, 2016; Rahman
etal., 2017; van Eden et al., 2017; Calderwood, 2018; Pockley and
Henderson, 2018).

While the clinical and pathological manifestations of
many chaperonopathies are reasonably well-characterized, the
pathogenic mechanisms underpinning the lesions observed
in tissues and organs of patients are still poorly understood.
For example, little is known on the impact of point-mutations
on the chaperone molecule’s intrinsic properties (e.g., stability
in the face of stressors, ability to interact with the required
partners to exercise chaperoning functions, flexibility, and
oligomeric organization in solution) and chaperoning and
non-chaperoning (moonlighting) functions, inside, or outside
the cell. It is, therefore, imperative to elucidate the properties
of the chaperone molecules under physiologic conditions
and in situations resembling those occurring in patients as a
required preliminary step to improving diagnosis, treatment,
and prevention of chaperonopathies. Here, we briefly discuss
some results pertaining to the Group I chaperonins Hsp60
and GroEL, obtained in a variety of laboratories, including
ours.

The best characterized chaperonin of Group I, GroEL, forms
tetradecamers with two stacked heptameric rings (Horwich
et al., 2007). The tetradecamer is the typical functional complex
that carries out the folding of client polypeptides. However,
in mammalian cells, other forms of the Group I chaperonin,
such as the monomer and oligomers with smaller number of
subunits than the classical tetradecamer, are known to occur. A
single ring seems to be sufficient for productive protein folding
in vivo (Nielsen and Cowan, 1998), and the requirement of
double rings football-shaped intermediates is still under debate
(Viitanen et al., 1992). The properties and functions of the
monomer and oligomers are also incompletely understood.
Likewise, the impact of oligomeric organization on Hsp60
loss of function of some pathological situations has not yet
been elucidated, despite the fact that this is a particularly
interesting issue since destabilization of the mitochondrial
HSP60 oligomer characterizes the MitCHAP-60 disease, a severe
neurodegenerative condition associated to the Asp3Gly mutation
in HSP60 (Parnas et al., 2009).

Chaperonin I in eukaryotes occurs in various locations,
not just the mitochondrion, which is its canonical place
of residence and function. Eukaryotic Chaperonin I, namely
Hsp60 (designated HSP60 or HSPD1 in humans) has, indeed,
been found in the cytosol; the plasma-cell membrane; on the
outer surface of cells; in the intercellular space; in biological
liquids such as lymph, blood, and cerebrospinal fluid; and
in secretions, for instance saliva and urine (Cechetto et al.,
2000; Cappello et al., 2008; Macario et al., 2013; Calderwood,
2018; Pockley and Henderson, 2018; more references can be
found at http://hsp60.com/localization/). Extra-mitochondrial
functions of HSP60 have also been observed in yeast (Kalderon
et al., 2015). Hsp60 has also been found in cell-derived
vesicles such as exosomes (Merendino et al., 2010; Campanella
et al, 2012). The functions of Hsp60 in all these non-
canonical locales are still poorly characterized and one of the
questions not yet answered is in what form, i.e., monomer
or oligomer, is the chaperonin present in these non-canonical
locales.

Over the last several years we have studied human HSP60 in
several systems to determine its location in cells and tissues, its
migrations in the body, and its post-translational modifications
that might have an impact on its location and function. We have
also carried out experiments to elucidate the oligomeric status
of human extramitochondrial HSP60 in solution and we have
investigated its role in various diseases. Our observations are
discussed in this brief review along with pertinent data from
other laboratories.

The nomenclature of heat shock proteins and molecular
chaperones is rather confusing and to facilitate the reading
of this review we will use the following terms: chaperoning
system is the complete set of chaperones, co-chaperones, and
chaperone co-factors, and other closely interacting receptors
and molecules of an organism. A chaperoning team is the
functional complex formed by two or more identical or
closely related subunits, e.g., the tetradecamer characteristic
of GroEL and HSPDI. Teams participate in networks which
consist of two or more interacting teams, e.g., Hsp70-prefoldin-
Hsp90. We will use the terms HSP60 or HSPD1 for the
human chaperonin of Group I, but in referring to this
chaperonin in general, without specifying the species we will use
Hsp60.

THE HUMAN HSP60 AND ASSOCIATED
DISEASES

The realization that abnormal chaperones can cause disease
opened new avenues to study chaperones and provided incentive
to re-evaluate these molecules by medical researchers and
practitioners (Macario and Conway de Macario, 2005). A case in
point is human HSP60 because it was discovered that mutations
in it caused specific diseases (Bross and Fernandez-Guerra, 2016).
Noteworthy is that the ability of the mutant chaperonin to
form oligomers was affected (Parnas et al., 2009). In addition,
a missense mutation, Leu73Phe, of HSP10, the co-chaperone
of HSP60, was recently reported to be associated to a severe
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neurological and developmental disorder (Bie et al., 2016). The
detailed molecular mechanism involving the mutant HSP10 that
causes the lesions observed has not yet been fully elucidated.
However, studies with the purified mutant protein in vitro
demonstrated that it has poor thermal stability, and its refolding
ability and resistance to proteolysis are very much impaired.
The availability of this mutant offers a unique opportunity
to study the impact of the mutation on the interactions
between HSP10 and HSP60 and, thereby, learn about the
intrinsic mechanism of formation of the complete HSP60/HSP10
complex.

Hsp60 is classically considered a mitochondrial protein with
its coding gene residing in the cell nucleus. This implies that
after being synthesized in the cytosol, the Hsp60 protein must
migrate into mitochondria. Therefore, one may predict that
there are at least two intracellular populations of Hsp60, one
present in the cytosol and the other inside the organelle. In
some pathological conditions, this equilibrium can be altered,
with abnormal accumulation of Hsp60 in the cytosol. In addition,
as mentioned above, Hsp60 has been found in other locations
beyond the mitochondrion. It is generally believed that the
intramitochondrial chaperoning function of Hsp60 requires the
formation of tetradecamers but little is known about the structure
of the chaperonin in other locations. In this brief review we
examine some of the properties of the spectrum of Hsp60
forms that have been identified, monomers, heptamers, and
tetradecamers. We discuss the possibility that the human HSP60
chaperonin may also function as a single ring and may form
symmetrical football-shaped intermediates, similarly to GroEL.

THE HUMAN HSP60 GENE (HSPD1)

The human mitochondrial chaperonin HSP60 is encoded in
the gene HSPDI (also written hspdl) which is localized in
chromosome 2 head to head with the gene that codes for the
HSP10 co-chaperonin, designated HSPI0 (also written cpn60
or HSPEI), and the two genes are separated by a bidirectional
promoter (Hansen et al., 2003).

Only one HSPDI gene and 22 HSPDI pseudogenes were
found in the human genome (Mukherjee et al., 2010). Figure 1
shows a Maximum Likelihood (ML) tree of mammalian
Hsp60 (Cpn60) proteins, including genes and pseudogenes
from human, mouse, and rat. Interestingly, ML trees built
with translations of only the most conserved pseudogenes
showed consistent association of the human pseudogenes with
Hsp60 from primates, whereas pseudogenes from mouse and
rat all associated with murid Hsp60 sequences, indicating
their relatively recent origin, Figure2. The human HSP60
pseudogenes are distributed over several chromosomes (1, 3, 4, 5,
6,8,10,11,12,13,20, and 21) but none is present on chromosome
2, in which the HSPDI gene is located.

While there is considerable information on the genomics of
HSPD] available from studies directly on the human genome,
knowledge of the structure and properties of the human protein
has recently advanced based on the crystallization of the human
mitochondrial HSP60 (Nisemblat et al., 2014, 2015), and is

still mostly grounded to a considerable extent on studies of
prokaryotic, especially bacterial GroEL.

GroEL

The study of Group I chaperonins was stimulated by seminal
reports that appeared in the late 1970°s and the 1980’. For
example, a gene was identified in which certain mutations
directly correlated to impairment of bacteriophage A growth,
and the gene product was found to be a 60 kDa protein, which
was later named GroEL (Georgopoulos and Hohn, 1978). A
similar protein was identified in chloroplasts, associated with
Rubisco with an amino-acid sequence over 40% similar to GroEL
(Ellis and van der Vies, 1988). This protein was characterized
by “assisting” functions, which inspired the name “molecular
chaperone” (Ellis et al., 1989).

In another work, it was established that a mitochondrial
protein had the ability to assist protein folding and that increased
in response to heat shock (McMullin and Hallberg, 1988). This
protein formed two stacked heptameric rings (Ostermann et al.,
1989) and was found to have the ability of self-assembling
(Cheng et al., 1990). It was also proposed that these 60 kDa
proteins present in chloroplasts, mitochondria, and bacteria such
as Escherichia coli, and whose genes were heat-inducible should
be named chaperonins (Hemmingsen et al., 1988). Subsequent
work in many laboratories (Saibil et al., 2013; Nisemblat et al.,
2015; Okamoto et al., 2015; Weiss et al., 2016; Chen et al,
2017; Ilingworth et al., 2017; Ishii, 2017; Liu et al., 2017; Roh
et al., 2017) unveiled the structure and chaperoning cycle of
the Hsp60 chaperonins and revealed various features that are
shared by these proteins, for instance the formation of rings
and more complex structures made of two stacked rings with a
central cavity or cage, which was found to be essential in client
polypeptide folding.

The typical GroEL complex is constituted of two identical
rings with seven identical subunits each, so the complete team
is a homo-tetradecamer with a central cavity or cage (Hohn
et al., 1979). The GroEL subunit has three domains, apical,
intermediate, and equatorial. While GroEL is typically present in
bacteria, similar and evolutionarily-related structures also occur
in some archaea (e.g., Methanosarcina mazei; Conway de Macario
et al., 2003), in the mitochondria of eukaryotes, for instance
Neurospora crassa (Hutchinson et al., 1989) and humans (Hansen
et al.,, 2003; Mukherjee et al., 2010), and in the chloroplast of
plants (Dickson et al., 2000).

The chaperoning function of GroEL tetradecamers requires
allosteric changes and communication between the team
members, ie., subunits and rings (Goloubinoft et al., 1989).
The chaperoning mechanism, according to this model, proceeds
through a series of coordinated steps and is initiated by the
binding of the client polypeptide (substrate) to the apical domain
via hydrophobic residues (Horwich, 2011). Then, upon binding
of ATP to the equatorial domain the apical and intermediate
domains rearrange allowing transition of the complex from
trans to cis conformation, thus the central cavity encapsulates
the substrate (Figure 3). The other member of the chaperoning
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FIGURE 1 | ML tree of mammalian Hsp60 (Cpn60) sequences, including genes (black font) and pseudogenes from human (red font), mouse (blue font), and rat (green
font). The scale bar represents the indicated number of substitutions per position for a unit branch length. The species tested are not all included in this representation
of the tree to avoid overcrowding. In the following list of abbreviations of the names of the species tested, those shown in the figure are in bold face: Bt, Bos taurus

Mmur, Microcebus murinus (gray mouse lemur); Oa, Ornithorhynchus anatinus (platypus); Ol, Oryzias latipes (the medaka or japanese killifish); Pp, Pongo pygmaeus
(northwest bornean orangutan); Ptr, Pan troglodytes (chimpanzee); Rn, Rattus norvegicus (rat); Tn, Tetraodon nigroviridis (spotted green pufferfish); Tr, Takifugu
rubripes (japanese pufferfish); Xl, Xenopus laevis (african clawed frog, amphibian); Xt, Xenopus tropicalis (western clawed frog, amphibian). The violet arrow at the
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ovemcinctus (nine-banded armadillo); Dr, Danio rerio (zebrafish); Ec, Equus caballus (horse); Ga,
allus domesticus (chicken); Hs, Homo sapiens (human); La, Loxodonta africana (african bush elephant);
ort-tailed opossum, marsupial); Mm, Mus musculus (mouse); Mmu, Macaca mulatta (rhesus monkey);
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complex, the homo-heptameric GroES, binds the same apical
hydrophobic residues, which leads to the release of the substrate
into the cage for folding, using energy provided by ATP
hydrolysis (Figure 3). ATP hydrolysis in the cis ring is followed

by binding of ATP to the trans ring, which causes dissociation
of the cis complex, thereby releasing the folded substrate, ADP,
and GroES. In this model, the GroES heptamer can bind a
ring only after its release from the other, so that the entire
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FIGURE 3 | Schematics of the substrate-folding cycle of GroEL. This model of the cycle involves asymmetric, bullet-shaped intermediates and proceeds as follows:
when the substrate (the client peptide in need of assistance for folding) binds to the apical domain of one of the two rings, the bound ring rearranges to form a cis
complex with GroES, allowing substrate encapsulation inside the cage and folding with energy from ATP hydrolysis. GroES binding to the cis ring can occur only when
ADP and the folded protein are released to the outside from the cage of the trans ring. Therefore, the cycle intermediate is an asymetric bullet-shaped oligomeric
chaperoning complex. Adapted with permission from Macmillan Publishers Ltd. Horwich (2011).

chaperoning complex has an asymmetric bullet-shaped structure
(Figure 3). Therefore, this model of GroEL function involves two
GroEL heptamers and one GroES heptamer, assembled in an
asymmetric, bullet-shaped GroEL-GroES complex. This model,
widely accepted for many years, is currently challenged by recent
single-molecule studies that revealed the presence, during the
GroEL cycle, of symmetric, football-shaped intermediates of
the GroEL tetradecamer with a GroES heptamer on each end
(Taguchi, 2015). These football-shaped structures were stabilized
under specific experimental conditions and then crystallized
and solved (Fei et al., 2014; Koike-Takeshita et al., 2014). It
was found that, due to the structural features of the interface,
the negative cooperativity between rings in the football-shaped
complex mainly involving two D helices, is reduced as compared
with the cooperativity between the rings of the bullet-shaped
complex. A GroES heptamer binding in one ring is not dependent
on a GroES heptamer being released from the other, and substrate
folding can occur at both GroEL rings simultaneously, thus
causing the formation of symmetric complexes. The presence
of the symmetric complexes is not incompatible with bullet-
shaped structures as they can coexist, but, as revealed by
Fluorescence Resonance Energy Transfer (FRET), the presence
of substrate is crucial for shifting the equilibrium toward
symmetric intermediates (Sameshima et al, 2010). This role
of the substrate influencing the GroEL oligomeric structural
organization and function is in line with results obtained by
multi-scale simulations (Coluzza et al., 2008).

Similarly to what happens for the chaperonin from the
bacterium Thermus thermophilus (Ishii et al., 1995), in the
presence of K™ and Mg-ATP, the symmetric football-shaped
complex undergoes a dynamic transition consisting of equatorial
split, which leads to the formation of single rings (Koike-
Takeshita et al., 2014). Although the functional role of the split
is not yet fully understood, this observation could be relevant
to interpret some results obtained with mammalian, e.g., human
mitochondrial HSP60, as discussed later in this review.

FROM BACTERIA TO MITOCHONDRIA

In contrast to the abundance of studies on the bacterial Hsp60,
research on the human counterpart had a slow start and took off
when the amino-acid sequence of the human protein was found
similar to those of bacterial and plant chaperonins. By means of
immunofluorescence and biochemical fractionation techniques,
it was shown that mammalian Hsp60 is primarily present in the
mitochondrial matrix (Gupta and Austin, 1987). Despite the high
degree of sequence similarity to GroEL, human HSP60 has some
peculiar features in oligomer organization. By Gel Filtration and
Sucrose Density Gradient Centrifugation, it was found to occur as
a homo-oligomer of seven subunits of ~440,000 Mr (Jindal et al.,
1989). Single active rings were also found in other mammalian
Hsp60, like that from Chinese hamster ovary (CHO) that shares
a high sequence similarity with the human counterpart (Picketts
et al., 1989).
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FIGURE 4 | Schematics of the substrate-folding cycle of GroEL single rings. According to this proposed mechanism, when the substrate binds to the apical domain
of the single ring, the latter rearranges to form a complex with the Hsp10 heptamer. This allows substrate encapsulation and folding with energy from ATP hydrolysis.
In contrast to what happens with the full, bullet-shaped complex described in Figure 3, the interaction between the single Hsp60 ring with the Hsp10 heptamer in the
presence of ADP becomes so weak that the ring opens and both, the Hsp10 heptamer and the client-protein are released. Adapted with permission from Macmillan
Publishers Ltd. Horwich (2011).
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FIGURE 5 | Naive HSPG0 forms oligomers over a wide range of concentrations. (A) Blue Native Gel Electrophoresis (4—16%) image of naive HSP60 in the
concentration range 1.9-4.8 WM. The pattern reveals that the protein exists in two oligomeric forms independently of the concentration. (B) Size distribution from
Dynamic Light Scattering of the naive HSPG0 at various concentrations (1.9 wM: red, 4.8 wM: green, 9.6 uM: blue, 20.7 wM: pink). Adapted from Vilasi et al. (2014).
PLOS ONE, according to Creative Commons Attribution (CC BY) policy.

When a protocol to purify recombinant Hsp60 without  would form only upon dissociation of the initial oligomers in the
a His-tag became available (Viitanen et al., 1992), extensive  presence of ATP at low temperature, followed by incubation at
studies were performed to understand the structure and  30°C with mtHsp10and ATP (Viitanen et al., 1992). Surprisingly,
oligomeric organization of the mammalian mitochondrial  the mammalian mtHsp60 as single toroidal ring was found to
chaperonin. Moreover, it became possible to cleave the  be able, in the presence of Mg-ATP and mtHsp10, of facilitating
N-terminal mitochondrial targeting signal (MTS) present in the  folding of non-native ribulase-P2 carboxylase, forming with it
eukaryotic Hsp60 and obtain the mature Hsp60 as it occursinside ~ a stable complex. However, in these experiments, a two-ring
mitochondria, designated mtHsp60. The protein was mainly = complex seemed to be an obligatory participant in productive
obtained as monomers and heptamers. This seems to be a general ~ substrate folding (Viitanen et al, 1992). The formation of
result: in the absence of ATP and mtHspl0 (mitochondrial  single rings was also detected, in the absence of substrate, in
Hsp10, or Cpnl0), mtHsp60 occurs primarily as a single ring  studies on human mtHSP60 (Nielsen and Cowan, 1998). By
with a mass of 440 kDa (Levy-Rimler et al., 2001). Tetradecamers  electron microscopy (EM), single rings appeared not only from
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FIGURE 6 | Free energy of unfolding of mitochondrial HSP60, naive HSP6E0,
and GroEL. The free energy was calculated from the denaturation profile
induced by guanidine hydrochloride evaluated by Circular Dichroism (CD) (dark
gray) and Small X-Ray Angle Scattering (SAXS) (light gray). Details on data
analysis are reported in Ricci et al. (2016, 2017). GroEL appears more stable
than human chaperonins and mitochondrial mature HSP60 less stable than
naive HSPE0. In contrast to GroEL, significant is the difference between results
from the two techniques for the two HSP60 forms. This is due to: a) the
different protein concentrations required by the two methods used (orders of
magnitude ~ 1 uM for CD and ~ 20 uM for SAXS), which have a more marked
effect on human chaperonins; and b) the data-analysis model applied, which in
the case of CD considers the two-state unfolding model that has been shown
to work well with GroEL.

wild type HSP60, but also as chimeric complexes composed of
equatorial HSP60 and apical GroEL. Instead, wild type GroEL
and chimeric complexes formed by HSP60 apical domain and
GroEL equatorial domain appeared as tetradecamers (Nielsen
and Cowan, 1998). These observations showed that the ability
to form single or double rings is confined to the equatorial part
of the protein and in particular, as observed for the mutant
GroELgg1, crucial are the residues R452, E464, S463, and V464,
that, when mutated into alanine, cause GroEL to form single
rings, too. However, contrary to wild type Hsp60, GroELgg; is
unable to release client proteins, with the exception of rhodanese.
Instead, Hsp60sgr;, a mutant with mutations at the same positions
of mutated residues of GroELsg;, and considered to be unable
of forming tetradecamers, refolds and releases client proteins. It
can, therefore, be inferred that the formation of tetradecamer
intermediates, as discussed earlier (Viitanen et al.,, 1992), is
not obligatory for productive folding of substrates, and that an
alternative pathway may exist (Figure 4) (Nielsen and Cowan,
1998; Weiss et al., 2016).

More recently, a mutant (E321K) of the human mtHSP60
was crystallized and its structure solved (Weiss et al., 2016).
The mutation confers high stability to the open conformation
of mtHSP60 so to generate a very stable complex between
mtHSP60 and mtHSP10, and with a molecular symmetry that
facilitated its crystallization. Thus, the structure of this complex
was revealed by X-ray Diffraction Analysis, showing the existence
of a football-shaped double-ring oligomer that, although similar
to that found for GroEL differs from it in various features
(Nisemblat et al., 2014). Similarly to GroEL, the N-terminal and

C-terminal regions of HSP60 are located in the equatorial domain
of the protein that is involved in the inter-ring interface of the
oligomeric chaperonin. The rings can both simultaneously bind
ATP and one of the seven monomers in each ring is somewhat
different from the others so to create an internal asymmetry. In
the football-shape model, the rings independently bind substrate,
ATP, and mtHspl0 and, only after that, they join together
before encapsulating and refolding the substrate. The mutant
mtHsp60E321K, even if not able to release the folded substrate,
can encapsulate and refold client proteins such as the Enhanced
Green Fluorescent Protein (EGFP). Therefore, it cannot be
excluded that the symmetric, football-shaped intermediate is
present also in the chaperoning cycle of the wild type mtHsp60.

In conclusion, it can be hypothesized that different functional
mechanisms, involving various types of oligomers, may occur
with Hsp60 single rings (Nielsen and Cowan, 1998; Weiss et al.,
2016). It is likely that the chaperonin may follow a given pathway
depending on substrate type and on micro-environmental
conditions such as those occurring under physiological and stress
situations.

HSP60 OUTSIDE MITOCHONDRIA

In eukaryotic cells Hsp60 is typically located inside mitochondria,
which presumably evolved from prokaryotes via endosymbiosis
(Gupta, 1995). mtHsp60 is encoded in a nuclear gene and
is synthesized in the cytosol with an MTS. This N-terminal
sequence forms a positively charged amphiphilic a-helix, which
is essential for mitochondrial import. The post-translational
import of Hsp60 into mitochondria is, like for other cytosolic
proteins that translocate into the organelle, a very intricate
process that involves protein translocation complexes such as
TOM in the outer membrane and TIM in the inner membrane.
The import mechanism is regulated by the membrane potential
AV that, when dissipated by potassium ionophores, inhibits the
maturation of Hsp60 (Gupta and Austin, 1987).

The sequence of MTS in the human HSP60 was deduced
from the cDNA entire gene sequence compared with that of the
matured protein, in which the N-terminal MTS was missing.
The MTS consists of 26 amino acids: 5’ -Met-Leu-Arg-Leu-Pro-
Thr-Val-Phe-Arg-Gln-Met-Arg-Pro-Val-Ser- Arg-Val-Leu-Ala-
Pro-His-Leu-Thr-Arg-Ala-Tyr-3". Based on studies on GroEL
structure (Clare et al., 2012), it can be expected that the MTS fits
inside the central cavity of HSP60 oligomers. Structural details
on naive HSP60 based on SAXS and Molecular Dynamics studies
can be found in a relatively recent report (Spinello et al., 2015).

When the Hsp60 N-terminus is analyzed by PONDR VLXT,
a neural networks disorder predictor, it appears that in the
absence of MTS, residues adjacent to it undergo an order-
disorder transition, probably related to the functional role that
the chaperonin plays in mitochondria (Ricci et al., 2017).

In our studies, we focused on stability and structure of the
HSP60 with MTS, which we designate naive HSP60, as it occurs
after being synthesized in the cytosol and before entering the
mitochondria (Vilasi et al., 2014). These studies were stimulated
by the increased awareness of the potential roles of Hsp60 in
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FIGURE 7 | Proposed anti-cancer mechanism of action of doxorubicin involving human HSP80. In the absence of doxorubicin, HSP60 (shown as Hsp60 to
encompass not only the human chaperonin but also any other ortholog from animal experimental models) can form complexes with p53 thereby removing free p53
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cell compartments other than mitochondria and outside the
organelle (Soltys and Gupta, 1998; Cechetto et al., 2000; Cappello
et al., 2008, 2014; Wick et al., 2014; Wick, 2016; Rahman
et al.,, 2017; van Eden et al., 2017; Calderwood, 2018; Pockley
and Henderson, 2018; see other references at http://hsp60.com/
localization/). By Electron Microscopy, it has been demonstrated
that in normal conditions, 15-20% of Hsp60 is located at
extra-mitochondrial sites, namely, in the mitochondrial outer
membrane, cytosolic vesicles plasma membrane, endoplasmic
reticulum, and peroxisomes (Soltys and Gupta, 1998). These
locations seem to correspond to specific physiological functions.
As an example, in mature insulin secretory vesicles of pancreatic
beta-cells, Hsp60, according to its canonical function, could have
a role in insulin core condensation necessary for the hormone
release (Soltys and Gupta, 1998). Hsp60 is also involved in
assembly of membrane proteins and in the condensation of urate
oxidase crystalline core of rat liver peroxisomes. It is especially
in pathologic situations such as cancer and autoimmune and
inflammatory diseases that HSP60 accumulates in the cytosol,
and in extramitochondrial sites (Czarnecka et al., 2006; Desmetz
et al., 2008; Cappello et al., 2011, 2014; Macario et al., 2013;
Wick et al., 2014; Macario and Conway de Macario, 2016;
Rahman et al.,, 2017; van Eden et al,, 2017; Calderwood, 2018;
Pockley and Henderson, 2018). The question still open is how
the protein reaches these sites, and, consequentially, which

forms of Hsp60 can be found in the various locations. One
hypothesis is that cytosolic accumulation of Hsp60 could occur
via a mitochondrial export mechanism, which would release
Hsp60 devoid of MTS into the cytosol (Soltys and Gupta, 1998).
In this regard, several possibilities can be considered, such
as reverse operation of the mitochondrial import channel, or
an as yet undefined export pathway, or a movement through
lipids, or an export mechanism involving vesicles. Also, in
some cases, Hsp60 can reside and accumulate in the cytosol
without being imported into mitochondria and, therefore, this
Hsp60 would bear MTS. An example is provided by the LNCaP
cells, in which exposure to apoptosis inducers, such as serum
starvation or Dox treatment, causes HSP60 accumulation in
the absence of mitochondrial release (Chandra et al., 2007).
Moreover, an antibody against the MTS crossreacted with a
protein that is present only in the cytoplasm of rat liver cell
(Itoh et al., 2002) and, although not explicitly commented in the
original article, two bands are present in the Western blot (with
anti-Hsp60 monoclonal antibody) of the cytoplasmic fraction
from adult cardiac myocytes (Kirchhoff et al., 2002). It has
been demonstrated that in some apoptotic systems mtHsp60
directly interacts with procaspase-3 in the cytosol, enhancing
caspase-3 maturation and activation as part of a pro-apoptotic
mechanism (Samali et al., 1999; Xanthoudakis et al., 1999;
Chandra et al., 2007). In other systems characterized by naive
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Hsp60 accumulation in the cytosol, an anti-apoptotic, pro-
survival role is believed to occur, since Hsp60 knockdown or
inhibition causes cell death (Kirchhoff et al., 2002; Chandra
et al, 2007; Caruso Bavisotto et al., 2017b). In this case,
Hsp60 binds procaspase-3 and thereby blocks the apoptotic
cascade. In summary, mature mtHsp60 would activate pro-
apoptotic mechanisms and, thus, in certain types of cancer it
would interfere with cancer cell growth, whereas naive Hsp60
would be anti-apoptotic and ensure survival of cancer cells.
Moreover, it was found that from the cytosol, HSP60 was
released by tumor cells via exosomes into the extracellular space
(Merendino et al., 2010; Campanella et al., 2012). In this case,
by specific immunoprecipitation experiments, two HSP60 forms
were found, suggesting the coexistence of mature and naive forms
of the chaperonin. In conclusion, either one or the other, or
both forms of HSP60, naive and mitochondrial, may potentially
occur at the various locations in which the chaperonin has
been detected in pathological conditions, and this is an issue
deserving more investigation. Also, elucidation of the oligomeric
organization of the chaperonin in all those locations in which it
has been detected in pathological situations will no doubt provide
new insights into the molecular basis of disease. For instance,
it has been demonstrated that a single mutation in HSP60
found in MitCHAP-60 destabilizes the chaperonin oligomers
(Parnas et al.,, 2009). This is why in view of the potentially
key roles of naive HSP60 in cancer and other diseases, several
studies have focused on its oligomeric organization and structure
(Vilasi et al,, 2014; Ricci et al., 2016, 2017; Enriquez et al,
2017). A detailed study of the structure and self-organization
of naive cytosolic recombinant His-tag HSP60 in solution was
performed, using biophysical methods such as Light and X-Ray
Scattering, Single Molecule Spectroscopy, and hydrodynamics
measurements (Vilasi et al., 2014). In vitro experiments were
carried out under conditions approximating as much as possible
those occurring in vivo, using HSP60 at a range of concentrations
encompassing those believed to occur in vivo: from 10nM to
79.5 WM. In E. coli, the GroEL concentration is estimated to be
35 M of monomers (Lorimer, 1996). Even if there are no data
from direct measurements on the Hsp60 concentrations in the
eukaryotic-cell cytosol or mitochondria, we can assume that the
range of concentrations described above should include those
found in vivo, in all cell compartments, under physiological, and
stress conditions. Our results showed that HSP60 oligomerizes
at all the concentration tested, forming both tetradecamers and
heptamers with a prevalence of the former and no detectable
monomers (Vilasi et al., 2014). This is illustrated by data
from Native Gel Electrophoresis and Dynamic Light Scattering,
Figure 5. HSP60 at higher concentrations was analyzed by
Small Angle X-Ray Scattering and, at lower concentrations
was analyzed by Fluorescence Correlation Spectroscopy (Vilasi
et al., 2014). In another laboratory, HSP60 was purified applying
a protocol that yields HSP60 without the His6-tag (Enriquez
et al., 2017). The results were similar to those described in the
preceding lines, although a more marked difference between
tetradecamer and heptamer concentrations was found. In this
case, the HSP60-His6-tag purification via Affinity Column
Chromatography yielded a protein unable to oligomerize and
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FIGURE 8 | Proposed mechanism of the anti-cancer effects of SAHA involving
human HSP60. In the absence of SAHA, the levels and quality of HSP60
(shown as Hsp60 to encompass not only the human chaperonin but also any
other ortholog from animal experimental models) and mitochondria are those
required by the tumor cell to grow and proliferate. The anti-tumor effect of
SAHA modifies these HSP60 parameters. HSPG0 levels decrease, the protein
is nitrated, i.e., functionally impaired, which leads to sick mitochondria and its
capture by endosomes and multivesicular bodies and, ultimately, secretion out
of the cell via exosomes; all these events contribute to a decrease of normal
HSP60 inside the tumor cell and to impairment of mitochondrial physiology,
leading to tumor-cell death.

Cell death

occurring exclusively as monomers. Instead, the protein without
His6-tag, studied by EM, Native Gel Electrophoresis, and Light
Scattering appeared as tetradecamers with a minor part of
heptamers. It has not yet been established what form, monomer,
or single or double ring occurs in the cytosol. However, based on
the findings described above, we can conclude that naive HSP60
has biochemical features like those of the mitochondrial mature
HSP60 and monomers associate to form the classical toroidal
form. We hypothesize that this form does not disassemble
before entering, as monomer, into mitochondria. It is likely
that cytosolic chaperones, such as Hsp70 and Hsp90, bind the
Hsp60 precursor and usher it into mitochondria thus preventing
oligomerization in the cytosol. However, we can only say at this
time, that in the case of HSP60 accumulation resulting from the
failure of the chaperonin precursor to enter into mitochondria,
the protein has the ability to form the toroidal structure, probably
as necessary to perform its functions in those specific conditions.
Future studies should also focus on determining ATPase and in
vitro folding activities of naive HSP60 to establish the extent of
its functionality in comparison with the mature molecule.

It is worth noting that mature HSP60 produced without
His6-tag occurs predominantly as single rings (Nielsen and
Cowan, 1998; Parnas et al., 2009), whereas for naive HSP60
the equilibrium seems to shift toward double rings. Structural
differences between the two HSP60 forms can also be inferred
from the studies on the chemical stability of the two proteins,
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(Figure 6) (Ricci et al., 2016, 2017). In order to corroborate this
suggestion, further studies are needed to directly compare the
two proteins, possibly purified under the same conditions, also
in relation to their different activity.

HSP60 POST-TRANSLATIONAL
MODIFICATIONS

The functions of Hsp60 are closely related to its structure and,
therefore, any changes in composition and conformation due
to mutations or aberrant post translational modification (PTM)
may cause a chaperonopathy.

Most likely, some PTMs occur during the synthesis of the
Hsp60 peptide at or near the ribosome and also later, but
before the folding process necessary to yield a mature, functional
Hsp60 monomer, ready to display its functions alone or as part
of a heptamer or tetradecamer. Several lines of research are
currently underway aimed to: (a) clarify how PTM change Hsp60
properties and functions and, thereby, its physiological roles; and
(b) determine its etiopathogenic activity in chaperonopathies.
For instance, a recent study examined HSP60 hyperacetylation
during anticancer-drug treatment in human osteosarcoma cells
(Gorska et al., 2013). The results lead to the working hypothesis
that the post-translational hyperacetylation of HSP60 associated
with administration of geldanamycin, contributes to the death of
cancer cells.

More recently, it was reported that HSP60 hyperacetylation
and ubiquitination are associated with the response of cancer
cells to administration of the anticancer-drug doxorubicin
(Marino Gammazza et al., 2017). Hyperacetylated HSP60 would
be directed via ubiquitination to the proteasome system, which
would cause a decrease or loss of HSP60 functions, leading to
the re-instauration of cellular senescence in cancer cells followed
by tumor-cell growth arrest, Figure 7. The HSP60 PTM may
lead to disruption of its interaction with other molecules such
as p53. These results are in agreement with the observation
that HSP60 O-GlcNAcylation impairs its complexing with Bax,
leading to cell death (Kim et al., 2006). Also, in line with these
data is the finding that HSP60 modifications have an impact on
its trafficking, favoring its secretion into the extracellular space
(Campanella et al., 2016).

It was found that the histone deacetylase inhibitor,
suberoylanilide hydroxamic acid (SAHA) is cytotoxic for
tumor cells, an effect associated with changes in the levels of
concentration and nitration of HSP60, Figure 8 (Campanella
et al, 2016). The nitrated protein could be exported via
extracellular vesicles, such as exosomes (Campanella et al., 2016;
Caruso Bavisotto et al., 2017a). Since exosomes are extracellular
vehicles that transport factors associated with cancer progression
and factors that can modulate the immune response, the presence
of HSP60 in them suggests involvement of this chaperonin in
inflammation, immune system modulation, and regulation of
tumor microenvironment and growth.

In summary, our most recent work has provided new
insights, supporting the idea that post-translational modification

of HSP60 are associated with key changes inside and outside
cells. For instance (i) acetylation is accompanied by a decrease
of HSP60 levels and functions such as interaction with
p53, and re-instauration of senescence in tumor cells; (ii)
acetylation and ubiquitination most likely leads to HSP60
degradation in the proteasome; and (iii) HSP60 nitration affects
its trafficking, favoring its translocation into exosomes and
subsequent secretion into the circulation, a situation that allows
HSP60 to reach target cells, near or far, and thus exercise, for
instance, a regulatory action on the immune system. Working
hypotheses for studying the effect of PTM on Hsp60 in tumor
cells treated with anti-cancer drugs are depicted in Figures 7, 8.

CONCLUSIONS AND PERSPECTIVES

Hsp60 monomers in solution tend to associate into oligomers
and form heptameric rings, and double rings, i.e., tetradecamers.
The latter seem to be the preferred functional complex. However,
single rings may also have functions in vivo, without the need
for tetradecamer intermediates, under normal and pathologcal
conditions. This point deserves more research because single
rings may participate in cellular mechanisms which, if elucidated,
will enhance our understanding of molecular chaperones and
their roles in health and disease. Monomers as such, despite
their tendency to oligomerize when in solution, may also play
important roles in health and disease. We know that Hsp60
occurs in mitochondria, cytosol, other organelles, the plasma
cell membrane, the intercellular space, and in circulation free or
attached to corpuscular bodies such as red and white cells, or in
exosomes. It is likely that at least in some of these locations Hsp60
is present as monomers, the functions of which deserve active
investigation, as much as heptamers and tetradecamers do.

Other structural details of Hsp60 in health and disease that
deserve close scrutiny are PTM. These molecular modifications
may be crucial for determining: (i) with which of the various
possible interactive partners Hsp60 will interact; (ii) the locale
in which it will reside and function; (iii); which of the several
physiological roles the Hsp60 molecule is able to play will in fact
be played; and (iv) whether the chaperonin will be cytoprotective
or pathogenic.
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Chaperonins are a subclass of molecular chaperones that assist cellular proteins to fold
and assemble into their native shape. Much work has been done on Type | chaperonins,
which has elucidated their elegant mechanism. Some debate remains about the details
in these mechanisms, but nonetheless the roles of these in helping protein folding have
been understood in great depth. In this review we discuss the known functions of atypical
Type | chaperonins, highlighting evolutionary aspects that might lead chaperonins to
perform alternate functions.

Keywords: Type | chaperonins, GroEL, GroES, Mycobacterium tuberculosis, protein folding, gene duplication

MOLECULAR CHAPERONES

Molecular chaperones comprise of a wide range of proteins playing key roles in cellular homeostasis
and are responsible for assisting in protein folding, assembly of multimeric proteins, translocation
of proteins within and across cell, degradation of unwanted, or misfolded proteins during normal
cellular processes and stabilization of proteins by preventing aggregation and assisting in refolding
under stress conditions (Lindquist, 1986; Lindquist and Craig, 1988).

Proteins reported to have chaperone activity were initially discovered as those overexpressed
during heat shock and hence were named as the heat shock proteins (Hsp). Apart from heat
shock, other stress condition such as carbon, nitrogen, or phosphate limiting conditions were also
known to induce molecular chaperones. These proteins are classified according to their molecular
weight into five major families: (a) Hsp100 family, (b) Hsp90 family, (c) Hsp70 family, (d) Hsp60
family, and (e) small heat shock protein family (sHsp) (Bohen et al., 1995; Schirmer et al., 1996;
Bukau and Horwich, 1998). The chaperones are also classified based on their mode of action
into: (a) Foldases, Chaperones that assist refolding of unfolded proteins by using ATP, e.g., Hsp70
and Hsp60, (b) Holdases, Chaperones that bind folding intermediates and prevent aggregation,
e.g., sHsp and Hsp40, and (c) Disaggregases, Chaperones which actively disaggregate the harmful
protein aggregates, which might lead to their small fragments, e.g., members of AAA 4 ATPase
superfamily and Hsp100. This type of classification holds true with few exceptions (Richter et al.,
2010; Kim et al.,, 2013). Much of our understanding on the mechanisms of chaperone-assisted
protein folding has been derived from work on Hsp60 and Hsp70 families of chaperones. This
review focuses on Hsp60 class of molecular chaperones, highlighting Hsp60 with atypical structure
and function.

Hsp60 Family/Chaperonins

The 60 kDa chaperones form large oligomeric rings, and are also referred to as the chaperonins.
Chaperonins can be further sub-classified into two groups on the basis of requirement of
co-chaperonins and their cellular location. Type I chaperonins are found in the cytoplasm of
prokaryotes and in the mitochondrion and chloroplast of eukaryotes. They require the assistance
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of the co-chaperonin ie., Hspl0O, which acts as a cap on
the ring. The well-studied Type I chaperonin is known as
the GroEL-GroES system in Escherichia coli. Its homologs
are Cpn60/Cpn20 in chloroplasts, and mtHsp60/mtHspl0 in
mitochondrion (Cheng et al., 1989; Hayer-Hartl et al., 1995;
Dickson et al., 2000). Type II chaperonins are found in the
cytoplasm of eukaryotes and in the archaebacterial micro-
organisms. They have an in-built lid and hence do not
require co-chaperonins for their function (Ranson et al., 1998).
Example of Type II chaperonin includes eukaryotic TriC/CCT
machinery (TCP-1 ring complex/chaperonin containing TCP-1
complex), which is made up of 8 subunits and the thermosome
in archaebacteria. Contrary to Type I chaperonins, substrate
independent capture of Type II chaperonins require the
assistance of prefoldin and Hsp70 homologs (lizuka et al., 2004;
Cuéllar et al., 2008). Recently, a third group known as Type
III chaperonins was reported which are structurally similar to
Type II chaperonins but mechanistically and phylogenetically
distinct from both Type I and Type II chaperonins e.g.,
Carboxydothermus hydrogenoformans chaperonin (Ch-CPN)
(Techtmann and Robb, 2010; An et al., 2017; Figure 1). The Type
L, 11, and III chaperonins are also known as Group I, II, and III
chaperonins.

Structure-Function of Type | Chaperonins:

Prokaryotic Cytosol

E. coli GroEL-GroES

Structural and functional studies on E. coli GroEL have shown
that it forms a tetradecameric structure composed of two
heptameric rings stacked on each other forming a cavity, which
changes its character from being predominantly hydrophobic to
hydrophilic upon binding GroES. Substrate protein folding takes
place in this cavity with the assistance of co-chaperonin GroES,
which is a cap-like heptameric structure (Mande et al., 1996).
Each GroES monomer is of 10 kDa size. The GroEL monomer is
demarcated into three domains namely apical, intermediate, and
equatorial domain. Each monomer is ~57 kDa in size.

There are two models proposed for the GroEL-GroES
mediated substrate protein folding. Asymmetric/sequential
model, which is accepted widely. In this model the GroEL and
GroES are present stoichiometrically in 2:1 ratio (14:7 subunit
ratio). In the other model known as the symmetric/simultaneous
model, which is based on the recently observed GroEL-GroES
complex, both rings of GroEL are capped by co-chaperonin
GroES in the stoichiometric ratio of 1:1 i.e., (GroEL-GroES),, and
subunit ratio of 14:14 (Sameshima et al., 2008; Ye and Lorimer,
2013; Fei et al., 2014). Symmetric (GroEL-GroES), complex has
been observed both in the presence and absence of substrate
protein suggesting a transient intermediate state in the folding
reaction cycle.

Structure-Function of Type | Chaperonins:
Endosymbiotic Organelles
Chloroplast and Mitochondrial Chaperonins

The chloroplast chaperonins are typically referred to as Cpn60
(GroEL homologs) and Cpnl0 (GroES homologs). The Cpn60

chaperonins are made up of multiple subunits which are
diverged into two related but distinct o and B types (Dickson
et al., 2000; Hill and Hemmingsen, 2001). Contrary to bacterial
chaperonins, which contain multiple subunits and prefer homo-
oligomerization (Ojha et al., 2005; Gould et al., 2007), chloroplast
chaperonins form hetero-oligomers with its two types of
chaperonin a and B subunits. Heterogeneity also exists in the
co-chaperonin structure. Cpnl0 is similar to the standard co-
chaperonin, forming heptameric single ring of 10 kDa subunits
(Koumoto et al., 2001; Sharkia et al, 2003). Cpn20 has two
Cpn10-like polypeptide sequences joined in tandem. The purified
Cpn20 exists as a tetramer ring-like structure containing 20
kDa subunit. It is fully functional in vitro, helping refolding of
denatured protein in presence of both chloroplast Cpn60 and E.
coli GroEL (Tang et al., 2006). Moreover, the Chlamydomonas
reinhardtii Cpnl0 assist GroEL only in presence of Cpn20 (Tsai
et al., 2012). Thus, a considerable heterogeneity exists in the
oligomeric assembly of chloroplast chaperonins.

The human mitochondrial chaperonin, mtHsp60 is known
to have a protein-folding mechanism (mitochondrial protein)
distinct from GroEL-GroES system and requires a single
heptameric ring to carry out its protein folding function
along with its co-chaperonin, mtHsp10 (Viitanen et al.,, 1992;
Nielsen and Cowan, 1998). However, the crystal structure of
mitochondrial chaperonin in complex with its co-chaperonin,
mtHsp60-mtHspl0 depicts a unique intermediate stage where
mtHsp60-mtHsp10 forms a symmetric double-ring football-like
structure, (mtHsp60)14 + 2 (mtHsp10);.

Type | Chaperonins: Non-canonical

Features

Multiple Chaperonins Across Species

Analysis of completely sequenced genomes suggest that about
30% of all the genomic sequence data possess multiple copies
of gene sequences encoding chaperonins (Lund, 2009; Kumar
et al., 2015). Distribution of these multiple chaperonins based
on extensive phylogenetic analysis suggest that multiple copies
of chaperonin genes exist predominantly in five phyla, namely,
(a) phylum Actinobacteria, (b) phylum Firmicutes, (c) phylum
Cyanobacteria, (d) phylum Chlamydia, and (e) a-Proteobacteria
phylum (Kumar et al., 2015).

Actinobacteria

Actinobacteria are Gram-positive bacteria and possess high G
+ C content in their genomes, e.g., Mycobacterium tuberculosis,
Mpycobacterium leprae, and Bifidobacterium longum. These
species typically possess two copies of chaperonin genes, with
one of the copies being present on an operon-like structure.
The other copy of Cpn60 exists as an independent gene without
the presence of Cpnl0 gene (Rinke de Wit et al, 1992).
The actinobacterial chaperonin genes are under the regulatory
control of HrcA transcription factor which binds to upstream
CIRCE (controlling inverted repeat of chaperone expression)
sequence (Duchéne et al., 1994; Grandvalet et al., 1998). In some
cases regulation is mediated through HspR transcription factor
binding to upstream HAIR (HspR Associated Inverted Repeat)
sequence (Barreiro et al., 2004).
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Apical

Intermediate

Equatorial

Graphics System, version 1.3) was used to generate this figure.

Built-in lid

FIGURE 1 | Structural features of the Type |, Type II, and Type Ill chaperonins. The comparative structure analysis of Type |, Type II, and Type Ill chaperonins.
Structures were downloaded from the RCSB with codes of PDB: 1AON, 3RUW, and 5X9U, respectively. Type | chaperonin is demarcated into Apical, Intermediate,
and Equatorial domains, analogous regions of which are shown in Type Il and Ill chaperonins using dotted lines. Type Il chaperonin has a characteristic built-in lid in
the structure that plays the role of co-chaperonin GroES of Type | chaperonin. Type Ill chaperonins are structurally similar to Type Il chaperonins in having built-in-lid.
However, the sequence, structure and function of the lid are distinct in Type Il and Type lll chaperonins (An et al., 2017). The PyMOL program (PyMOL Molecular

Firmicutes

Firmicutes are Gram-positive bacteria and possess low G
+ C content in their genomes, e.g., Staphylococcus aureus,
Desulfitobacterium dehalogenans, and C. hydrogenoformans.
Firmicutes are known to possess both prokaryotic-like Type I
chaperonin genes and archael-like chaperonin genes classified
as Type III chaperonin. Type I chaperonins are arranged in
an operonic arrangement with the co-chaperonin, while Type
III chaperonin gene is located in the dnaK operon. Both the
Type 1 and Type III chaperonin genes are regulated by HrcA
transcription factor (Techtmann and Robb, 2010).

Chlamydiae

Chlamydiae are mostly obligate intracellular pathogens, e.g.,
Chlamydia trachomatis, Chlamydia pneumonia, and Chlamydia
psittaci. Chlamydial species possess three copies of chaperonin
genes (McNally and Fares, 2007). Operonic arrangement suggests
that only one copy of the chaperonin genes exists along
with its co-chaperonin. However, other chaperonin genes are
located separately. Regulation of chlamydial chaperonin genes is
complex. The first copy of the chaperonin gene is induced by
heat shock and regulated by HrcA-CIRCE system. The second
copy of the chaperonin gene is induced when Chlamydia are
inside monocyte or macrophages (Kol et al., 1999), and the third
copy of the chaperonin gene is induced when Chlamydia are in
Hep-2 cells (Gérard et al., 2004). Such types of expression and
regulation of chaperonin genes suggest life-cycle specific patterns
and independent functional roles for them.

a-proteobacteria
Rhizobia, which belong to the «-proteobacteria class, are
symbiotic organisms living in association with leguminous plants

in the root nodules and are involved in nitrogen fixation,
e.g., Bradyrhizobium japonicum, Rhizobium leguminosarum.
Rhizobia contain most number of copies of chaperonins. B.
japonicum has seven copies of chaperonin genes (Fischer et al.,
1993). R. leguminosarum is a well-characterized organism and
has three copies of chaperonin genes. Gene arrangement in
all these organisms suggests that the three copies of the
chaperonin gene form separate operons with their respective co-
chaperonin genes (George et al., 2004). One of the chaperonin
operons is located on the genomic island that contains
genes involved in nitrogen fixation. It is regulated by NiF
factors that regulate nitrogen fixation genes (Ogawa and
Long, 1995). The second copy of the chaperonin gene is not
well-studied and is known to be involved in chaperoning
property of several model substrate proteins (George et al,
2004).

Cyanobacteria
Cyanobacteria are largely photosynthetic bacteria, e.g.,
Synechococcus  platensis, ~ Prochlorococcus — marinus, and

Anabaena variabilis. About 90% of the genomic sequences
of the cyanobacterial species contain two copies of chaperonin
genes with one of them being arranged on an operon
while the other chaperonin gene coded separately. Some
cyanobacterial species containing three copies of chaperonin
genes, where two of its chaperonin genes being located
with respective co-chaperonins in the operon while the
third copy of chaperonin genes is independent (Lund,
2009; Kumar et al, 2015). Chaperonin genes existing in
the operonic arrangement with their co-chaperonins are
essential genes while the ones which exist independent
of the co-chaperonin are non-essential (Sato et al., 2008).
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The two cyanobacterial chaperonin genes are positively
regulated by RpoH and negatively regulated by HrcA
proteins. Upon heat shock, one of the chaperonin genes
is induced rapidly while the other chaperonin gene is
gradually induced (Kojima and Nakamoto, 2007; Rajaram
and Apte, 2010). The chaperonin gene that is gradually
induced on heat shock is known to be directly involved in
photosynthesis.

Evolutionary Lineage

As more genomic sequences are becoming available, analysis
of chaperonin genes suggests that distribution and frequency
of multiple copies of chaperonin genes across phyla and
organisms continues to increase (Lund, 2009; Kumar et al,
2015). In order to understand the cause of multiplicity of
chaperonin genes is either due to horizontal gene transfer
or gene duplication, phylogenetic analysis was carried on
GroEL proteins across species, which revealed that the causes
of existence of multiple copies of GroELs are non-uniform.
In a few cases there is gene duplication event followed by
evolutionary selection such as that observed in myxobacterial
GroELs, mycobacterial first and second copy of GroEL and few
rhizobial GroELs. In the case of the third mycobacterial GroEL
homolog, few rhizobial GroELs and methanosarcinal GroELs,

horizontal gene transfer occurred (Goyal et al., 2006; Kumar et al.,
2015).

It has been proposed earlier in our lab that mycobacterial
GroEL has been duplicated and undergone various selective
pressures to perform distinctive structural and functional
role during the course of evolution (Goyal et al, 2006).
Biophysical and biochemical studies on recombinantly
purified M. tuberculosis GroELs have shown that GroELl
and GroEL2 exist as lower oligomeric species contrary to
tetradecameric GroEL structure of E. coli (Qamra et al,
2004). The crystal structure of M. tuberculosis GroEL2 in its
dimeric form highlighted the presence of distinct residues at
the interface region, probably responsible for the change in
oligomerization (Figure2; Qamra and Mande, 2004). Gene
shuffling and domain swapping studies on M. tuberculosis
GroEL1 suggest that the equatorial domain is responsible
for failed oligomerization. The apical domain can withstand
large insertions and deletions (Kumar et al, 2009). Around
the same time it was shown that GroEL1 has evolved to
promiscuously bind nucleic acids (Basu et al, 2009) and
oligomerization is facilitated by phosphorylation of serine
residues (Kumar et al., 2009). Since GroEL2 is known to be
essential chaperonin in Mycobacteria, whereas the oligomeric
assembly of GroEL1 is regulated post-translationally, it was

Apical domain

Intermediate
domain

Equatorial

domain

E. coli GroEL
single subunit

FIGURE 2 | The crystal structure of M. tuberculosis GroEL2 superimposed on E. coli GroEL-ES structure. The structure of M. tuberculosis GroEL2 (PDB ID:1SJP)
shows lower oligomeric status (dimer). Colored in blue, green, and red are the Apical, Intermediate and Equatorial domain, respectively. Compared to E. coli GroEL
(PDB ID: 1AON) shown in gray color, the inter-subunit interaction is mediated through Apical domain in M. tuberculosis GroEL2 structure whereas inter-subunit
interaction is through Equatorial domain in E. coli GroEL. Single subunit of M. tuberculosis GroEL2 is aligned to E. coli GroES bound GroEL ring representing
asymmetric model. GroES structure has been removed for simplicity. A single subunit of E. coli GroEL has been shown with the same color-coded domains compared
to M. tuberculosis GroEL2 for comparative analysis. The PyMOL program (PyMOL Molecular Graphics System, version 1.3) was used to generate this figure.

M. tuberculosis GroEL2(dimer)
Superimposed on
E. coli GroEL(14-mer)
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reported that tetradecameric assembly and precise inter-
domain communication are prerequisite for chaperonin activity
(Chilukoti et al., 2015).

Functional Diversity

It is important to examine whether the presence of multiple
copies of chaperonins are responsible for behaving as canonical
chaperonins or they have diverged to carry out novel functions. It
is also important to note whether these multiple chaperonins act
on common substrates or on distinct pool of substrates. GroELs
are highly conserved across different species and it has been
shown that homologs of chaperonins from other bacteria are
able to function in E. coli suggesting overlapping of substrate
proteins and common mechanism of GroEL function. The
interactions of substrate proteins with GroEL are hydrophobic
in nature, so conformational change mediated exposure of the
apical and the equatorial domains in the cavity plays a key role
in substrate recognition and assists protein folding. Binding of
substrate proteins to GroEL is through o/f domains of proteins
with no sequence similarity (Kerner et al, 2005; Kumar and
Mande, 2011) and further studies suggest that GroEL selectively
binds globular substrates rather than extended polypeptides
(Robinson et al., 1994; Goldberg et al., 1997). Multiple copies
of chaperonins in an organism have also been reported to
have evolved to carry out novel functions. GroEL homolog in
an insect symbiont, Xenorhabdus nematophila has been shown
to be toxic to insects which is mediated through binding to
alpha-chitin. Mutational analysis on these GroEL homologs
suggests that the amino acid critical for this kind of activity
is distinct from the essential chaperonin (Joshi et al., 2008).
In M. tuberculosis, GroEL2 acts as a generalist chaperonin (Hu
et al., 2008) while GroELI is reported to be associated with
nucleoids (Basu et al., 2009). Thus, it is apparent that gene
duplication of groEL genes has led to the functional diversity of
chaperonins and/or distinct substrate spectrum for intracellular
protein folding.

Post-translational Modifications/Biofilm

Formation

Post-translational modifications in proteins are employed by
organisms to modulate their physiological processes and adapt
to constantly changing environment (Bernal et al, 2014).
Chaperonins have been reported to be post-translationally
modified in certain organisms, and this modification has been
reported to gain/loss of their function. For example, fractionation
of M. tuberculosis cell lysate has shown that tetradecameric
form of GroELl is attained only upon phosphorylation at
serine residues (Kumar et al., 2009). Similarly in another report
it has been shown that phosphorylation occurs at threonine
residues (Canova et al., 2009). Both of these observations suggest
that oligomerization of GroELL1 is a result of post-translational
modification.

Many pathogens evade innate immune response and become
resistant to antibiotics by forming biofilms on epithelial cells
(Hall-Stoodley and Stoodley, 2005). The role of GroEL in
biofilm formation has been elucidated in a few organisms.
For example, GroEL]1 mutant of M. smegmatis fails to form

biofilm. Mechanistic studies revealed that M. smegmatis GroELI
interacts with the KasA enzyme, which is critical for mycolic
acid biosynthesis involved in biofilm formation (Ojha et al,
2005). Interestingly, it has been recently reported that GroEL
in pathogenic strain B. anthracis gets phosphorylated and
thereby modulates biofilm formation. These findings highlight
that phosphorylation of GroEL has functional implications
(Arora et al, 2017). Acetylation is another post-translational
modification associated with E. coli and M. tuberculosis
chaperonins, however a functional role has not yet been ascribed
to this modification (Liu et al., 2014). Similarly, mitochondrial
co-chaperonin (mtHsp10) undergoes acetyl modification and
controls folding of mitochondrial proteins under excess nutrient
condition (Lu et al., 2015).

C-Terminal Diversity

Various studies highlight the importance of the C-terminal
residues of GroEL in the overall functioning of the chaperonin
(Tang et al., 2006; Chen et al., 2013). In cases pertaining to
multiple copies of chaperonins, they have distinct pattern of C-
terminal residues. While the C-terminus of GroEL (from E. coli)
has a 13 residue motif (GGM)4M, GroEL homologs from other
organisms (which contain multiple copies of chaperonins) have
distinct C-terminal motifs, such as:

a) Histidine-rich C-terminal, e.g., Mycobacteria (Colaco and
MacDougall, 2014)

b) Pattern-less C-terminus, e.g., Rhizobia (George et al., 2004)

¢) Similar (GGM)4M repeats, e.g., Myxobacteria (Wang et al.,
2013)

d) Lack of GGM-like tail, e.g., Methanosarcina (Figueiredo
et al., 2004)

It is clearly seen that many chaperonin paralogs in different
organisms have GGM-like C-terminus. A wide range of
genomic organization is seen in these chaperonins. Moreover,
differences are also seen in their co-expression with co-
chaperonin and essentiality of their function. Thus, these
paralogs are perplexingly observed to be either essential
or non-essential, co-expressed with their co-chaperonin or
not co-expressed, and possibly function as housekeeping
chaperonins. On the other hand chaperonins not possessing
the GGM-like C-terminus have possibly evolved to carry
out novel functions (Ojha et al., 2005 Wang et al., 2013;
Figure 3).

CONCLUDING REMARKS

Type I chaperonins are important by virtue of their role in
intracellular protein folding. GroEL-GroES system in bacteria
helps folding of about 10-15% of cytosolic proteins. Various
structures of GroEL solved in apo-form, nucleotide-bound form
as well as in complex with co-chaperonin GroES attempt
to explain the role of these chaperonins in protein folding
(Saibil et al., 2013). The existence of multiple chaperonins
and their role in varied functions hints evolutionary pressure
toward adapting to different environmental conditions. The
structure of M. tuberculosis GroEL2 highlights lower oligomeric
state and more exposed hydrophobic surfaces, probably to
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increase substrate pool and energy conservation (Qamra and
Mande, 2004; Qamra et al., 2004; Kumar and Mande, 2011).
Owing to the presence of Histidine-rich C-terminal in multiple
chaperonins, these have been proposed to help in alternate
biological functions. M. smegmatis GroEL1 binding to iron
may help in biofilm formation (Ojha et al, 2005). Survival
defect of M. tuberculosis groELI knockout strain under low
aeration condition might help in oxygen sensing by directly
binding to metals or help certain metalloproteins in folding
(Sharma et al, 2016). The structure of other homologous
chaperonin proteins will probably answer the myriad of
questions associated with the novel functions of chaperonin
homologs.
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Jay M. Bhatt', Adrian S. Enriquez’, Jinliang Wang', Humberto M. Rojo,
Sudheer K. Molugu?, Zacariah L. Hildenbrand?® and Ricardo A. Bernal ™

" Department of Chemistry, The University of Texas at El Paso, El Paso, TX, United States, 2 Department of Pharmacology,
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Chaperonins are macromolecular complexes found throughout all kingdoms of life
that assist unfolded proteins reach a biologically active state. Historically, chaperonins
have been classified into two groups based on sequence, subunit structure, and the
requirement for a co-chaperonin. Here, we present a brief review of chaperonins that
can form double- and single-ring conformational intermediates in their protein-folding
catalytic pathway. To date, the bacteriophage encoded chaperonins ¢-EL and OBP,
human mitochondrial chaperonin and most recently, the bacterial groEL/ES systems,
have been reported to form single-ring intermediates as part of their normal protein-
folding activity. These double-ring chaperonins separate into single-ring intermediates
that have the ability to independently fold a protein. We discuss the structural and
functional features along with the biological relevance of single-ring intermediates in
cellular protein folding. Of special interest are the ¢-EL and OBP chaperonins which
demonstrate features of both group | and Il chaperonins in addition to their ability to
function via single-ring intermediates.

Keywords: chaperonins, GroEL, phiEL, HSP60, protein folding, single-ring chaperonins

INTRODUCTION

All the information required for macromolecules to acquire their correct three-dimensional
structure and to undergo large conformational changes is found in the primary structure. Some
proteins can refold on their own while others require assistance in regaining structural integrity
and biological activity in the event of misfolding. Chaperonins are large complexes that are
responsible for refolding these misfolded proteins. They constitute a highly conserved family of
functionally and structurally related protein complexes that assist in the proper folding of non-
native proteins involved in a wide variety of cellular processes (Brocchieri and Karlin, 2000;
Henderson et al., 2010). In the absence of protein-folding assistance, cells accumulate misfolded
protein and protein aggregates that eventually lead to cell death (Dekker et al., 2008; Sukhanova
et al., 2012). Chaperonins are multi-subunit assemblies that form an internal protein-folding
chamber that segregates misfolded substrate proteins from cytoplasmic constituents that can
interfere with correct protein-folding. The general structure of chaperonins includes three separate
domains that execute specific functions (Schoehn et al., 2000; Tizuka et al., 2004; Spiess et al., 2004).
The apical domain is a highly flexible domain that interacts with the substrate protein and with
a co-chaperonin that closes the opening to the protein-folding chamber after the substrate has
entered (Saibil et al., 1993; Booth et al., 2008; Zhang et al., 2010). The intermediate domain acts
as a hinge between the apical and the equatorial domain which is responsible for contacts between
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the two rings. The equatorial domain contains the nucleotide
binding pocket and is responsible for conformational changes
that drive the protein-folding cycle (Braig et al., 1994; Ditzel et al.,
1998; Zhang et al., 2010).

Historically, chaperonins have been categorized into two
groups according to their sequence similarity, the number
of subunits and their arrangement, and their need for a
co-chaperonin (Cheng et al,, 1990; Reissmann et al., 2007;
Techtmann and Robb, 2010; Lopez et al., 2015; An et al,
2017). Over the years, chaperonins with single-ring intermediates
have been identified in eukaryotes and more recently in viruses
(Horwich et al., 1993; Shaburova et al., 2006; Cornelissen et al.,
2012; Hildenbrand and Bernal, 2012; Molugu et al., 2016;
Semenyuk et al., 2016; An et al., 2017; Marine et al., 2017). Their
protein-folding mechanisms, however, were poorly understood
because they were largely based on knowledge obtained from
studies of the bacterial groEL/ES chaperonin or its respective
single-ring mutants (Sun et al., 2003; Liu et al., 2009; Kovacs
et al., 2010; Illingworth et al., 2011, 2015; Enriquez et al., 2017).
Recent cryo-EM structural analyses on the ¢-EL phage-encoded
chaperonin revealed that it undergoes ring dissociation to form
single-ring intermediates upon ATP hydrolysis (Hertveldt et al.,
2005; Kurochkina et al., 2012; Semenyuk et al., 2015; Molugu
et al.,, 2016). The novel single-ring intermediates of the ¢-EL
and OBP chaperonin are like those reported for the human
mitochondrial chaperonin (Viitanen et al., 1992; Levy-Rimler
et al., 2001). These single ring intermediates, along with other
structural and functional features, differentiate ¢-EL and OBP
from commonly described group I and group II chaperonins.

CHARACTERISTICS OF GROUP | AND II
CHAPERONINS

Group I chaperonins like the Escherichia coli chaperonin groEL
and its co-chaperonin GroES (together denoted as groEL/ES),
are typically found in eubacteria with the exception of the
eukaryotic mitochondrial heat shock protein 60 (hsp60) and its
co-chaperonin heat shock protein 10 (hsp60/10) (Fenton and
Horwich, 1997). They are characterized as homo-tetradecamers
composed of two stacked seven-membered rings (see Table 1)
(Horwich et al,, 2009; Enriquez et al., 2017). In addition,
group I chaperonins possess a staggered (1:2) inter-ring subunit
organization where one subunit in one ring directly contacts two
subunits in the opposite ring (Braig et al., 1994; Ditzel et al., 1998;
Hildenbrand and Bernal, 2012). The defining feature of group I
chaperonins is that they require the assistance of an additional co-
chaperonin protein that acts as a lid to isolate the central protein-
folding chamber (Hayer-Hartl et al., 2016). In the absence of co-
chaperonin, group I chaperonins can prevent non-native protein
aggregation but are unable to fold them (Ellis, 2003; Horwich
et al., 2009).

Group II members include chaperonins from archaeal (Mm-
cpn) and eukaryotic cells (TriC). These chaperonins can be homo
or hetero-oligomers consisting of 7-9 subunits per ring (see
Table 1). These group II complexes have an in-register (1:1) inter-
ring subunit arrangement where each subunit contacts only one

subunit in the opposite ring (Braig et al., 1994; Ditzel et al., 1998;
Hildenbrand and Bernal, 2012). Group II chaperonins do not
require a co-chaperonin for proper protein-folding due to an
extra structural protrusion atop the apical domain that rearranges
itself upon ATP hydrolysis to form a built-in lid that seals the
central cavity (Ditzel et al., 1998; Kusmierczyk and Martin, 2003;
Joachimiak et al., 2014).

THE ¢-EL SINGLE-RING ATPASE CYCLE

Typically, bacteriophages will utilize the host chaperonin
to process nascent viral polypeptides. However, the ¢-EL
chaperonin encoded by the Pseudomonas aeruginosa is unique in
that it is the first of only two chaperonin groEL orthologs that
have been identified in the phage genome (phage OBP being the
other, see below). Chaperonin ¢-EL possesses structural features
of both group I and IT (Molugu et al., 2016). The ¢-EL chaperonin
is like group I chaperonins in that it forms a homo-oligomeric
tetradecameric complex and does not have substrate specificity.
On the other hand, the similarities between ¢-EL and group
IT chaperonins include the lack of a co-chaperonin and an in-
register (1:1) subunit arrangement at the inter-ring interface
(Table 1).

Recent electron  microscope  reconstructions  have
demonstrated that nucleotides control the conformational
state of the chaperonin and that the substrate is the trigger
that allows progression of the chaperonin along the catalytic
protein-folding cycle (Molugu et al,, 2016). In the absence of
substrate and presence of ATP, the ¢-EL chaperonin forms an
open double-ring conformation that is primed for substrate
binding (Figure1). This conformation is stable until the
substrate binds and triggers ATP hydrolysis. This in-vitro
behavior makes sense because the chaperonin without substrate
would deplete ATP reserves in futile hydrolysis reactions. ATP
hydrolysis by both rings simultaneously triggers ring separation
resulting in a more than two-fold enlargement in volume of
the internal cavity (Figurel). The enlarged protein-folding
chamber enables the encapsulation of the 116 kDa denatured
B-galactosidase protein, a substrate too large to be folded by
groEL/ES (Ayling and Baneyx, 1996; Molugu et al, 2016).
Interestingly, hydrolysis of ATP simultaneously triggers an
extreme downward tilt of the equatorial domains that result
in ring dissociation into two single-ring complexes (Molugu
et al., 2016). This contributes in large part to the expansion of
the internal chamber. At the apical end, ATP hydrolysis also
induces closure of the internal chamber in what appears to be
an iris-like rearrangement of the apical domains, circumventing
the need for a co-chaperonin to act as a lid to create an isolated
internal chamber. The two rings then re-associate to form a
closed double-ring complex that then relies on the binding of
ATP to release folded substrate and initiate another iteration
of protein-folding (Molugu et al., 2016). The ¢-EL chaperonin
probably operates via a one-stroke protein-folding mechanism
due to the simultaneous activity of both rings, as depicted
in Figurel. Furthermore, inter-ring negative cooperativity
is likely eliminated since both rings appear to fold proteins
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TABLE 1 | Features of group | and Il chaperonins compared to ¢-EL.

Group | Group Il ¢-EL
Source Bacteria, Homo sapiens Archaea and eukaryotes Bacteriophage
Location Cytoplasmic and endosymbiotic organelles Cytoplasmic Cytoplasmic
Substrate Promiscuous Substrate-specific Promiscuous
Subunits per ring 7 79 7
Oligomeric organization Homo-oligomeric Hetero-oligomeric Homo-oligomeric
Co-chaperonin Required Not Required Not Required
Inter-ring Interactions Out of register (1:2) In-register (1:1) In-register (1:1)
Ring separation No No Yes

Items in bold demonstrate similarities between ¢-EL chaperonin and Group | and Il chaperonins.

FIGURE 1 | ¢-EL protein-folding catalytic cycle. A misfolded substrate enters each of the two ATP bound chaperonin internal chambers. ATP hydrolysis induces
apical domain rearrangement resulting in the closure of the internal chamber as well as ring separation. ADP removal allows the rings to reassemble to form the APO
conformation. Renewed binding of ATP opens the protein-folding chamber allowing the folded substrate to exit and the cycle to begin again. Structures of
intermediates were generated with chimera using the deposited maps EMD-6492, EMD-6493, and EMD-6494.

simultaneously and therefore also must bind ATP to both rings
(Molugu et al., 2016).

Most of what is known about single-ring chaperonins is largely
based on studies of the ¢-EL chaperonin and gro-EL single-
ring mutant (SR1) (Weissman et al., 1995; Chen et al., 2006;
Molugu et al., 2016). Cryo-EM structural analysis of the SRI-
D398A groEL/ES revealed an 80% expansion of the volume
of the central cavity compared to the expanded double-ring
conformation (Chen et al., 2006). This expanded protein-folding
cavity is also observed in ¢-EL where it probably evolved to
accommodate large viral proteins that cannot be encapsulated
by the host double-ring chaperonin (Wolf, 2006; Molugu et al.,
2016). Again, this was proven to be the case because the ¢-EL
chaperonin was able to effectively fold B-galactosidase, a protein
that is not accommodated by groEL (Molugu et al., 2016).

THE OBP PHAGE CHAPERONIN

In addition to the ¢-EL chaperonin, there is emerging evidence
that many chaperonins may share the single-ring intermediate
in their protein-folding catalytic cycle. Recently, another viral
encoded chaperonin in the genome of Pseudomonas phage OBP
has been purified as a single-ring complex (Semenyuk et al,
2016). The OBP gene product 246 (gp246) has been shown to
form heptameric single-rings by electron microscopy. Although

it was purified exclusively as a single-ring, this single-ring is likely
an intermediate conformation in the protein-folding cycle of the
OBP chaperonin. Like ¢-EL, it does not require a co-chaperonin
for its biological activity in in-vitro experiments (Semenyuk et al.,
2016). All single-ring forming chaperonins studied to date form
the single-ring as a conformational intermediate in the protein-
folding cycle and do not function as a single-ring complex
exclusively. It is anticipated that OBP gp246 will behave similarly
and future X-ray structures or cryo-EM reconstructions will shed
more light on the details about the OBP gp246 protein-folding
cycle.

THE HUMAN MITOCHONDRIAL HSP60/10
PROTEIN-FOLDING MECHANISM

Naturally occurring single-ring chaperonins like hsp60/10 were
not well studied due to the instability of the functional
complex in-vitro (Levy-Rimler et al., 2002; Vilasi et al., 2014).
This lack of knowledge led researchers to make assumptions
about single-ring chaperonins based on studies performed on
groEL/ES single-ring mutants (Viitanen et al, 1998; Chen
et al., 2006; Liu et al., 2009; Kovics et al, 2010). The
human mitochondrial hsp60/10 chaperonin is the eukaryotic
homolog of the bacterial groEL/ES complex and assists
in maintaining the proper folding of newly imported and
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stress denatured mitochondrial proteins (Cheng et al., 1990;
Horwich, 1990; Lubben et al., 1990; Dickson et al., 1994).
Although the majority of hsp60 chaperonin resides in the
mitochondrial matrix, numerous studies have now implicated
its involvement in a variety of cellular processes at extra-
mitochondrial locations (Singh et al., 1990; Soltys and Gupta,
1996, 1997, 1999; Itoh et al., 2002; Hildenbrand and Bernal, 2012;
Henderson et al.,, 2013; Cappello et al., 2014). A functionally
compromised hsp60/10 chaperonin complex in humans can lead
to mitochondrial dysfunction and has been implicated in various
neurodegenerative disorders (Magen et al., 2008; Parnas et al.,
2009).

Early studies using chimeric groEL/hsp60 chaperonins
revealed a single-ring hsp60 complex that retained the ability
to fold target proteins in-vitro nearly identical to its wild-
type counterpart (Nielsen and Cowan, 1998; Nielsen et al.,
1999). This observation led to the conclusion that the
mitochondrial single-ring chaperonin can maintain productive
protein-folding without the use of double-ring complexes.
Additionally, the expression of hsp60/10 proteins in an E.
coli strain devoid of groEL/ES demonstrated that the hsp60/10
can compensate for the loss of groEL/ES (Nielsen et al,
1999).

More recent TEM and X-ray crystallographic investigations
have provided strong evidence that the human mitochondrial
chaperonin utilizes both double- and single-ring intermediates
during its ATPase cycle (Levy-Rimler et al., 2001; Nisemblat et al.,
2014, 2015; Vilasi et al., 2014; Enriquez et al., 2017). A mutant
human hsp60 complexed with mouse hspl0 was crystallized
resulting in a symmetric “American football” shaped structure
(Hartman et al., 1992; Nisemblat et al., 2015). In addition,
a 100° rotation of one subunit in each ring of the crystal
structure indicated the intra-ring positive cooperativity observed
in groEL is also not conserved in the mitochondrial chaperonin.
Negative stain electron-microscopy on the nucleotide free
wild-type human mitochondrial hsp60 complex revealed it
forms a symmetrical, and stable tetradecameric complex that
requires the presence of substrate to initiate ATPase activity
(Enriquez et al., 2017). Negative stain electron microscope
investigations of hsp60 have also demonstrated that it favors
a tetradecameric complex in the presence of ATP, and a
football complex in the presence of ATP and hspl0 (Levy-
Rimler et al., 2001). It is still unclear whether ring-expansion
occurs in the hsp60/10 single-ring complex and whether it
allows for the folding of large proteins or if it simply doubles
the protein-folding capacity when under stressful mitochondrial
conditions.

The in-vitro analysis of the hsp60/10 ADP complex is
difficult because biochemical studies indicate that hsp60 has
an affinity for hspl0 that is so low in the presence of ADP
that the affinity is nearly immeasurable (Nielsen and Cowan,
1998). Subsequent investigations demonstrated that the addition
of ADP has little effect on the ATPase activity of hsp60/10
(Nielsen and Cowan, 1998; Levy-Rimler et al., 2001). Despite
the evidence for hsp60/10 single-ring activity, the exact cellular
conditions that coerce the formation of the hsp60/10 single-
complex have yet to be elucidated (Viitanen et al, 1992;

Nielsen et al., 1999; Nisemblat et al., 2015). Clearly, additional
studies that include high resolution structural information
of the single-ring intermediate are required to get a better
understanding of how the hsp60/10 chaperonin folds a substrate
protein.

GROEL/ES COMPLEX AND SINGLE-RING
INTERMEDIATES

Recently, Yan et al. (2018) suggested that the groEL/ES complex
may also be forming single-ring intermediates (Yan et al., 2018).
This was observed in groEL mutants in the presence of the
ATP analog ADP-BeFx which is supposed to mimic the ATP
bound state, the ADP-Fx that mimics the transition state of
ATP hydrolysis, and ADP-VOy that mimics the post-hydrolysis
state. ADP-BeFx binding to the trans ring of the asymmetric
groEL/ES complex triggers ring separation. The separated rings
reassemble after groES and ADP dissociate from the former cis
ring. Preventing ring separation via mutagenesis led to complexes
with reduced activity in-vitro and in-vivo. In our hands, these
nucleotide analogs yielded off-pathway intermediates suggesting
that the analogs were not behaving as predicted compared to
the natural nucleotides (ATP and ADP) (unpublished data). The
absence of a substrate prevented progression of the chaperonin
to the next conformational intermediate and so we decided to
simply use the natural nucleotides to avoid structural artifacts.

CONCLUSION

Single-ring intermediates have been identified for ¢-EL, OBP and
hsp60/10 chaperonin complexes. Recently, groEL/ES complexes
have also been suggested to operate via single-ring intermediates
although further data is required to prove that single-rings are
relevant. The naturally occurring single-ring intermediates are
an integral part of bacteriophage and human mitochondrial
chaperonin protein-folding catalytic pathways. The exact
sequence, structural and cellular conditions that regulate the
formation of these single-ring intermediates in still unknown.
Further insight into single-ring chaperonins is important since
the human hsp60 is now implicated in the onset of a wide variety
of diseases including arthritis, cancer, and neurodegenerative
disorders (Hansen et al., 2002; Parnas et al., 2009; Ghosh et al.,
2010; Campanella et al., 2012; Henderson and Martin, 2013).
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Group | chaperonins are large cylindrical-shaped nano-machines that function as a
central hub in the protein quality control system in the bacterial cytosol, mitochondria
and chloroplasts. In chloroplasts, proteins newly synthesized by chloroplast ribosomes,
unfolded by diverse stresses, or translocated from the cytosol run the risk of aberrant
folding and aggregation. The chloroplast chaperonin system assists these proteins in
folding into their native states. A widely known protein folded by chloroplast chaperonin
is the large subunit of ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco), an
enzyme responsible for the fixation of inorganic CO» into organic carbohydrates during
photosynthesis. Chloroplast chaperonin was initially identified as a Rubisco-binding
protein. All photosynthetic eucaryotes genomes encode multiple chaperonin genes
which can be divided into a and B subtypes. Unlike the homo-oligomeric chaperonins
from bacteria and mitochondria, chloroplast chaperonins are more complex and exists
as intricate hetero-oligomers containing both subtypes. The Group | chaperonin requires
proper interaction with a detachable lid-like co-chaperonin in the presence of ATP and
Mg2* for substrate encapsulation and conformational transition. Besides the typical
Cpn10-like co-chaperonin, a unique co-chaperonin consisting of two tandem Cpn10-like
domains joined head-to-tail exists in chloroplasts. Since chloroplasts were proposed
as sensors to various environmental stresses, this diversified chloroplast chaperonin
system has the potential to adapt to complex conditions by accommodating specific
substrates or through regulation at both the transcriptional and post-translational levels.
In this review, we discuss recent progress on the unique structure and function
of the chloroplast chaperonin system based on model organisms Chlamydomonas
reinharadtii and Arabidopsis thaliana. Knowledge of the chloroplast chaperonin system
may ultimately lead to successful reconstitution of eukaryotic Rubisco in vitro.

Keywords: chaperonin, Rubisco, chloroplast, photosynthesis, protein folding

INTRODUCTION

Proteins are involved in almost all cellular processes. To attain biologically active functionality,
newly-translated proteins must fold into a well-defined three-dimensional structure with high
efficiency and fidelity. How proteins find folding trajectory to reach their native conformation
is a fundamental question (Bartlett and Radford, 2009; Dill and MacCallum, 2012). Anfinsen’s
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exquisite ribonuclease A renaturation assay reveals that the
physical driving force of protein folding is encoded in its amino
acid sequence, which suggests newly translated proteins are able
to fold spontaneously in vitro (Anfinsen et al., 1954). However,
proteins may expose unburied hydrophobic regions to a highly
crowded environment during synthesis and folding, resulting
in susceptibility to nonnative interaction that ultimately leads
to misfolding and aggregation. Moreover, cells often encounter
stresses such as high temperature, reactive oxygen species, and
osmotic pressure, which may trap newly translated proteins in
partially folded and aggregation-prone intermediates, or even
terminally misfolded states (Ellis and Minton, 2006; Powers et al.,
2009).

To counteract these stresses, cells have evolved a network
of molecular chaperones as part of the protein homeostasis
system to assist in protein de novo folding and maintain mature
proteins in their native conformation (Hartl and Hayer-Hartl,
2002; Bukau et al., 2006; Hartl et al., 2011; Kim et al., 2013b;
Saibil, 2013). The definition of molecular chaperone covers a wide
range of proteins, including those accompanying proteins during
synthesis and translocation, helping proteins cope with stress-
induced misfolding and aggregation, or assisting protein complex
assembly without being retained as part of the final structure of
the protein. Chaperones also play an initiating role in protein
unfolding and disaggregation or targeting misfolded proteins
for degradation. Several families of ATP-dependent molecular
chaperones exist in cells, with many of them classified as heat
shock proteins (Hsps) since their expression is induced under
conditions of high temperature. These chaperones are classified
into four basic groups according to their molecular weight:
Hsp60, Hsp70, Hsp90, and Hsp100. In addition to well-studied
ATP-dependent molecular chaperones, a number of chaperones
that assist in protein folding independent of ATP hydrolysis
have also been identified (Suss and Reichmann, 2015; Horowitz
et al., 2017). The entire cellular chaperone network composed of
various molecular chaperones functions in diverse aspects of the
protein quality control system to maintain protein homeostasis.

Chaperonins are one of the most important molecular
chaperones that can be found in both prokaryotes and eukaryotes
(Yébenes et al, 2011). They are large oligomeric protein
complexes comprised of two rings stacked back to back, each
of which creates a central cavity, known as the Anfinsen
cage, for encapsulating substrate proteins. Two distantly related
subgroups of chaperonins can be distinguished based on
structure and functional dependence on co-chaperonin. Group
I chaperonins, also known as Hsp60s, are present in bacteria
and endosymbiotic organelles of eukaryotes: chloroplasts and
mitochondria. They functionally cooperate in an ATP dependent
manner with Hspl0 family proteins, which form the lid of
the protein folding cage. This cooperation between Hsp60 and
Hspl0 prevents substrate proteins from escaping and expands
the folding chamber to accommodate larger proteins (Thirumalai
and Lorimer, 2001; Horwich, 2013). Group II chaperonins,
known as thermosome and TRiC, are found in archaea and
the eukaryotic cytosol respectively. In contrast to Group I
chaperonins, they contain a built-in lid instead of an obligate co-
chaperonin that closes the folding chamber upon ATP binding.

Accumulative studies of structure and function of Group II
chaperonins from Thermoplasma acidophilum, Saccharomyces
cerevisiae, and Homo sapiens revealed how exactly these protein
machines work (Horwich et al., 2007; Lopez et al., 2015).

Knowledge about the functional mechanism of Group I
chaperonins is mainly derived from the stable and simplified
archetype GroEL/ES from Escherichia coli (Chan and Dill, 1996;
Sigler et al., 1998; Hayer-Hartl et al., 2016). Compared to its
counterpart in bacteria, the chloroplast chaperonin system is far
more complicated due to its subunit diversification and dynamic
nature (Hill and Hemmingsen, 2001; Weiss et al., 2009; Vitlin
Gruber et al., 2013a; Trosch et al., 2015). Further investigation of
the chloroplast chaperonin system will enhance our knowledge of
chaperonins and may provide clues to remold this protein folding
machine for specific purposes in synthetic biology.

GROUP | CHAPERONIN PARADIGM
GROEL-GROES

GroEL and its cofactor GroES from Escherichia coli are the
archetype of Group I chaperonin protein folding machines.
Detailed structures of GroEL/GroES have been well studied
over the last two decades by X-ray crystallography and cryo-
electron microscopy. Like all Group I chaperonins, GroEL is
a cylindrical tetradecamer composed of two heptameric rings
which contain seven identical ~57 kD subunits. Each subunit
is folded into three distinct domains: an equatorial domain
haboring ATPase activity and providing almost all inter-ring
and intra-ring contacts (Braig et al., 1994; Boisvert et al., 1996),
an apical domain that binds co-chaperonin GroES and non-
native substrate protein, and a hinge-like intermediate domain
which connects the above two domains and is responsible for
the allosteric signal transmission triggered by nucleotide binding
and hydrolysis in the individual GroEL subunit (Xu et al., 1997;
Ranson et al., 2006) (Sigler et al., 1998; Hayer-Hartl et al., 2016).
The co-chaperonin, GroES, is a dome-shaped heptameric ring
consisting of seven ~10 kD subunits (Hunt et al., 1996). Through
its mobile loop region, GroES functionally interacts with helix
H and helix I of the GroEL apical domain in the presence of
nucleotide. The interaction between GroES and GroEL drives
the conformational change of GroEL, mainly via twisting and
elevating the apical domains, resulting in a two-fold increase
in volume, which is sufficient to accomodate ~60 kDa protein
substrates. The interaction also creates a protective hydrophilic
cavity with a negatively-charged inner wall conducive to protein
folding (Xu et al., 1997; Clare et al., 2012).

In addition to the static point-in-time structures of GroEL,
the dynamic process of GroEL-GroES assisted protein folding
has also been established by structural and biochemical
studies. The protein folding reaction cycle driven by ATP
binding and hydrolysis is governed by a precise cooperative
network including inner-ring positive cooperativity and inter-
ring negative cooperativity (Gray and Fersht, 1991; Bochkareva
et al,, 1992; Bochkareva and Girshovich, 1994) (Figure1). In
the apo-state, GroEL subunits switch back and forth between a
tense T state (low affinity for ATP) and a relaxed R state (high
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FIGURE 1 | The paradigmatic chaperonin GroES/GroEL reaction cycle. The gray dotted line indicates the controversial GroEL/(GroES)2 folding active intermediate.

affinity for ATP) (Ranson et al., 2006; Clare et al., 2012). In the ~ presence of GroEL with both chambers simultaneously active in
protein folding state, the open nucleotide-free trans-ring captures  folding substrates in vivo (Azem et al., 1994; Harris et al., 1994;
non-native polypeptides with exposed hydrophobic surfaces.  Llorca et al., 1994; Sameshima et al., 2008, 2010). Recent crystal
This interaction involves 3 or 4 GroEL apical domains which  structures of symmetrical GroEL/(GroES), and mitochondrial
account for their overlap binding with both substrate protein ~ Hsp60-(Hsp10), indicate this may be a conserved mechanism
and GroES. Followed by ATP binding, the substrate protein  (Fei et al.,, 2014; Koike-Takeshita et al., 2014; Nisemblat et al.,
experiences a mechanical stretching by the conformational  2015). However, a fluorescence cross-correlation study showed
change of apical domains, which leads to unfolding of misfolded ~ that the GroEL/(GroES), structure is not likely to exist in
protein intermediates (Farr et al,, 2000; Ashcroft et al,, 2002;  the presence of physiological levels of ATP which leaves this
Horst et al., 2005; Elad et al,, 2007; Lin et al,, 2008). Then  mechanism still under debate (Haldar et al., 2015).

GroES collides with this ATP-occupied substrate-bound GroEL Despite the study of the GroEL/ES paradigm providing an
ring, called the cis-ring, forming a ternary structure. This insightful perspective on how Group I chaperonin functions
triggers a large rigid body elevation and twist of apical domains  as a protein folding machine, several key problems remain
that propels non-native polypeptide into a GroES-capped, elusive. What structural features of a protein determine whether
hydrophilic chamber for folding (Chen et al., 2013). The process ~ or not it is GroEL-dependent? How can GroEL balance its
time of this step depends on the ATP hydrolysis rate, ~6s  capability between specialization and generalization? What is
at 25°C (Sharma et al., 2008). Subsequent binding of ATP in  the co-evolutionary process of Group I chaperonin and protein
the opposite trans-ring results in GroES dissociation, as well ~ substrates? The study of organelle chaperonin systems may give
as substrate protein and ADP release. At the same time, the  us hints toward answering these questions.

opposite trans-ring becomes the new folding-active cis-ring

(Ranson et al.,, 2006). For substrate proteins that are too large

to be encapsulated (usually in excess of 60 kD), GroEL/GroES CHLOROPLAST CHAPERONIN AND

may still assist them in folding through binding and release ~CQO-CHAPERONIN PROTEINS

from the trans-ring (Farr et al., 2003; Chaudhuri et al., 2009).

Although the classical reaction cycle presented above depicts  Dating back to the 1980s when John Ellis at the University
a perfect asymmetrical working model of the GroEL/GroES  of Warwick studied light-driven protein synthesis in isolated
system, symmetrical football shaped GroEL/(GroES), complexes  intact chloroplasts, he observed the unexpected phenomenon
have also been observed in extensive studies suggesting the  that radioactive Rubisco large subunit (RbcL) co-migrates
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with another prominently stained band of protein before it
interacts with transmembrane imported Rubisco small subunit
(RbcS) to form Rubisco holoenzyme (Barraclough and Ellis,
1980). This Rubisco large subunit-binding protein was the first
identified protein that binds to newly-synthesized polypeptides
and subsequently became widely known as chaperonin Cpn60
(Hemmingsen and Ellis, 1986; Hemmingsen et al., 1988). Now we
know that newly translated Rubisco large subunit was captured
by chaperonin to prevent aggregation as a transient intermediate.
Despite Cpn60 important role in folding Rubisco, its counterpart
from E. coli, the GroEL/ES system, with the advantages of high
stability and simple components eventually became a research
paradigm that established the current model of the mechanism
of chaperonin function as described above.

Since chloroplast chaperonin subunits share ~50% sequence
similarity with GroEL, it is reasonable to assume the functional
mechanism of chloroplast chaperonin assisted protein folding
is parallel to that of GroEL-ES mediated folding in bacteria.
However, chloroplast chaperonins possess a unique feature that
is not shared with chaperonins from bacteria and mitochondria;
namely, multiple copies of two chaperonin subunit subtypes,
a type and B type, which share ~50% sequence similarity
with each other, are combined into hetero-oligomeric species
(Musgrove et al., 1987). For example, the unicellular green
algae Chlamydomonas reinhardtii encodes three CPN60 subunits,
termed CPN60al, CPN60B2, and CPN60B2 (Thompson et al.,
1995; Schroda, 2004). Furthermore, the situation becomes even
more complex in higher plants, such as monocotyledon and
dicotyledon model organisms Oryza sativa and Arabidopsis
thaliana, which both have six Cpn60 paralogs (Figure 2; Table 1)
(Arabidopsis Cpn60 nomenclature in this review is according to
the TAIR database) (Hill and Hemmingsen, 2001; Kim et al.,
2013a). The recombinantly-expressed Cpn60f subunit from
Brassica napus is able to assemble efficiently into a tetradecamer
and fold the cyanobacterial Rubisco large subunit in E. coli
cells, while the Cpn60a subunit is only capable of assembling
into an oligomeric state and supporting folding in the presence
of Cpn60p (Cloney et al, 1992a,b). An in vitro assay of
Cpn60p1, Cpn60p2, Cpn60B3 from Arabidopsis thaliana (note:
the protein nomenclature is in accordance with TAIR) showed
that all three Cpn60f subunits assembled into B-type homo-
oligomers and displayed refolding activity when cooperating with
authentic chloroplast co-chaperonins (Vitlin et al., 2011). Each
homo-oligomeric Cpn60p complex has its specific properties
and preferences for co-chaperonin partners. Similarly, CPN6032
and CPN60B1 from Chlamydomonas could be reconstituted
into homo-oligomeric species in vitro, however, only CPN6032
disassembled into monomer upon ATP hydrolysis (Bai et al,
2015). These results suggested that the Cpn60p subunits from
one organism are functionally diverse though they share very
high homology. Chloroplast chaperonins isolated from different
organisms suggested they are a/f mixed hetero-oligomers, even
though the arrangement of different subunits in the Cpn60
complex remains elusive (Cook et al.,, 1987; Musgrove et al.,
1987; Hernan and Sligar, 1995; Nishio et al., 1999; Bai et al.,
2015). In vitro reconstitution experiments with E. coli expressing
Cpn60a and Cpn60p subunits from Pisum sativum generated two

kinds of tetradecamers, a/f mixed hetero-oligomers and  homo-
oligomers. Despite  subunits being able to assemble into homo-
oligomers, they are preferentially incorporated into o/f mixed
hetero-oligomers in the presence of a subunits. This provided
strong support for the viewpoint that o/ mixed hetero-oligomers
are predominant in vivo (Dickson et al., 2000). A recent study
of CPN60 from Chlamydomonas reinhardtii also suggested
that even though CPN60 monomers and homo-oligomers both
possessed ATPase activity, only protein complexes containing
all three subunits, the CPN60aB1B2 oligomeric complex, have
functional cooperation with GroES in refolding a model substrate
(Bai et al,, 2015). Thus, overwhelming evidence suggests that the
major functional species in vitro is a hetero-oligomer composed
of a and B subunits.

Another feature that is unique to hetero-oligomeric
chloroplast chaperonins is their notorious instability in the
presence of ATP, that is, the purified Cpn60 complex from
Pisum sativum and recombinantly expressed CPN60ap1B2 of
Chlamydomonas reinhardtii display ATP-dependent dissociation
(Dickson et al., 2000; Bai et al., 2015). The oligomer dissociation
largely results from the interaction of equatorial domains.

Electron micrographs of the Cpn60ap hetero-oligomer reveal
that chloroplast chaperonin exhibits the well-known double-
ring cylindrical shape, indicating a conserved structure in the
Group I chaperonin kingdom (Dickson et al., 2000). Recently,
the first crystal structure of the homo-oligomer CPN60B1,
which shows partial functionality in the presence of HsplO,
was solved at 3.8 A. The overall architecture of CPN60p1
displays a typical type I chaperonin structure, with a 7-fold
symmetrical cylinder structure consisting of two stacked rings
composed of seven subunits. Each subunit is also composed
of an equatorial, intermediate, and apical domain. In Cpn60
subunits, the equatorial domain directs oligomer formation and
the C-terminus (484-547) in this domain determines oligomer
disassembly properties driven by ATP hydrolysis (Bai et al., 2015;
Zhang et al., 2016a). However, Apo CPN60P1 resembles the
intermediate state of allosteric GroEL, with a central cavity 6 A
larger than GroEL in diameter (Zhang et al., 2016a) (Figure 3).
Moreover, the compaction in CPN60B1 is looser relative to
GroEL, with less inter-subunit interface area and fewer amino
acids involved in inter-subunit contacts. One distinguishing
feature of CPN60B1 is that it has a wider ATP binding pocket
compared to apo GroEL. These structural features may explain
Cpn60 specific dissociation driven by ATP hydrolysis.

Compared to their bacterial and mitochondrial homologs,
chloroplast co-chaperonin subunits also exhibit interesting
difference. In 1992, the first chloroplast co-chaperonin was
identified by a pull-down assay using pea chloroplast lysate
with GroEL as bait. This chloroplast co-chaperonin is capable
of assisting GroEL in folding a chemically denatured dimeric
Rubisco, similar to GroES. But a fascinating aspect of this
chloroplast co-chaperonin is that its molecular weight is ~24
kD, twice the size of GroES (Bertsch et al., 1992). Similarly, co-
chaperonin AtCpn21 with a molecular weight of ~21 kD has
also been observed in chloroplasts of Arabidopsis thaliana. The
AtCpn21 precursor protein deduced by cDNA sequence contains
a typical chloroplast transit peptide at its amino-terminus
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FIGURE 2 | Phylogenetic relationships of chaperonin proteins from bacteria, chloroplasts, and mitochondria. The tree was generated using Phylogeny (http://www.
phylogeny.fr/). Protein sequences of E. coli, H. sapiens, and M. musculus chaperonin are from UniProt database [GroEL (POAGF5), HsHsp60 (P108090), MmHsp60
(P63038)]. Protein sequence of plant mitochondria and chloroplast chaperonins are from Phytozome, TAIR and RGAP [CrHsp60 (Cre06.g309100), AtHsp60-2
(AT2G33210), AtHsp60-3A (AT3G13860), AtHsp60-3B (AT3G23990), OsHsp60-1 (0s10g32550), OsHsp60-2 (Os03g04970), OsHsp60-3 (0s05g46290), CrCpn60a
(Cre04.9231222), CrCpn60p1(Cre17.9741450), CrCpn60B2 (Cre07.g339150), AtCpn60ai (At5g18820), AtCpn60a2 (At2g28000), AtCpnB0B1 (At5g56500),
AtCpn60B2 (At3g13470), AtCpnB0B3 (At1g55490), AtCpnB0B4 (At1g26230), OsCpnB0al (Os12g17910), OsCpnB0a2 (Os03g64210), OsCpnb0a3 (0s09g38980),
OsCpnB0p1 (0s06g02380), OsCpnB0B2 (0s02g01280), OsCpnBOR3 (ChrSy.fgenesh.gene.28)]. The molecular structure was generated by UCSF Chimera (Pettersen
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and two GroES-like domains joined together head-to-tail
(Hirohashi et al, 1999). Mature AtCpn2l protein formed
tetrameric structures as revealed by gel-filtration and cross-
linking analysis (Koumoto et al., 1999). In addition to Cpn20s,
classical GroES-like co-chaperonins have also been found in
chloroplasts of several organisms (Schlicher and Soll, 1996; Hill
and Hemmingsen, 2001). Since whole genome information of
multiple plant species is available, it is known that there are
two types of co-chaperonin subunits present in chloroplasts:
a conventional GroES-like Cpnl0O type, and a chloroplast-
specific Cpn20 type that contains two tandem GroES-like
domains (Figure 4). Chlamydomonas reinhardtii encodes three
chloroplast co-chaperonin subunits named according to their
molecular weights as CrCPN11, CrCPN20, and CrCPN23,
while Arabidopsis thaliana and Oryza sativa both have three
paralogs as listed in Table 1. Though chloroplast co-chaperonin
subunits seem conserved among species, each subunit has unique
biochemical properties. In Arabidopsis, AtCpn10-2 and AtCpn20
form functional homo-oligomers on their own, while AtCpn10-
1 subunit is functional only upon formation of hetero-oligomers
with other co-chaperonins (Vitlin Gruber et al., 2014). The case
is similar in Chlamydomonas, that is, CrCPN20 and/or CrCPN23
tend to combine with CrCPN10 to form functional hetero-
oligomers composed of seven GroES-like domains (Tsai et al.,
2012).

Although some mitochondria and bacteria also possess more
than one chaperonin subunit, it is still a fascinating question
why the chloroplast uniquely contains divergent Cpn60 o/p
chaperonin subunits as well as Cpn10/20 co-chaperonin types
(Kumar et al., 2015). Transcriptome and proteome studies in
Arabidopisis indicated expression levels of chaperonin and co-
chaperonin genes differ according to developmental stage (Weiss
et al, 2009), which increases the complex potential of the
chaperonin system for regulation on both transcriptional and
post-translational levels. In different tissues or developmental
stages, or even facing different environmental stimuli, it is
plausible that the functional chaperonin system is composed
of various combinations of chloroplast chaperonin and its co-
chaperonins to strategically deal with specific situations. From
an evolutionary perspective, the chloroplast is an endosymbiotic
organelle where the most important chemical reaction of
photosynthesis takes place. It is also reasonable to deduce
that chloroplasts developed a chaperonin system with several
features that adapt to accommodate different photosynthetic
proteins. Our knowledge from the Group I chaperonin
paradigm, the GroEL-ES system, is insufficient to explain the
multiformity of the chloroplast chaperonin system. Therefore,
genetic, biochemical and structural data directly obtained from
chloroplast chaperonins will be needed to shed light on the
mechanism of this protein folding machine in photosynthesis.
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TABLE 1 | Chloroplast chaperonins and co-chaperonins in model species: nomenclature and function.

Protein name Organism Gene number Mutant line Phenotype References

CrCpn60a Chlamydomonas reinhardtii Cre04.g231222 Unknown Unknown

CrCpn60p1 Chlamydomonas reinhardtii Cre17.g741450 Unknown Unknown

CrCpn60p2 Chlamydomonas reinhardftii Cre07.g339150 Unknown Unknown

AtCpn60ai Arabidopsis thaliana At2g28000 T-DNA insertion (sip1) Retardation of embryo development Apuya et al., 2001
before the heart stage

AtCpn60a2 Arabidopsis thaliana At5g18820 T-DNA insertion Embryo development arrested at Keetal., 2017

(emb3007) the globular stage

AtCpn60p1 Arabidopsis thaliana At1g55490 T-DNA insertion (lenT) Impaired leaves and showed Ishikawa et al., 2003
systemic acquired resistance (SAR)
under short-day condition

AtCpn60p2 Arabidopsis thaliana At3g13470 T-DNA insertion No obvious phenotype Suzuki et al., 2009

AtCpn60B3 Arabidopsis thaliana At5g56500 Unknown Unknown

AtCpn60B4 Arabidopsis thaliana At1g26230 Ds transposon-tagged Defective in NDH activity Peng et al., 2011

lines(crr27)

OsCpn60at Oryza Sativa 0s12g17910 T-DNA insertion Pale-green phenotype at the Kim et al., 2013a
seedling stage

OsCpn60a2 Oryza Sativa 0s03g64210 Natural mutation Albino phenotype before the 3-leaf Jiang et al., 2014
stage grown below 24°C

OsCpn60a3 Oryza Sativa 0s09g38980 Unknown Unknown

OsCpn60B1 Oryza Sativa 0s06g02380 Unknown Unknown

OsCpn60p2 Oryza Sativa 0s02g01280 Unknown Unknown

OsCpn60B3 Oryza Sativa ChrSy.fgenesh.gene.28 Unknown Unknown

CrCpn11 Chlamydomonas reinhardfii Cre16.g673729 Unknown Unknown

CrCpn20 Chlamydomonas reinhardftii Cre08.g358562 Unknown Unknown

CrCpn23 Chlamydomonas reinhardtii Cre12.g505850 Unknown Unknown

AtCpn10-1 Arabidopsis thaliana At3g60210 Unknown Unknown

AtCpn10-2 Arabidopsis thaliana At2g44650 Unknown Unknown

AtCpn20 Arabidopsis thaliana At5g20720 T-DNA insertion Increased ABA sensitivity, Zhang et al., 2013
homozygous lethal

OsCpn10 Oryza Sativa Os10g41710 Unknown Unknown

OsCpn20-1 Oryza Sativa 0502954060 Unknown Unknown

OsCpn20-2 Oryza Sativa 0s09g26730 Unknown Unknown

OsCpn20-3 Oryza Sativa 0s06909679 Unknown Unknown

OsCpn20-4 Oryza Sativa 0s06909688 Unknown Unknown

Chloroplast chaperonin names from Chlamydomonas reinhardtii, Arabidopsis thaliana, are according to Phytozome, TAIR, while those from Oryza Sativa are based on the original names
described in Kim et al. (2013a). Chloroplast co-chaperonin names from Chlamydomonas reinhardtii, Arabidopsis thaliana are based on the original names described in Tsai et al. (2012)
and Vitlin Gruber et al. (2013a). Chloroplast co-chaperonins from Oryza Sativa are named in this review.

FUNCTIONAL DIVERGENCE OF
CHLOROPLAST CHAPERONIN AND
CO-CHAPERONIN SUBUNITS

Chloroplast chaperonins are extremely labile protein complexes,
and therefore conventional biochemical methods may fall short
to when it comes to explaining the nature of their multiplicity.
Genetic analysis of chloroplast chaperonin and co-chaperonin
mutants and the study of their roles in specific tissues or
developmental stages provide a global view on how this
dynamic chaperonin system works and the possible significance
of its divergence. The first phenotypic dissection of Cpn60
mutants was conducted in cpn60al (At2g28000) which was
generated by T-DNA insertion in Arabidopsis. This atcpn60a 1
mutant was termed schlepperless due to its highly reduced

embryonic cotyledons. Compared to wild-type, the entire embryo
of Atcpn60o]l remains white during maturation, suggesting
photosynthesis incompetence. Further analysis of this mutant
indicates that the absence of functional AtCpn60al disrupts
the development of the chloroplast which results in defective
development of the embryo (Apuya et al, 2001). A similar
function of Cpn60a has also been demonstrated in rice according
to a study using forward genetics. Map based cloning of the
thermo-sensitive chloroplast development 9 (tcd9) rice mutant
revealed that the mutation is located in a gene encoding a
Cpn60a protein. Genetic complementation demonstrated that
the OsCpn60a: gene is precisely responsible for the albino
phenotype before the 3-leaf stage grown below 20°C (Jiang et al.,
2014). These two studies suggest a conserved function of Cpn60a
members in chloroplast development.
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Top view

FIGURE 3 | Superposition of CrCpn60p1 with GroEL. Green represents CrCpn60B1 and magenta represents GroEL. The molecular structure was generated by
UCSF Chimera (Pettersen et al., 2004) using CrCpn60g1 coordinates 5CDI and GroEL coordinates 1XCK from Protein Data Bank.
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FIGURE 4 | Phylogenetic relationships of co-chaperonin proteins from
bacteria, chloroplasts and mitochondria. The tree was generated using
Phylogeny (http://www.phylogeny.fr/). Protein sequences of E. coli, H. sapiens,
and M. musculus chaperonin are from UniProt database Protein sequence of
plant mitochondria and chloroplast co-chaperonins are from Phytozome, TA
Protein sequences of mitochondria chaperonin are from IR and RGAP
[AtHsp10-1 (AT1G14980), AtHsp10-2 (AT1G23100), CrHsp10
(Cre03.g178450), OsHsp10-1(0s03g25050), OsHsp10-2 (Os07g44740),
CrCpn11 (Cre16.9673729), CrCpn20 (Cre08.9358562), CrCpn23
(Cre12.9505850), AtCpn10-1 (At3g60210), AtCpn10-2 (At2g44650), AtCpn20
(At5g20720), OsCpn10 (Os10g41710), OsCpn20-1 (Os02g54060),
OsCpn20-2 (0s09g26730), OsCpn20-3 (Os069g09679), OsCpn20-4
(Os06g09688)]. The molecular structure was generated by UCSF Chimera
(Pettersen et al., 2004) using GroES coordinates 1AON from Protein Data
Bank.

Additional Cpn60 mutants including atcpn60c1 (At2g28000),
atcpn60B1 (Atlg55490), and atcpn60B2 (At3gl3470) have
been isolated in research focusing on chloroplast division

in Arabidopsis (Suzuki et al., 2009). This work showed that
AtCpn60al, AtCpn60fl, and AtCpn60p2 are required for
formation of a normal chloroplast division apparatus, especially
by influencing folding of chloroplast division related proteins and
regulating FtsZ polymer dynamics. The atcpn60flatcpn60p2
double mutant exhibited an albino phenotype, similar to the
atcpn60a 1 single mutant. However, atcpn6081 and atcpn60B2
single mutants did not show an albino phenotype but had
slightly reduced chlorophyll. These results suggest that the
phylogenetically closely related AtCpn6081 and AtCpn60p2 are
functionally redundant. Another notable observation is that
although the atcpn60a 1 single mutant and atcpn60 1atcpn6082
showed a similar albino phenotype, atcpn60f1atcpn60p2 was
able to germinate while cpn60al arrested at the embryo stage
(Apuya et al., 2001; Suzuki et al., 2009). This supports the
hypothesis that different Cpn60 subunits may incorporate into
one major pathway; However, these subunits may also be
individually responsible for folding specific protein substrates.
The hypothesis raised above was supported by a study
identifying Rubisco activase interacting proteins during heat
stress. A 60 kD protein with a N-terminal signal sequence
simultaneously corresponding to both AtCpn60f1 and
AtCpn60B2 was captured. Cpn60p was associated with
Rubisco activase in a high molecular mass complex, and
the dynamic regulation of their association depended on heat
stress. This suggested AtCpn60p1 and/or AtCpn60p2 play a role
in preventing Rubisco activase from thermal denaturation. The
study of Cpn60al mutant from Oryza sativa provided another
example; the amount of Rubisco large subunit (rbcL) was
severely reduced in the 0osCpn60a I mutant, while some imported
proteins remained unchanged. This demonstrated that Rubisco
large subunit may depend on OsCpn60al for proper folding
(Kim et al, 2013a). The direct evidence for the assumption
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came from the study of Cpn60B4 in Arabidopsis. When the
Cpn60B4 (At1g26230) gene is defective, the chloroplast fails to
accumulate the NADH dehydrogenase-like complex (NDH),
and the other three Cpn60f subunits cannot replace the
function of Cpn60p4. Co-immunoprecipitation data revealed
that Cpn60p4 forms a hetero-oligomeric complex with other
Cpn60 o and B subunits and this complex is essential for the
folding of the NDH subunit NdhH. Furthermore, the unique
C-terminus of Cpn6084 is required for the refolding activity
of NdhH in the chaperonin complex (Peng et al, 2011). A
very recent study about the function of Cpn60a2 (At5g18820)
during Arabidopsis embryo development provided another
example of subunit specific folding of protein substrates. A co-
immunoprecipitation assay coupled with LC-MS/MS identified
KASI, a protein important for the formation of heart-shaped
embryos, as a specific interactor of Cpn60a2. A genetic study
showed that KASI protein levels were largely reduced in the
atcpn60a2 mutant. Further studies demonstrated that Cpn60a2,
Cpn60p2, and Cpn60P3 were able to assemble into a functional
chaperonin complex and specifically assist in folding of KASI. It
is plausible that these three subunits form functional oligomers
in certain developmental stages. However, a detailed biochemical
characterization remains elusive (Ke et al., 2017).

A biochemical study of chloroplast chaperonins from
Chlamydomonas reinhardtii provided additional insight into the
divergence of CPN60 subunits. Specifically, domain swapping
between GroEL and CPN60 subunits demonstrated that in
the functional hetero-oligomeric complex CPN60af1f2, the
CPN60o apical domain could not functionally cooperate with
co-chaperonin GroES, but recognized its cognate substrate
CrRubisco large subunit more efficiently than CPN60P apical
domain and vice versa. This implied chloroplast chaperonin
adopts a different strategy than GroEL to cope with the paradox
that the same region of apical domains is responsible for
simultaneous binding of co-chaperonin and protein substrates
(Chen et al., 2013; Zhang et al., 2016b). Though functionality of
two types of subunits is divergent, they are highly cooperative
in oligomer formation. The equatorial domain of CPN60a could
not direct self-assembly, but cooperated with CPN60B1 to form
fully functional oligomers (Zhang et al., 2016a).

It has long been accepted that specific co-chaperonins
would endow the chaperonin system with uncommon ability to
accommodate diverse protein substrates. An interesting example
is the T4 phage encoded protein, GP31, which is homologous to
GroES. Structural and biochemical studies of GP31 proved that
an expanded folding chamber was formed with GroEL-GP31 and
these heterologous partners are able to fold the capsid protein
GP23. Similar mechanisms may exist in chloroplast considering
that there are two kinds of co-chaperonin isoforms (Figure 4).
A study characterizing chloroplast co-chaperonin subunits of
both Arabidopsis and Chlamydomonas indicated that different
combinations of Cpnl0/20 subunits create diverse hetero-
oligomers with various refolding activities, perhaps adapting the
chaperonin system to specific protein substrates (Tsai et al., 2012).

Study of chloroplast co-chaperonin gene mutants in
Arabidopsis addressed the unique importance of Cpn20 type
co-chaperonin. Cpnl0 type co-chaperonin null mutants such

as atcpnl0-1 and atcpnl0-2 were able to germinate normally,
whereas knock out of Cpn20 in Arabidopsis is lethal (Zhang
et al, 2013). It has been demonstrated that Cpn20 homo-
oligomer is able to cooperate with chaperonin, which also
raises the symmetry dilemma. Namely, how does hexameric
or octameric Cpn20 oligomer interact with a chaperonin
complex with seven-fold symmetry? Two studies suggested
this is a simple obstacle that the chaperonin system overcomes.
Cpn20 from Plasmodium falciparum apicoplast, a degenerate
chloroplast, is fully functional in vitro and able to replace GroES
in E. coli at both normal and heat-shock temperatures. Since
Plasmodium falciparum apicoplast contains only one Cpn20
type co-chaperonin, PfCpn20 may also function similarly in vivo
(Vitlin Gruber et al., 2013b). In another in vitro biochemical
study, GroES and Cpn20 concatamers, consisting of six to eight
covalently linked 10 kD GroES domains, cooperatively function
with GroEL similar to the native heptameric GroES form. The
cooperation between chaperonin and co-chaperonin results from
asymmetrical interaction by leaving one chaperonin subunit
unbounded (six GroES domain) or excluding one co-chaperonin
from the interaction (eight GroES domain) (Figure5) (Guo
et al., 2015). These results showed how chloroplast Cpn20, with
even-numbered GroES-like domains, cooperated with odd-
numbered chaperonin oligomers. However, though concatamers
composed of six or eight GroES domains are functional, it
seems that the native form of co-chaperonin in Arabidopsis and
Chlamydomonas is most likely a hetero-oligomer with seven-fold
symmetry (Tsai et al., 2012; Vitlin Gruber et al., 2014).

Another deduction on why chloroplasts have so many
chaperonin and co-chaperonin genes points to their additional
functions other than folding proteins as molecular chaperones,
so-called moonlighting function. For example, CPN60a was
previously reported to exhibit a novel function as a group
II intron-specific binding protein and was presumed to be
a general chloroplast RNA splicing factor (Balczun et al,
2006). Chloroplast proteomic studies in Arabidopsis showed
that Cpn20 is much more abundant than other subunits in
the chloroplast chaperonin system, which suggested Cpn20
has additional moonlighting function (Peltier et al, 2006).
Cpn20 overexpressing mutants and mutants with defective co-
chaperonin activity were reported to increase FeSOD activity
by functioning as probable Fe chaperones (Kuo et al., 2013a,b).
Analysis of Cpn20 knock down mutants showed that Cpn20
functions negatively in the ABAR-WRKY40 coupled ABA
signaling pathway by antagonizing Mg-chelatase H subunit to
derepress the ABA-responsive WRKY40 transcription repressor
(Zhang et al., 2013, 2014). To clarify the moonlighting function
of different chloroplast chaperonin and co-chaperonin proteins,
more studies are still needed.

CHLOROPLAST CHAPERONIN ASSISTED
RUBISCO FOLDING AND ASSEMBLY

Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco), the
most important chloroplast chaperonin substrate, catalyzes the
chemical reaction by which inorganic carbon enters the organic
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GroEL(14)-GroES(6)
or Cpn60(14)-Cpn20(3)
Functional
compensation

Side view Top view
GroEL(14)-GroES(7) GroEL(14)-GroES(7)

GroEL(14)-GroES(8)
or Cpn60(14)-Cpn20(4)

FIGURE 5 | Asymmetric functional interaction between chloroplast chaperonin and co-chaperonin. GroEL is colored in gold, and seven GroES subunits are colored in
red, orange, yellow, green, cyan, blue, and pink. Co-chaperonins consisting of six or eight GroES like domains function equally as well as heptameric GroES. The
molecular structure was generated by UCSF Chimera (Pettersen et al., 2004) using GroES-GroEL-ADP coordinates 1AON from Protein Data Bank.

biosphere. As a key enzyme that catalyzes the rate-limiting step of ~ of RbcL(g)-(RbcX3)s) assembly intermediate revealed RbcX(,)
photosynthetic carbon fixation in the Calvin-Benson-Bassham  acts as a molecular stapler in stabilizing the RbcL subunits and
cycle as well as an ancient enzyme that evolved from a high  facilitates RbcLg) core assembly. Finally, replacement of RbcX
CO; atmospheric environment, Rubisco is widely known for its by RbcS results in holoenzyme formation (Saschenbrecker et al.,
abundance and inefficiency. Therefore, numerous efforts have ~ 2007; Liu et al., 2010). Highly homologous RbcX proteins exist
been undertaken to engineer Rubisco to improve carbon fixation  in Thermosynechococcus elongates and Arabidopsis thaliana as
efficiency with reduced amounts of Rubisco at the expense of less  revealed by their structures, implying this may be a conserved
nitrogen. However, a high throughput Rubisco mutant screening ~ mechanism for Rubisco assembly across species (Tarnawski et al.,
platform is so far infeasible due to the lack of assembly of Form I ~ 2011; Kolesinski et al., 2013).
Rubisco outside chloroplasts. In addition to RbcX, other Rubisco assembly associated
Form I Rubisco, a hexadecameric protein complex consisting  factors have also been discovered in recent years. For example,
of eight large (RbcL) and eight small (RbcS) subunits, exists  analysis of Zea mays mutants showed that Bundle Sheath
in plants, green algae, cyanobacteria and proteobacteria. Even  Defective 2 (Bsd2), Rubisco Accumulation Factor 1 (Rafl), and
though it has been widely accepted that newly-translated  Rubisco Accumulation Factor 2 (Raf2) are responsible for proper
RbcL would be captured by chloroplast chaperonin to avoid  assembly of Rubisco (Brutnell et al., 1999; Feiz et al., 2012, 2014).
aggregation, how RbcS is coupled with RbcL and assembled into ~ Co-transformation of Rafl and RbcL from Arabidopsis into
Rubisco holoenzyme had remained unknown. The breakthrough ~ tobacco chloroplast results in improved production of hybrid
came from the study of RbcX protein which was first identified ~ Rubisco, suggesting Rafl protein co-evolved with RbcL (Whitney
in Anabaena and Synechococcus. Co-expression of RbcX in et al, 2015). Just like RbcX, Rafl also functions downstream
E. coli facilitated the production of active Rubisco, suggesting  of chaperonin-assisted RbcL folding by stabilizing RbcL dimers
RbcX is involved in the Rubisco assembly pathway (Li and  for assembly into (RbcL)s core complexes, suggesting diverse
Tabita, 1997; Onizuka et al., 2004; Emlyn-Jones et al., 2006). ~ Rubisco assembly factors have functional redundancy (Hauser
Functional analysis revealed that RbcX acts as an assembly  etal, 2015).
chaperone, downstream of chaperonin-mediated RbcL folding, Despite more and more Rubisco assembly factors being
to promote the formation of RbcL(8) core complexes. The identified, recombinant production of plant Rubisco in E. coli
crystal structure showed that the 15 kD RbcX forms a  or reconstitution of Rubisco holoenzyme in test tubes has not
homodimer containing a hydrophobic central groove that binds ~ been achieved so far. From the perspective of evolution, it is
the peptide motif EIKFEFD present at the C-terminus of RbcL ~ noteworthy that o/f type divergence of chaperonin subunits
subunits. The subsequent cryo-electron microscopy structure  appeared after the endosymbiotic event involving cyanobacteria
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with only GroEL-type chaperonin. Given the fact that Rubisco is
the most abundant protein in the world, the chaperonin system
responsible for Rubisco biogenesis must have specially adapted
to cope with the burdensome task of folding and assembling
such large quantities of protein. According to the classic Rubisco
folding and assembly pathway described above, the chaperonin
system is believed to function in RbcL folding, upstream of
holoenzyme assembly, where GroEL could have done the job in
prokaryotic organisms. However, the protein folding machine for
plant Rubisco is the chloroplast chaperonin system, which we
believe it has special properties cannot be replaced by GroEL
system. Maybe it is time to set up an in vitro system containing
the chloroplast chaperonin system and currently known Rubisco
assembly factors to make plant Rubisco reconstitution a
reality.

CONCLUDING REMARKS

Genetic and biochemical studies emphasize the regulatory
role of chloroplast chaperonin in photosynthesis, and some
photosynthetic proteins are identified as substrates of chloroplast
chaperonin, such as Rubisco large subunit, NDH subunit NdhH
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Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) catalyzes the rate-limiting
step in the Calvin-Benson cycle, which transforms atmospheric carbon into a biologically
useful carbon source. The slow catalytic rate of Rubisco and low substrate specificity
necessitate the production of high levels of this enzyme. In order to engineer a
more efficient plant Rubisco, we need to better understand its folding and assembly
process. Form | Rubisco, found in green algae and vascular plants, is a hexadecamer
composed of 8 large subunits (RbcL), encoded by the chloroplast genome and 8 small,
nuclear-encoded subunits (RbcS). Unlike its cyanobacterial homolog, which can be
reconstituted in vitro or in E. coli, assisted by bacterial chaperonins (GroEL-GroES)
and the RbcX chaperone, biogenesis of functional chloroplast Rubisco requires
CpnB0-Cpn20, the chloroplast homologs of GroEL-GroES, and additional auxiliary
factors, including Rubisco accumulation factor 1 (Raf1), Rubisco accumulation factor 2
(Raf2) and Bundle sheath defective 2 (Bsd2). The discovery and characterization of these
factors paved the way for Arabidopsis Rubisco assembly in E. coli. In the present review,
we discuss the uniqueness of hetero-oligomeric chaperonin complex for RbcL folding,
as well as the sequential or concurrent actions of the post-chaperonin chaperones in
holoenzyme assembly. The exact stages at which each assembly factor functions are
yet to be determined. Expression of Arabidopsis Rubisco in E. coli provided some insight
regarding the potential roles for Rafl and RbcX in facilitating RbcL oligomerization for
Bsd?2 in stabilizing the oligomeric core prior to holoenzyme assembly, and for Raf2 in
interacting with both RbcL and RbcS. In the long term, functional characterization of
each known factor along with the potential discovery and characterization of additional
factors will set the stage for designing more efficient plants, with a greater biomass, for
use in biofuels and sustenance.

Keywords: Rubisco, folding, assembly, chaperone, chaperonin, chloroplast

INTRODUCTION

Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) is Earth’s most abundant enzyme,
used by autotrophic organisms to convert CO, into organic compounds via the Calvin-Benson
pathway (Andersson and Backlund, 2008). Rubisco catalyzes photosynthetic carbon reduction and
photorespiratory carbon oxidation upon reaction with its substrates riboluse-1,5-bisphosphate, and
CO; or Oy, respectively. The poor catalytic properties of Rubisco CO, fixation necessitate a high
abundance of this enzyme. Hence, Rubisco constitutes ~30-50% of the soluble protein in C3 plant
leaves (Feller et al., 2008; Phillips and Milo, 2009). This enormous investment of energy, water and
nitrogen limits biomass and crop yields.
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Since all biomass results from the act of Rubisco in
photosynthesis, increasing crop yields ultimately depends on
improving the efficiency of carbon fixation. Although the
catalytic performance of bacterial and archaeal Rubisco was
successfully enhanced (Durdo et al., 2015; Wilson et al., 2016),
efforts to engineer a more catalytically efficient plant Rubisco
remain unsuccessful (Parry et al., 2013). Consequently, not only
has Rubisco become an intriguing model for studying protein
folding and assembly, but also, elucidating the process of its
biogenesis should allow researchers to improve its efficiency.

In order to engineer plant Rubisco or transplant a more
productive version into hosts of agricultural or biotechnological
interest, this protein should be viewed as a multi enzyme
complex, in which all the parts work together and cannot
be excluded (John Andrews and Whitney, 2003; Erb and
Zarzycki, 2018). This review focuses on what is known about the
folding and assembly of plant Rubisco. The chloroplast system
supporting Rubisco biogenesis is unique in its complexity, and
only the precise orchestration of folding and assembly leads to
functional protein.

RUBISCO: AN EVOLUTIONARY
PERSPECTIVE

Why is Rubisco so inefficient? Rubisco evolved before the
oxygenation of the atmosphere, conditions under which
there was no need to discriminate between O, and CO,.
In addition to the carboxylation, Rubisco catalyzes a non-
productive oxygenation reaction that results in the formation
of 2-phosphoglycolate (2PG). 2PG being a toxic compound,
is recycled in plants in an energy-wasteful process called
photorespiration (Zhu et al., 2010; Walker et al., 2016). The rise
of atmospheric O, concentration resulted in an increased error
rate and forced Rubisco to lower its catalytic rate, reaching the
Pareto optimality of enzyme activity and specificity (Tcherkez
et al., 2006; Savir et al., 2010; Studer et al., 2014; Tawfik, 2014;
Shih et al.,, 2016). The evolutionary adaptations eventually led
to the formation of what is known as the “Rubiscosome”—
a multifaceted complex of proteins which support Rubisco
formation and function (Erb and Zarzycki, 2018). During this
process, Rubisco evolved to form complex oligomeric structures
and to collaborate with specific chaperones and activases.
Proteins belonging to the Rubisco family can be classified
into 3 forms. The most ancient form III Rubisco, which
is found in archaea, catalyzes regeneration of Ribulose-1,5-
bisphosphate (RuBP), produced during nucleotide metabolism
(Tabita et al., 2008a,b). In contrast, forms II and I evolved to
catalyze RuBP carboxylation or oxygenation in an autotrophic,
photosynthetic context. Form II Rubiscos are present in
bacteria and dinoflagellates, while form I exists in plants, algae,
cyanobacteria and proteobacteria (Andersson and Backlund,
2008). Form I Rubiscos are classified into red-type (in
photosynthetic bacteria and non-green algae) and green-type
(in proteobacteria, cyanobacteria, green algae and land plants)
(Tabita, 1999; Badger and Bek, 2008; Tabita et al., 2008b). The
green-type Rubiscos are further classified as forms IA and IB

(Bracher et al., 2017). A phylogenetic tree of green-type Rubisco
large subunits from various organisms mentioned in this review
is presented in Figure 1, together with the factors participating in
the assembly process.

The common feature of all Rubiscos is the formation of
the active site at the interface between L, - two Rubisco large
subunits (RbcL, 50-55 kDa). Form II and III Rubiscos have
(L2)n stoichiometry (with # up to 5) while form I Rubisco
is organized in four L, dimers that assemble together with
eight small subunits (RbcS, 12-18 kDa) to form a hetero-
hexadecameric complex—LgSg. Rubiscos structure and function
is extensively reviewed in Andersson and Backlund (2008) and
Bracher et al. (2017). This higher-order oligomerization and
presence of small subunits allowed for an increase in catalytic
efficiency and substrate specificity. The increase in specificity for
CO; over O, made Rubisco more vulnerable to inhibition by
naturally occurring sugar phosphates, including RuBP (Mueller-
Cajar, 2017). Evolutionary compensation took place in the form
of Rubisco activases, which evolved to overcome this obstacle

IB eukaryotes 1B prokaryotes
Cpn60oB-Cpn20/Cpnl0 GroEL-GroES
Bsd2 Rafl

Rafl RbeX

Raf2 RbeS

RbeX

RbeS

SN22020yduASOUWIdY |,

IA prokaryotes
GroEL-GroES
Raf2

RbcS

FIGURE 1 | Phylogenetic tree of green-type RbcL subunits together with
factors involved in Rubisco holoenzyme formation. Phylogenetic tree of RbcL
sequences represents organisms mentioned in this review. The variety of
folding and assembly factors and their involvement in Rubisco biogenesis are
shown for each clade and discussed in the text. Species full names:
Thiomonas intermedia K 12, Halothiobacillus neapolitanus, Synechococcus
PCCB6301, Nostoc sp. PCC7120, Anabaena sp. CA, Thermosynechococcus
elongatus, Synechocystis PCC 6803, Chlamydomonas reinhardltii, Arabidopsis
thaliana, Zea mays, Nicotiana tabacum. The phylogenetic tree was created
using phylogeny.fr (http://www.phylogeny.fr; Dereeper et al., 2008, 2010).
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by releasing the inhibitory sugars (Salvucci et al., 1987; Mueller-
Cajar et al., 2011; Tsai et al., 2015; Loganathan et al., 2016).

Form II Rubisco, which is composed only of two large
subunits, can undergo spontaneous assembly in E. coli or
in vitro without the assistance of GroEL and GroES (Goloubinoff
et al, 1989a). Co-expression of the Rubisco subunits from
Rhodospirillum rubrum along with GroEL-GroES in E. coli,
however, significantly increased the assembly yield, suggesting
that the folding machinery was a rate limiting factor (Goloubinoft
et al., 1989b). In contrast, reconstitution of the cyanobacterial
form I Rubisco from Synechococcus PCC6301 (Syn 6301) with
the assistance of GroEL-GroES chaperonins, yielded only small
amount of holoenzyme until the assembly chaperone, RbcX was
added, following RbcL folding (Liu et al., 2010).

Similar to their endosymbiont cyanobacterial ancestor,
chloroplasts contain a form I Rubisco. Nevertheless, assembly
of the chloroplast Rubisco has emerged as one of the most
complicated assembly processes that is known for oligomeric
proteins. Spontaneous assembly of the eight small and eight
large subunits of form I Rubisco from any plant by random
collision proved inefficient, both in E. coli and in a test tube,
regardless of chaperonins and RbcX presence (Feiz et al., 2012;
Hauser et al., 2015a, reviewed in Bracher et al., 2017). Bundle
sheath defective 2 (Bsd2) was the first Rubisco specific factor
that was shown to have an indispensable role in plant Rubisco
assembly (Brutnell et al., 1999). Recently, forward genetics was
used to identify two novel factors involved in plastid Rubisco
biogenesis, Rubisco accumulation factor 1 (Rafl) (Feiz et al,
2012) and Rubisco accumulation factor 2 (Raf2) (Feiz et al.,
2014). Structural and molecular characterization of these factors
paved the road to elucidation of their role in Rubisco assembly,
resulting in a successful expression of plant Rubisco holoenzyme
in E. coli (Aigner et al.,, 2017). In the following chapters each
factor will be described and its role in Rubisco biogenesis will be
discussed.

CHLOROPLAST CHAPERONINS

In eukaryotes, Rubisco large subunit is universally encoded by
the chloroplast genome. The small subunits are encoded in
the nucleus in plants and green algae and in the chloroplast
genome in non-green algae (Tabita, 1999). Once transcribed and
translated, the small subunit is imported into the chloroplast
and folded to its functional form (Dobberstein et al., 1977;
Highfield and Ellis, 1978). The large subunit is transcribed in
the chloroplast, but to keep up a tight stoichiometry with its
nucleus-encoded partner, its translation undergoes an assembly-
dependent autoregulation (Wostrikoff and Stern, 2007).

One of the early post-translational chaperones in the process
of Rubisco holoenzyme folding and assembly is the chloroplast
chaperonin machinery. Chaperonins were initially discovered
as a high-molecular-weight complex associated with RbcL,
following its synthesis in isolated intact chloroplasts, prior to
formation of holoenzyme (Barraclough and Ellis, 1980; Roy et al.,
1982; Roy, 1989; Ellis, 1990). Early studies demonstrated that the
protein was an oligomer composed of two subunit types, which
reversibly dissociated into monomers in the presence of ATP, and

was homologous to certain bacterial proteins that were crucial
for phage morphogenesis (Hemmingsen et al., 1988). The general
concept of a chaperone protein was born from these discoveries,
and most research in the field focused on the extremely stable
E. coli chaperonin system (GroEL-GroES).

Chloroplast homologs together with bacterial and
mitochondrial chaperonins belong to the type I category.
The type I chaperonin system consists of 2 oligomeric partners,
working together to bind and fold partially denatured proteins.
In E. coli, the binding partner is a tetradecamer of 60 kDa Cpn60
subunits (GroEL) while the co-chaperonin partner is a heptamer
of 10 kDa Cpn10 subunits (GroES).

Though chloroplast chaperonins diverge from the bacterial
system in several aspects, the most intriguing is the broad
array of subunit types and the complexity of their oligomeric
arrangements. Two GroEL-like subtypes are found in chloroplast,
Cpn60a and Cpn60B, that can form homo- or hetero-oligomeric
chaperonin species (Musgrove et al., 1987; Martel et al., 1990;
Nishio et al., 1999). These subtypes are ~50% homologous to
each other as well as to GroEL. Several paralogous forms of each
type can be found in most plants (Hill and Hemmingsen, 2001;
Schroda, 2004; Friso et al., 2010; Trosch et al., 2015). Similarly,
chloroplasts harbor two types of co-chaperonin homologs.
The first is a typical, GroES-like Cpnl0, while the second
gene is unique to chloroplast and consists of two Cpnl0-like
sequences joined head-to-tail with molecular weight of 20—
23 kDa (Cpn20) (Bertsch et al., 1992). Similar to the 60 kDa
partner, each chloroplast co-chaperonin also exists in several
paralogous forms (Hill and Hemmingsen, 2001; Tsai et al,
2012). The entire cohort of Rubisco folding and assembly factors
from Arabidopsis thaliana (At—Arabidopsis), Zea mays (Zm—
maize), and Chlamydomonas reinhardtii (Cr—Chlamydomonas)
are summarized in Table 1.

Two oligomeric forms of Cpn60 were reconstituted in vitro
from purified Cpn60a and Cpn60ff monomers of several species
(Dickson et al., 2000; Vitlin et al., 2011; Tsai et al., 2012; Bai
etal.,, 2015) and were shown to form oligomers when expressed in
E. coli (Cloney et al., 1992a,b; Bai et al., 2015). The reconstituted
oligomers included the af hetero-oligomers, consisting of an
approximate 1:1 ratio of a:p (Tsai et al., 2012) and all f homo-
oligomers (Dickson et al., 2000; Vitlin et al., 2011; Bai et al., 2015).
The af hetero-oligomers were further demonstrated to contain
complicated mixtures of o and f paralogs (Peng et al., 2011; Bai
etal, 2015; Ke et al., 2017).

By way of contrast, Cpn60a subunits expressed alone in
E. coli, were not capable of assembling into a tetradecamer, nor
were they able to form functional oligomers in vitro (Cloney
et al., 1992a,b; Dickson et al., 2000; Bai et al., 2015). Domain
swapping analysis in Chlamydomonas chaperonins demonstrated
that equatorial domain controls the Cpn60a monomeric state.
ATP hydrolysis drives allosteric rearrangement and promotes
oligomer disassembly through Cpn60f C-terminal fragment,
and cooperation from both subunits is needed to form active
hetero-oligomers (Zhang et al., 2016a). Furthermore, functional
divergence between the three Chlamydomonas subunits was
attributed to both the apical and the equatorial domains, with
both types of subunits evolved to have substrate specificity as
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TABLE 1 | Paralogs of Rubisco folding and assembly chaperones*.

Subunit MW (kDa) Arabidopsis Maize Chlamydomonas
RbcL 50-55 AtCg00490 GRMZM2G448344 CreCp.g007100
RbcS 12-18 At5g38410 GRMZM2G 113033 Cre02.g120150
At1g67090 GRMZM2G098520 Cre02.g120100
At5g38420
At5g38430
Cpn60a ~60 At2g28000(z1) AC215201.3 Cre04.9g231222
GRMZM2G434173
At5g18820(a2) GRMZM2G321767 Cre06.g309100
Cpn60B ~60 At1g55490(B1) GRMZM2G083716 Cre07.g339150
At3g13470(82)
At5g56500(B3) GRMZM2G015989 Cre17.g741450
At1g26230(84) GRMZM2G042253
Cpn10 ~10 At2g44650(1) GRMZM2G050961 Cre16.g673729
At3g60210(2) GRMZM2G035063
GRMZM2G013652
Cpn20 20-23 At5g20720 GRMZM2G091189 Cre08.9358562
GRMZM2G127609 Cre12.g505850
GRMZM2G399284
RbcX ~15 At4g04330(1) GRMZM2G 115476 Cre07.g339000
NM_001149531 Cre01.g030350
At5g19855(2)
Raf1 40-46 At5g28500(1) GRMZM2G457621 Cre06.9308450
At3g04550(2)
Raf2 ~18 At5g51110 GRMZM2G139123 Cre01.g049000
Bsd?2 ~8 At3g47650 GRMZM2G062788 Cre06.g251716

"Highlighted in bold are the subunits supporting Arabidopsis Rubisco expression and assembly in E. coli (Aigner et al., 2017).

well as co-chaperonin preference (Zhang et al., 2016b). Overall,
Cpn60 complex formation from protomers in vitro depends
critically on the presence of Mg-ATP, subunit concentration,
temperature and Cpn60f protomer presence, suggesting that
Cpn60p subunits likely initiate the oligomerization (Bloom et al.,
1983; Lissin, 1995; Viitanen et al., 1998; Dickson et al., 2000;
Bonshtien et al., 2009; Bai et al., 2015; Vitlin Gruber et al., 2018).

Significant heterogeneity was demonstrated for co-
chaperonins as well. Cpn20 proteins from various organisms
were shown to form tetrameric ring-like structures in vitro
(Bertsch et al., 1992; Baneyx et al.,, 1995; Viitanen et al., 1995;
Koumoto et al., 1999; Bonshtien et al., 2007; Tsai et al., 2012;
Vitlin Gruber et al., 2013b, 2014; Bai et al., 2015). It was also
demonstrated that Arabidopsis Cpn10(1) (At2g44650) organized
into a ring of seven 10-kDa subunits, similar to GroES (Koumoto
et al,, 2001; Sharkia et al., 2003). In contrast, Chlamydomonas
Cpnl0 and Cpn23 proteins were purified as monomers (Tsai
et al, 2012), and the third co-chaperonin from Arabidopsis
Cpnl0(2) (At3g60210), was purified as inactive, low molecular
weight species (monomers or dimers) (Vitlin Gruber et al,
2014). Upon mixing Cpn10 with Cpn20 subunits, different active
hetero-oligomeric species are produced in vitro. Interestingly,

co-chaperonin subunits that are unable to support chaperonin
function on their own, contributed to activity when incorporated
into hetero-oligomer (Tsai et al., 2012; Vitlin Gruber et al,
2014; Guo et al, 2015). Even more interesting was the fact
that co-chaperonins designed to contain either 6, 7, or 8
domains were fully functional with GroEL and Cpn60 oligomers,
indicating that a symmetrical match is not stringently required
for chaperonin function in general (Guo et al,, 2015), though
each co-chaperonin paralog might be crucial for folding of
specific substrate. The latest progress in chloroplast chaperonin
field is reviewed in Zhao and Liu (2018).

CHAPERONIN SUBUNIT SPECIFICITY AND
RBCL FOLDING

The ability of Cpn60 and Cpnl0O subunits to oligomerize in
different combinations imply on a tremendous number of
potential combinatorial Cpn60-Cpnl0 pairs in the chloroplast,
which could allow for a large number of substrates and
modes of regulation (Vitlin Gruber et al., 2013a). Considering
the heterogeneity, plasticity and asymmetry of the chloroplast
chaperonin system, one can imagine chaperonin machines that
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are custom-made in a kind of substrate-directed organization.
The importance of various subunits for folding of specific
substrates is slowly being unraveled (reviewed in Vitlin Gruber
et al., 2013a). Recent works in Arabidopsis demonstrated the
specific role of Cpn60a2 (At5g18820) in folding of KASI (B-
ketoacyl-[acyl carrier protein] synthase I) (Ke et al., 2017), and
Cpn60p4 (At1g26230) was shown to be specifically required for
the folding of NdhH, a subunit of the NADH dehydrogenase-like
complex (NDH) (Peng et al., 2011).

But what do we know about chaperonin specificity for the
most abundant chloroplast protein, RbcL? In maize, RbcL was
found in association with a chaperonin complex composed of
the two most abundant Cpn60 subunits, ZmCpn60al (Cps2
encoded by AC215201.3) and ZmCpn60p1 (GRMZM2G083716)
(Feiz et al., 2012). Similarly, hetero-oligomer containing the most
highly expressed Cpn60 subunits from Arabidopsis chloroplast
(Cpn60a:1—At2g28000 and Cpn60p1—At1g55490) efficiently
folded the cognate AtRbcL subunit expressed in E. coli.
Chaperonin activity could be facilitated by chloroplast tetrameric
AtCpn20, as well as bacterial heptameric GroES, but not by
chloroplast heptameric AtCpn10(1), suggesting a specificity of
the later co-chaperonin in folding chloroplast substrates other
than RbcL (Aigner et al, 2017). AtCpn60B1, which easily
oligomerizes to form homo-tetradecamers (Cloney et al., 1992b;
Vitlin et al., 2011), mediated RbcL folding in E. coli assisted by
AtCpn20, albeit with lower efficiency in comparison to hetero-
oligomer (Aigner et al., 2017). In the future it will be interesting
to investigate the substrate specificity of additional chloroplast
chaperonin paralogs and whether other Cpn60-Cpn10 pairs with
various combination of subunits will be able to efficiently fold
RbcL.

Numerous mutational analyses suggest that the Cpn60a
subunit has a specific significance for the folding of RbcL.
Examination of the data in the literature shows a correlation
between down-regulation of specific chloroplast Cpn60a
subunits and the amount of Rubisco (Vitlin Gruber et al., 2013a).
It should be noted that unfolded or unassembled Rubisco cannot
accumulate in plants and is completely prone to degradation,
so Rubisco content in alpha mutants is not only the indicator
of Rubisco synthesis, but of its folding and assembly as well.
For example, the maize cps2 mutant exhibited a pale green and
seedling-lethal phenotype with 95% less Rubisco than wild type,
while the level of other chloroplast proteins remained intact (Feiz
et al., 2012), suggesting Rubisco specificity of this ZmCpn60al.
Mutation in the cps2 ortholog of rice (Os12g17910), also resulted
in drastically reduced levels of RbcL in a pale green seedling,
without a decrease in the levels of other important proteins
(Kim et al., 2013). A single amino acid substitution (D335A) at
a conserved position in Arabidopsis ortholog Cpn60al, caused
retarded growth and pale green-leaf phenotype. Although the
total levels of Cpn60a and Cpn60p were increased in this mutant,
possibly due to compensation effects, the levels of RbcL were
reduced (Peng et al,, 2011). Recently, two new Arabidopsis and
rice mutants carrying mutations in Cpn60as were described. In
Arabidopsis, mutation in Cpn60al (At5g18820) caused embryo
development arrest at the globular stage (Ke et al., 2017). Rice
thermo-sensitive chloroplast development 9 (fcd9) mutant

grown below 24°C, had an albino phenotype at the 3-leaf stage
(Jiang et al., 2014). It remains to be determined whether these
Cpn60a subunits are involved in Rubisco folding.

What is the precise role of the Cpn60a subunit in RbcL
folding? Structural studies in Chlamydomonas indicated that the
Cpn60a apical domain recognizes CrRbcL with higher efficiency
in comparison to Cpn60f, but it comes with the price of
hindered functional co-operation of Cpn60a with different co-
chaperonins (Zhang et al., 2016b). Based on these results we
could hypothesize that Cpn60a evolved to specifically recognize
and perhaps prioritize RbcL binding in the chloroplast, while
Cpn60p maintained the responsibility for oligomerization and
productive interaction with co-chaperonins. Characterization of
additional chaperonin mutants will reveal the list of chaperonin
subunits specifically required for Rubisco folding, as well as
their specificity for other chloroplast substrates, while additional
biochemical studies will help uncovering the precise mode of
function of chloroplast chaperonins.

RBCX ENHANCES RBCLg ASSEMBLY BY
STABILIZING FOLDED RBCL

RbcX gene was first described in cyanobacterium Anabaena 7120
(Nostoc sp. PCC7120) (Larimer and Soper, 1993) and its role
was gradually revealed in subsequent studies. RbcX is conserved
from the cyanobacteria to plants (Hauser et al., 2015b). Co-
expression of the RbcX genes from various cyanobacteria as well
as from C. reinhartii or A. thaliana, was shown to enhance the
assembly of cyanobacterial Rubisco in E. coli (Li and Tabita,
1997; Onizuka et al., 2004; Saschenbrecker et al., 2007; Kolesinski
etal,, 2011; Bracher et al., 2015), suggesting a conserved mode of
function for all the homologs. Insertional inactivation of RbcX
genes that were located in or outside of the Rubisco operons
in two cyanobacteria strains, suggested that the RbcX protein
may be essential for Rubisco biogenesis only when it is expressed
from the Rubisco operon (Li and Tabita, 1997; Emlyn-Jones
et al., 2006). Considering the large diversity of RbcL genes
from different cyanobacterial strains, as presented in Figure 1,
it seems that some developed dependence on RbcX assistance,
while others are RbcX independent, or in need of other assembly
factors.

RbcX is a homodimer of a ~15 kDa subunits, mostly o-
helical. In Syn 6301, each RbcX subunit binds to a motif at the
C-terminus of a folded large subunit, thereby clamping together
the RbcL antiparallel dimer. The term assembly chaperone was
coined for RbcX because of the mechanism by which this
protein mediates the oligomeric assembly. By stabilizing the RbcL
dimeric core, RbcX, prevents rebinding of the labile, partially
folded RbcL monomers to GroEL-GroES, and facilitate their
assembly into the RbcLg core complex. Finally, RbcS binding
to RbcLg triggers a conformational change that results in RbcX
release and formation of the holoenzyme (Saschenbrecker et al.,
2007; Liu et al., 2010). The ease by which RbcS replaces RbcX
during assembly originates from the dynamic nature of the RbcX
interaction with RbcL. When high affinity, heterologous RbcX
(from Anabaena sp. CA) was co-expressed with RbcL in E. coli,
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the RbcX could not be replaced by RbcS. This phenomenon
originally facilitated determination of the RbcX-RbcL structure
(Saschenbrecker et al., 2007), and led to successful reconstitution
of the holoenzyme from Syn 6301 (Liu et al., 2010).

Arabidopsis contains two RbcX genes. AtRbcX2, encoded
by the At5g19855 gene is closely related to the cyanobacterial
homolog, and was found in the stromal fraction, while AtRbcX1,
encoded by the At4g04330 gene, is a more distant homolog
and was shown to localize in the thylakoid fraction (Kolesinski
et al, 2011). Both proteins were crystallized and shown to
have different affinities for the RbcL C-terminus (Kolesinski
et al., 2013). AtRbcX2 was one of the assembly factors that
when expressed with chaperonins and other assembly chaperones
in E. coli, resulted in the Arabidopsis Rubisco formation.
This protein, however, was suggested to be more of an
enhancer than an essential chaperone, since in its absence,
around 50% of recombinant Rubisco was formed (Aigner
et al,, 2017). The evolutionary perspective of the RbcX gene
duplication in plants and the relevance of this duplication to
Rubisco biogenesis is another intriguing question. The thylakoid
localization of AtRbcX1 together with its lower affinity toward
RbcL (Kolesinski et al., 2013), may suggest a divergent role
for this homolog. Interestingly, Chlamydomonas encodes only
the AtRbcX1 homologs, CrRbcXA and CrRbcXB. CrRbcXA was
structurally and functionally characterized and shown to support
cyanobacterial Rubisco assembly (Bracher et al., 2015). In the
future, characterization of RbcX mutants as well as additional
biochemical studies could reveal their precise role in Rubisco
assembly and the unique properties of each homolog.

RAF1 IS ESSENTIAL FOR RBCL
ASSEMBLY, DOWNSTREAM OF
CHAPERONIN FOLDING

Rubisco accumulation factor 1 (Rafl), the first factor
characterized as an assembly chaperone involved in Rubisco
biogenesis in chloroplasts (Feiz et al, 2012), was found by
screening the maize Photosynthetic Mutant Library (PML),
a collection of ~2,000 photosynthetic mutants, for Rubisco-
specific deficiencies (Belcher et al., 2015). The maize rafl mutants
are pale green, unable to accumulate Rubisco and are lethal at
the seedling stage. Characterization of the mutant indicated
that in the absence of Rafl, newly-synthesized RbcL subunits
are not assembled into the holoenzyme, but instead are trapped
in an ~800 kDa chaperonin complex (Feiz et al.,, 2012). Even
though co-immunoprecipitation of RbcL with Rafl indicated
that Rubisco is the primary protein client of the Rafl, these
experiments could not reveal a detailed mode of action of Rafl
in the chloroplast.

Functional characterization of cyanobacterial Rafl from
Thermosynechococcus elongatus (Te) indicated that it forms
intermediate complexes with RbcL, resembling the RbcX
role (Kolesinski et al., 2014; Hauser et al., 2015a). In vitro
reconstitution showed that two RbcL-Rafl complexes, Rafl,-
RbcL, and Raflg-RbcLg, were formed in the presence of the
GroEL and GroES. Similar to RbcX, Rafl in the octameric

complex was displaced by RbcS to complete the assembly of the
holoenzyme (Hauser et al., 2015a). Mutational analysis of the C-
and N- terminal domains of the cyanobacterial Rafl showed that
Rafl binds to RbcL at different interaction sites than RbcX. It was
also shown that unlike RbcX, the Rafl a-domain and RbcS share
overlapping binding sites on RbcL, causing the highly dynamic
Rafl-RbcL interaction to allow RbcS binding (Hauser et al,
2015a). This could be the reason behind the difficulty of capturing
the Rafl-RbcL intermediates in chloroplast lysate. Taking into
consideration that RbcX was reported as being fully capable of
assembling the cyanobacterial Rubisco (Saschenbrecker et al.,
2007; Liu et al, 2010), the most plausible hypothesis for the
Rafl function in cyanobacteria is that it is redundant with RbcX
in the assembly pathway. Indeed, a recent finding showed that
similar to RbcX deletion in some cyanobacteria, Rafl deletion
in Synechocystis PCC 6803 (Syn 6803) did not cause any growth
defect (Kolesinski et al., 2017), suggesting that these factors might
have overlapping functions.

Crystal structures of the N- and C-terminal domains of
the Arabidopsis Rafl suggested that plant Rafl has a different
structure than plant RbcX and consists of an N-terminal a-helical
domain, and a C-terminal B-sheet domain connected by a flexible
linker segment (Hauser et al., 2015a). In addition, plant Rafl is
essential for Rubisco assembly, while RbcX was shown to only
enhance the assembly process (Aigner et al., 2017), suggesting
that these chaperones might act sequentially, in parallel or in
cooperation, rather than being redundant as in cyanobacteria.

A direct application of Rafl discovery in crop improvement
was implemented by taking advantage of Rafl co-evolution
with RbcL (Whitney et al., 2015). In this study transplastomic
expression of AtRafl in the Nicotiana tabacum (Nt) host, which
was deficient in native NtRbcL, but expressing a heterologous
Rubisco, composed of the AtRbcL and NtRbcS, resulted in
quicker production and increased levels of Rubisco, bigger
plants and improved photosynthesis, relative to the same host
expressing only the endogenous NtRafl. The two-fold increase
in Rubisco content in the presence of AtRafl was still half the
level of holoenzyme in WT tobacco plants. Even though this was
attributed to a five-fold lower AtRbcL transcript levels relative to
the endogenous NtRbcL in the WT, it is likely that co-expression
of the other cognate factors that have co-evolved with RbcL,
including Raf2, Bsd2, RbcX, and chaperonin homologous, was
essential for a full assembly of the heterologous Rubisco. The
importance of Rafl and RbcL co-evolution was demonstrated
again, when Arabidopsis assembly factors were not compatible
for folding recombinant NtRubisco, until Rafl replacement with
the cognate protein slightly improved the holoenzyme assembly
(Aigner et al., 2017), suggesting the co-evolution of not only Rafl
but other members of the Rubiscosome, unique to each plant.

RAF2 IS ESSENTIAL FOR RUBISCO
BIOGENESIS

The other Rubisco deficient mutant that was found in the maize
PML was raf2 (rubisco accumulation factor 2), which carries
a loss of function mutation in the GRMZM2G139123 locus
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encoding a chloroplast-targeted protein with an inactive pterin-
4a-carbinolamine dehydratase (PCD) domain (Feiz et al., 2014).
Raf2 homologs are found in vascular plants, green algae and
in bacteria that accumulate form IA Rubisco in their CO,-
concentrating organelles called a-carboxysomes. Raf2 has not
been found in the cyanobacterial strains that contain the plant-
like form IB Rubisco, nor in red algae (Hauser et al., 2015b). Loss
of Raf2 function results in a weaker phenotype than disruption
of Rafl in maize, nevertheless raf2 is also seedling-lethal (Feiz
et al., 2014). In the absence of Raf2, newly synthetized RbcL
is associated with the chaperonin complex, suggesting that like
Rafl, Raf2 functions at a post-chaperonin assembly stage (Feiz
et al,, 2014; Aigner et al,, 2017).

Chemical cross-linking followed by co-immunoprecipitation
showed that maize Raf2 interacts with RbcS and to a lesser
extent with RbcL in the chloroplast stroma (Feiz et al., 2014).
Recombinant maize Raf2 (~18 kDa) migrates as dimers and
tetramers on native gels (Feiz et al., 2014), consistent with animal
PCD proteins (Hevel et al., 2008), and with the Raf2 homolog
from Thiomonas intermedia K12, which was crystallized as a
dimer (Wheatley et al, 2014). In a-carboxysome-containing
bacteria, such as chemoautotrophic bacterium Thiomonas
intermedia K 12 and Halothiobacillus neapolitanus, Raf2 is
expressed from the Rubisco operon and does not show PCD
activity. Heterologous co-expression of Raf2 from the latter strain
with Rubisco, GroEL and GroES in E. coli, increased the amount
of assembled Rubisco (Wheatley et al., 2014). AtRaf2 was one
of the assembly chaperones whose presence proved essential in
assembling AtRubisco in E. coli (Aigner et al., 2017).

The mechanism by which Raf2 plays role(s) in Rubisco
biogenesis has yet to be studied in detail. It has been known
that animal PCD dimers mediate dimerization of the HNFa
homeodomain transcription factor, a key step in HNFa activation
(Endrizzi et al., 1995; Rose et al., 2004). Structural modeling of
plant Raf2 indicated the conservation of an a-helical stretch of 17
amino acids that was proposed to function in both dimerization
of the PCD and its interaction with HNFa, perhaps suggesting
a dimerization or oligomerization role for Raf2 in Rubisco
holoenzyme assembly (Feiz et al., 2014).

BSD2 IS ESSENTIAL FOR RUBISCO
ASSEMBLY BY STABILIZING RBCLg
INTERMEDIATE

Bsd2 was identified as a plastid-localized DnaJ-like Zn finger-
containing protein with a role in post-translational biogenesis of
maize Rubisco. Like rafl and raf2, the bsd2 mutant is Rubisco-
deficient and seedling lethal. Originally, Bsd2 was proposed to
be part of a complex containing DnaJ-like (Hsp40) and Dna-
K like (Hsp70) proteins, hypothetically transferring the newly-
synthesized RbcL to the chaperonin folding apparatus (Brutnell
etal., 1999). However, there is no evidence to support this model
or to suggest that chaperonin-assisted folding of RbcL is preceded
by a Dna-J/Hsp70-mediated complex that can bind the emerging
RbcL nascent chain and protect it from aggregation. Overall,

Bsd2 similarity to Hsp40 is limited to the hairpin structure of the
Zn finger domain general architecture (Aigner et al., 2017).

Bsd2 homologs are limited to the plant and algae lineages
(Hauser et al, 2015b), suggesting their emergence after the
endosymbiotic event and chloroplast evolution. Pulse-labeling
of chloroplast proteins in the maize bsd2 mutant showed that
the newly synthesized RbcL is associated with the chaperonin
complex, suggesting that like Rafl and Raf2, Bsd2 functions at
a post-chaperonin stage of Rubisco assembly (Feiz et al., 2014).
Co-immunoprecipitation with maize Bsd2 occurred for RbcS and
to a lesser extent with RbcL and occurred reciprocally with Rafl
(Feiz et al., 2014).

In some of the experiments that were conducted during
in E. coli biogenesis of the chloroplast Rubisco (Aigner et al.,
2017), two higher order complexes migrated above the Rubisco
holoenzyme on native gel. Whereas none of these bands showed
any trace of Rafl, Raf2, or RbcX, the higher band contained
RbcL and Bsd2 and the lower contained RbcL, Bsd2, and RbcS.
The disappearance of both bands along with the promotion
in RbcLgSg formation, after an increase in RbcS expression,
suggested that the higher order Bsd2-bound complexes might
have formed due to RbcS insufficiency. Interestingly, when RbcS
was deleted from the co-expression experiment, only the higher
band was observed and when both RbcS and Raf2 were omitted,
none of complexes were detected (Aigner et al., 2017), suggesting
that Raf2 mediates the Bsd2-RbcL interaction.

AtBsd2 alone crystallized as monomer of ~8 kDa (Aigner
et al,, 2017). In the center of its hairpin structure two Zn atoms
were found, each coordinated by four cysteines. Because plant
Rbcl, or RbcLg intermediates have not been detected in E coli,
cyanobacterial TeRbcL (from Thermosynechococcus elongatus
BP-1) was co-expressed with AtBsd2 and the crystal structure
of the TeRbcLgAtBsd2g complex was obtained. In the complex,
Bsd2 join RbcL dimers to form an RbcLg core surrounded
by eight Bsd2 proteins. The relevance of the AtBsd2-TeRbcL
interacting residues was further validated by mutational analysis
of AtBsd2 and testing its competency in assembling AtRubisco
in E. coli. No overlap was observed for Bsd2 and RbcS binding
sites on RbcL (Aigner et al, 2017). Cyanobacterial RbcX and
Rafl were also shown to bind to either TeRbcLg or SeRbcLg
(from Synechococcus elongatus) (Bracher et al,, 2011; Hauser
et al., 2015a). The TeRbcLgAtBsd2g complex, however, was
suggested to be the last assembly intermediate before holoenzyme
formation with RbcS (Aigner et al., 2017).

DETAILING THE ASSEMBLY PATHWAY BY
IN VITRO RECONSTITUTION OF PLANT
RUBISCO

Elucidation of the assembly steps of cyanobacterial Rubisco and
identification of the essential chloroplast factors helped with
partial depiction of the assembly pathway for plant Rubisco and
led to successful expression of Arabidopsis Rubisco in E. coli
(Aigner et al., 2017). A proposed path, leading to holoenzyme
formation in chloroplasts, is described in Figure2. In short,
newly-synthesized RbcS (S) is imported into the chloroplast
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FIGURE 2 | Model summarizing the roles of different chaperones in Rubisco
assembly. From top; Newly-synthesized RbcL (L) interacts with the chaperonin
complex, which leads to correct folding (Native L). After import into chloroplast
and cleavage of its transit peptide, RbcS (S) folds spontaneously, or with the
help of a chaperone. Raf1, Raf2, RbcX, and Bsd2 form dynamic intermediates
with the folded RbcL. RbcS subunits could either displace the chaperones in a
final chaperone-RbcL intermediate to form the holoenzyme (LgSg), or interact
with chaperones and RbcL in earlier stages of the assembly. Continuous and
dashed arrows indicate certain and speculative nature of each step,
respectively.

and folded, independently or with the help of chaperones, to
the native state, after cleavage of its transit peptide. Newly-
synthesized RbcL (L) in chloroplast is folded by the chaperonin
hetero-complex assisted by Cpn20. In the absence of assembly
factors, RbcL would not be able to escape from the chaperonin
cycle, ultimately leading to aggregation and proteolysis. Rafl,
Raf2, and RbcX dimers and Bsd2 monomers mediate formation
of intermediates from folded RbcL, leading to their displacement
by the RbcS and formation of the holoenzyme. So far, we have
no evidence for the presence of any distinct post-chaperonin
RbcL-containing intermediates, such as RbcL, and RbcLs, that
can be formed prior to biogenesis of the chloroplast holoenzyme.
Putative intermediate complexes containing RbcS, RbcL, Rafl,
Raf2, and Bsd2 were co-immunoprecipitated from plant lysates,
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Chaperonins are large, essential, oligomers that facilitate protein folding in chloroplasts,
mitochondria, and eubacteria. Plant chloroplast chaperonins are comprised of multiple
homologous subunits that exhibit unique properties. We previously characterized
homogeneous, reconstituted, chloroplast-chaperonin oligomers in vitro, each composed
of one of three highly homologous beta subunits from A. thaliana. In the current work,
we describe alpha-type subunits from the same species and investigate their interaction
with B subtypes. Neither alpha subunit was capable of forming higher-order oligomers
on its own. When combined with B subunits in the presence of Mg-ATP, only the a2
subunit was able to form stable functional hetero-oligomers, which were capable of
refolding denatured protein with native chloroplast co-chaperonins. Since f oligomers
were able to oligomerize in the absence of a, we sought conditions under which af
hetero-oligomers could be produced without contamination of § homo-oligomers. We
found that B2 subunits are unable to oligomerize at low temperatures and used this
property to obtain homogenous preparations of functional a2f2 hetero-oligomers. The
results of this study highlight the importance of reaction conditions such as temperature
and concentration for the reconstitution of chloroplast chaperonin oligomers in vitro.

Keywords: chaperone, chaperonin, chloroplast, A. thaliana, oligomer, in vitro, temperature

INTRODUCTION

Chaperonins are a subfamily of chaperone proteins found in bacteria and bacteria-derived
organelles. In contrast to the well-studied GroEL of Escherichia coli, which has one Cpn60 gene
product (Johnson et al., 1989), that forms functional homo-oligomers composed of 14 subunits,
chloroplasts contain two Cpn60 subtypes, Cpn60a and Cpn60p (Musgrove et al., 1987; Martel
et al., 1990; Cloney et al., 1992a,b, 1993, 1994; Nishio et al., 1999). These subtypes exhibit ~50%
homology to each other, similar to their respective homologies to GroEL, and are each present
in two or more paralogous forms in most higher plants (Hemmingsen et al., 1988; Cloney et al.,
1994; Hill and Hemmingsen, 2001). These subunits combine to form extremely labile hetero-
oligomeric chaperonin species, which dissociate into monomeric form upon dilution, particularly
in the presence of ATP (Musgrove et al., 1987; Roy et al., 1988; Lissin, 1995; Viitanen et al., 1998;
Dickson et al., 2000; Bonshtien et al., 2009).

Arabidopsis chloroplast contains six Cpn60 homologs: two Cpn60a subunits and four Cpn60f
subunits (Hill and Hemmingsen, 2001). Unlike Cpn60p proteins which share a high level of
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sequence similarity (Vitlin et al., 2011), significant divergence of
primary structure is apparent between the two Cpn60a paralogs.
The two Arabidopsis Cpn60a proteins are similar in length (543
and 541 amino acids) and share 60% identity of peptide sequence
(excluding the putative transit peptide). The sequence differences
are evenly distributed along the length of the proteins (Hill and
Hemmingsen, 2001).

Many species contain orthologs of both Cpn60al (At5g18820)
and Cpn60a2 (At2g28000). Several groups characterized knock-
out or point mutants of Cpn60a2 orthologs, all resulting in
severe impairment of plant development (Apuya et al, 2001;
Suzuki et al, 2009; Peng et al., 2011; Feiz et al., 2012; Kim
et al, 2013; Jiang et al, 2014; Ke et al., 2017). A knockout
strain of ol was arrested at the globular embryo stage (Ke
et al., 2017), while an a2 knockout was arrested at the heart
stage (Apuya et al., 2001). Cpn60al and Cpn60a2 vary greatly
in their expression levels. Cpn60a2 was shown to be the most
highly expressed of the Cpn60 homologs in all tissues and during
all developmental stages in comparison with other chaperonins
(Weiss et al., 2009). In contrast, Cpn60al subunit expression is
barely detectable at the RNA level (Weiss et al., 2009) although
recent studies reported that this protein is highly expressed in
the SAM of early seedlings and embryonic cotyledons (Ke et al.,
2017).

Several groups have investigated the oligomerization of
chloroplast Cpn60 subunits from different plants in vitro.
Attempts to reconstitute oligomers from purified P. sativum a
monomers alone were unsuccessful. However, upon addition
of B subunits, hetero-oligomers were formed, composed of a
and P subunits (af hetero-oligomer) (Dickson et al., 2000).
These results were consistent with studies on chaperonins from
Brassica napus and C. reinhardtii, which produced functional aff
oligomers when over-expressed together in E. coli (Cloney et al.,
1992a,b; Bai et al., 2015). Similar to GroEL, reconstituted off
hetero-oligomers from P. sativum could mediate the refolding
of denatured substrate when assisted with co-chaperonin from
any source: bacteria (GroES), mitochondria (mt-cpnl0) or
chloroplast (Cpn20) (Dickson et al., 2000), whereas beta homo-
oligomers were functional in vitro with native chloroplast co-
chaperonins and with heterologous mt-cpnl0 (Dickson et al.,
2000; Vitlin et al., 2011).

In this work we used a well-established method for Cpn60
monomer purification and oligomer reconstitution, that was
developed in our lab (Vitlin et al, 2011), in order to study
both Arabidopsis Cpn60a subunits as monomers, as well as
the hetero-oligomers that are formed together with Cpn60p
subunits. We show that the a2 subunit can form functional
oligomers with B subunits, while the al subunit is unable
to oligomerize under any conditions that we tested in vitro.
Since B subunits oligomerize on their own, production of pure
ap hetero-oligomer is liable to be contaminated by f homo-
oligomer. The dependence of reconstitution on temperature and
concentration can be manipulated to ensure that the resulting
hetero-oligomeric preparations are homogeneous. In this work,
we present a method for reconstitution of hetero-oligomers,
composed of a2 and B2 subunits that are free of contaminating
p2 homo-oligomers.

RESULTS

Purification and Structural

Characterization of Alpha Subunits

We have cloned and purified both Cpn60a homologs using a
strategy that was developed and described for Cpn60f subunits
(Vitlin et al., 2011). The final step of the purification process
hinted at the physico-chemical differences between these two
proteins. As can be seen in Figure 1A and Figure SIA, al eluted
from the gel filtration column earlier than a2, suggesting that
the al form is larger than a2. In addition, al eluted as a single
sharp peak, while the a2 elution profile displayed several peaks.
In order to further investigate these differences, we subjected
the proteins to crosslinking with glutaraldehyde, to analyze
their oligomeric state. The crosslinking pattern of both subunits
exhibited several high molecular-weight bands (Figure 1B and
Figure S1B). However, one major difference stood out between
the a1 and the a2 samples: while the main band in the a2 samples
represented the monomeric form, no monomer was observed for
al, but rather a lower mobility species consistent with that of a
dimer.

In order to determine the molecular weight of these proteins,
we carried out analytical ultracentrifugation. Two variations
of this method, sedimentation velocity and sedimentation
equilibrium, were used to analyze the o homologs. Using
sedimentation velocity, we found that both subunits were
characterized by a single peak, with average sedimentation
coefficients of ~4S and 5§ for a2 and al, respectively. The
sedimentation co-efficient of a2 is similar to the previously
published coefficient for GroES (70 kDa), 4 S (Seale et al., 1996),
indicating that this subunit is mainly monomeric while al
is larger and most likely a dimer. Analysis of sedimentation
equilibrium (Figure 1C) corroborated this observation, with a
calculated molecular weight of 100,400 Da for al and of 64,900
Da for a2. The expected monomer weight for these proteins is
~57,000 Dalton. Thus, the results of sedimentation equilibrium
indicate that al is best modeled as a dimer and «2 is primarily
monomeric.

Reconstitution and Functional

Characterization of «f§ Hetero-Oligomers

Since their discovery, chaperonin tetradecamers composed of
Cpn60a and Cpn60f subunits have been considered to be
the native form of chaperonin oligomers that are active in
chloroplasts (Musgrove et al., 1987), although functional § homo-
oligomers were described in vitro (Dickson et al., 2000; Vitlin
et al., 2011; Bai et al, 2015). To our surprise, attempts to
reconstitute hetero-oligomers containing a1l were not successful.
Reconstitution mixtures containing al alone or in combination
with any individual B subunit eluted from the gel filtration
column as inactive, low molecular weight species (not shown).
The fact that no Cpn60p oligomer was formed in the presence of
Cpn60al was intriguing, since Cpn60p subunits alone generally
tend to form oligomers under the same conditions. This suggests
that an interaction is taking place between the monomers but
it is not productive in furthering formation of a tetradecamer.
A similar phenomenon was described for the o subunit of
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FIGURE 1 | The oligomeric state of Cpn60a1 and Cpn60a2 subtypes. (A) Elution profile of a1 and a2 from Superdex 200 gel filtration column. 1 mg protein was
injected into a Superdex 200 gel filtration column pre-equilibrated with 50 mM Tris-HCI pH 8, 300 mM NaCl, 5% (v/v) glycerol and run at a rate of 1 ml/min for 120 min.
Fractions of 3ml were collected. Five microliters of each fraction was run on an SDS-PAGE mini-gel. M, molecular weight marker; T, total. (B) Cross linking pattern of
a1 and a2. Twenty micromolar of purified protein was subjected to cross-linking with 0.1% glutaraldehyde, for the indicated times at RT, in a buffer containing 50 mM
Na-HEPES pH 8, 10mM MgCl, and 100 mM KCI. Samples were analyzed by SDS-PAGE in a 2.4-12% gradient gel and stained with Coomassie Brilliant Blue.

(C) Analytical ultracentrifugation values for a1 and a2. The data was obtained as described in the Materials and Methods section in buffer: 50 mM Tris-HCI pH 8,
200mM NaCl, 10mM MgCl, and 100 mM KClI.
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Chlamydomonas (Bai et al., 2015), which was incapable of
forming mixed oligomers with any individual Cpn60p subunit.
Interestingly, in Bai et al. these species composed of one o subunit
and one B subunit were still capable of complementing a GroEL
deletion strain of E. coli.

We next examined the ability of a2 to form mixed oligomers
with each of the three § subunits. Initially we followed oligomer
formation using native gel electrophoresis. As can be seen in
Figure 2 and Figure S2, a2 does not oligomerize on its own, but
is able to form mixed oligomers with 81, B2, or 3 homologs.

«f) purified oligomer

50uM 2 [=[F[=[=[=[=] [+
100uM B [+ [+ [=[=[=] [+ [=]E .
50uM cpn10 [a [b|c[d =
ATP - == 1= 1= == S
M
a2f1 oligomer- | B b b b b

il
M
I

FIGURE 2 | Effect of various Cpn10 homologs on reconstitution of
hetero-oligomers. Reconstitution reactions were prepared by incubating

150 pM CpnB0a2 with 100 uM of different Cpn60p subunits and 50 WM of
different Cpn10s: a. GroES, b. mt-cpn10, c. Cpn20, d. Cpn10(2), as described
in the Materials and Methods section. 1.5 I of reconstitution product was
loaded on a 6% native polyacrylamide gel. Type of oligomeric species formed
during the incubation is indicated to the left of the gel.

«2f2 oligomer-

«2fp3 oligomer-

The oligomerization was induced in the presence of Mg?*-ATP,
however, the presence of different Cpn10s slightly improved the
reconstitution efficiency, as was shown previously for Cpn60s
from other plant, animal and bacterial sources (Dickson et al.,
2000; Bai et al., 2015).

Upon scaling up the oligomerization process, we considered
several additional factors. On the one hand, Cpn60a and
Cpn60p subunits were shown to be organized in the oligomer
in an ~1:1 ratio (Musgrove et al., 1987; Nishio et al, 1999;
Dickson et al., 2000). On the other hand, we wanted to ensure
that no self-oligomerization of Cpn60B would occur in the
reconstitution experiment (when we prepared the mixed
Cpn60a2p oligomers). Initially, we were not able to exclude
the possibility that a small amount of Cpn60p homo-oligomer
was formed during the oligomerization process, together with
the hetero-oligomer. The most significant result of this section
was the fact that a2f2 hetero-oligomers were found to be
stable when separated using gel filtration at 4°C (Figure 3A
and Figure S3A). This is in comparison to 2 homo-oligomers,
which dissociate to monomeric form when exposed to the same
temperature (Figure 3B and Figure S3B), yet remain stable at
room temperature (Figure 3C and Figure S3C), as reported in
Vitlin et al. (2011). This enabled us to ensure homogeneity of
the a2p2 hetero-oligomer preparation. Since a2p2 was the only
hetero-oligomer for which we could guarantee a homogeneous
preparation, we focused our efforts on a2f2 oligomers and
carried out the reconstitution reactions at an excess of Cpn60ca2
and at 4°C.

We next examined the chaperonin activity of the a2f2
hetero-oligomers. As demonstrated in Figure 4 and Table 1, the
activity of this hetero-oligomer in the presence of chloroplast co-
chaperonins [Cpn10(2) and Cpn20] was similar to that of GroEL
and reached the maximal yield of ~80%. It can be seen that a2p2
hetero-oligomer was equally functional with both chloroplast co-
chaperonins examined and they both had similar effects on the
rate (t1/2 = 4-5 min) as well.

An interesting observation regarding a2p2 hetero-oligomers
is the time dependent accumulation of active MDH, observed
in the presence of ATP alone without the addition of any co-
chaperonin. This is most likely explained by the low stability
of the a2p2 oligomer at this concentration, in the presence of
destabilizing ATP and the absence of stabilizing co-chaperonin,
resulting in dissociation to Cpn60 monomers and release of
partly folded MDH, which spontaneously reaches the native
folded state as time passes.

We tested the activity of an additional Arabidopsis co-
chaperonin, Cpnl10(1), which was recently characterized (Vitlin
Gruber et al.,, 2014). As can be seen in Figure 4, Cpn10(1) alone
is not functional with a2f2 hetero-oligomer. This is consistent
with the published results with GroEL and a2p3 hetero-oligomer,
where Cpnl10(1) was shown to be active only as part of hetero-
oligomer with Cpn20 (Vitlin Gruber et al, 2014). Although
no protein folding activity is observed, Cpnl0(1) has some
stabilizing effect on the a2p2 oligomeric structure, indicating
that an interaction is taking place between chaperonin and co-
chaperonin. Cpnl0(1) presence in addition to ATP seems to
prevent the hetero-oligomer from dissociating to monomers,
thus MDH is not released into the solution and spontaneous
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FIGURE 3 | Reconstitution of a2p2 hetero-oligomers and B2 homo-oligomers.
(A) 150 uM a2, 100 uM B2, and 50 M mt-cpn10 were reconstituted in a 2 ml
reaction mix as indicated in the Materials and Methods section. Samples were
then loaded on a Superdex 200 gel filtration column and run at 4°C. Fractions
were analyzed by 12 % SDS PAGE and Coomassie Blue staining (7.5 | was
loaded per lane). T = 0.25 pl of reconstitution mixture. Oligomer is found in
fractions 14-18, monomer is found in fractions 19-25. (B) 300 uM B2 and
150 M mt-cpn10 were reconstituted in a 500 pl reaction and separated by
Superdex 200 at 4°C as described in (A). Ten microliters of each fraction was
loaded per lane. (C) 300 uM B2 and 150 WM mt-cpn10 were reconstituted in a
600 pl reaction and separated by Superdex 200 at room temperature as
described in (B).

folding is not detected as it is in the presence of ATP alone. A
similar phenomenon was observed in Bonshtien et al. (2009),
where Cpn20 from Arabidopsis demonstrated similar binding
to B homo-oligomers and af hetero-oligomers from pea, yet
was unable to facilitate refolding of substrate protein with the
p homo-oligomers.

DISCUSSION

In this study, we have cloned and purified both types of
Cpn60a subunits from A. thaliana chloroplast. During the

characterization of these subunits, we showed that al forms
mainly dimers in solution, while a2 formed several low
molecular weight oligomeric forms in solution. Neither of
these alpha species showed any ability to refold urea-denatured
MDH. Monomeric and dimeric forms of Cpn60 are found
in a number of bacterial species. For example, evidence of
a low molecular weight Cpn60 protein complex exists in
Mycobacterium tuberculosis, which crystallizes as a dimer (Qamra
et al.,, 2004; Shahar et al., 2011). However, in contrast to the
Arabidopsis al, the protein from M. tuberculosis exhibits some
protein folding activity in vitro, oligomerizes to higher order
forms in the presence of ammonium sulfate, KCl and ATP, and
can replace GroEL in vivo, suggesting that the functional form in
vivo is an oligomer (Fan et al., 2012). Similarly, in cyanobacteria,
the GroEL1 protein seems to form unstable, yet functional
tetradecamers, while the GroEL2 protein remains monomeric.
Both of these species exhibit a low level of protein-refolding
activity, which does not depend upon GroES and ATP (Reviewed
in Nakamoto and Kojima, 2017). In general, the chloroplast a
and P chaperonin subtypes are both thought to have evolved from
bacterial GroELI.

In all studies of chloroplast chaperonins thus far, homologs of
the a subunits were incapable of self-assembly to tetradecamers.
The foundation for chaperonin oligomerization was consistently
shown to be one or more of the p subunits. For Chlamydomonas
chaperonins, this ability was determined to lie in residues of
the equatorial domain and part of the intermediate domain
(Zhang et al., 2016). Likewise, for type II chaperonins, it was
demonstrated that only CCT4 and CCT5 out of the eight
subunits, were capable of oligomerizing on their own, or
facilitating oligomerization of a hetero-oligomer (Sergeeva et al.,
2013).

In contrast to al, a2 monomers easily formed mixed
oligomers with all types of f subunits tested. An important
achievement of this work was our ability to ensure that
reconstituted «2p2 hetero-oligomers were not contaminated
by B2 homo-oligomers. These pure hetero-tetradecamers were
equally and maximally active with authentic Arabidopsis
chloroplast co-chaperonins: Cpn20 and Cpnl0(2). Comparison
between the activity pattern of a2f2 hetero-oligomer and the 2
homo-oligomer as published in Vitlin et al. (2011), once again
assured us that we are dealing with different species with unique
patterns of refolding rate and yield. Although Cpn20 could assist
both oligomers to reach a maximal yield, Cpnl0(2) served as
a functional co-chaperonin only with the a282 hetero-oligomer
and had a very low activity with 82 homo-oligomer.

Only a limited number of in vitro studies have been carried
out on chloroplast chaperonin proteins. Starting with the early
studies of Roy et al. (1988), it was consistently demonstrated
that oligomerization is a very dynamic process and oligomer
stability is highly concentration dependent. For example, pea
chaperonin in chloroplast lysate preparations was shown to
dissociate in the presence of ATP when the lysate was diluted
15-fold (Roy et al, 1988). Successful reconstitution was in
general shown to require relatively high concentrations of
the protein. This is consistent with an estimated chloroplast
chaperonin concentration of 175 wM protomer (Lorimer, 1996).
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FIGURE 4 | Refolding of denatured MDH by reconstituted a2p2 hetero-oligomers. MDH refolding was carried out by a2p2 hetero-oligomer as described in the
Materials and Methods section in 37°C. MDH activity was determined at various time points following the addition of ATP and various Cpn10 homologs. Cpn20: (filled
circle), Cpn10(2): (filled triangle), Cpn10(1): (filed diamond), ATP alone: (asterisk), a2p2 hetero-oligomer alone: (multi-sign). One hundred percent was taken as the
activity of a sample containing a similar amount of native MDH. Values represent the average of two independent experiments.

TABLE 1 | Rates and yields of MDH refolding by of hetero-oligomers in the
presence of chloroplast co-chaperonins®.

Cpn20 Cpn10(2)
ty, (Min) a2p2 4 4.5
GroEL 4.5 5
Final refolding yields (%) a2p2 79.8 78.8
GroEL 74.7 74.7

*Data extracted from Figure 4 and average of three experiments with GroEL.

For example, urea-dissociated native pea chloroplast chaperonins
were successfully reconstituted at a concentration of 60 WM
(Lissin, 1995). Reconstitution of ap hetero-oligomers cloned
from pea was carried out using 30 LM of each protein (Dickson
etal., 2000). While reconstitution of Arabidopsis 1 and 3 homo-
oligomer was achieved at over 50 WM protein, 32 was able to form
oligomers only at concentrations >200 uM (Vitlin et al., 2011),
near the estimated in vivo concentration. In addition, Bonshtien
et al. (2009) showed that ATPase activity of reconstituted pea
chaperonins reached a stable rate only at 60 uM monomer,
presumably representing the concentration at which equilibrium
favored the oligomeric state.

In addition to protein concentration, temperature is another
factor that was shown to significantly affect the stability of
organellar chaperonins in vitro. Dissociation of pea chaperonin
in the presence of ATP or urea was potentiated by lower
temperatures (Lissin, 1995; Viitanen et al., 1995). Dissociation at
cold temperature was used by Dickson et al., to obtain a uniform
population of B monomers as starting material for oligomeric
reconstitution (Dickson et al., 2000). Our previous results showed
that B2 oligomers are unable to form at 4°C, although significant
oligomerization is observed at 25°C under the same conditions

(Vitlin et al., 2011). This is also consistent with the behavior
of mitochondrial chaperonins, which were demonstrated to be
highly unstable in the presence of ATP at 4°C, yet were stable at
37°C under the same conditions (Weiss, 1997).

In conclusion, we demonstrate a method for reconstituting
pure hetero-oligomeric chaperonin particles in vitro that are
free from contaminating homo-oligomers. This method takes
advantage of the difference in oligomeric stability between
a2p2 and P2 at 4°C. Our results highlight the complex
nature of the chloroplast chaperonin system and emphasize
how even the simplest physico-chemical conditions must be
taken into account when investigating organellar chaperonins
in vitro.

MATERIALS AND METHODS

Nomenclature

In this work, we continue with the nomenclature that was
established by Hill and Hemmingsen (2001), and which we
previously used for A. thaliana chloroplast chaperonin subunits
(Weiss et al., 2009; Vitlin et al., 2011; Vitlin Gruber et al., 2013a,
2014). It should be noted that different nomenclature is adopted
by other groups.

Cpn60 homologs:

At5g18820 (a1l Cpn60)

At2g28000 (a2 Cpn60)

At5g56500 (B1 Cpn60)

At3g13470 (B2 Cpn60)

At1g55490 (B3 Cpn60)

At1g26230 (B4 Cpn60)

Cpn10 homologs

At3g60210 (Cpnl0(1))

At2g44650 (Cpnl0(2))

At5g20720 (Cpn20)
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Cloning and Purification of Chaperonin

Subunits

Cpn60al (At5g18820) and Cpn60a2 (At2g28000) were cloned
between the BamHI-NotI sites of a modified version of pET21d+,
which codes for an octa-histidine tag followed by the TEV
(Tobacco Etch virus) proteolysis site at the amino terminus of
the protein (Opatowsky et al., 2003). The first amino acid of the
mature protein was chosen based on presequence predictions
(Hill and Hemmingsen, 2001): alanine 33 (al) and alanine 46
(a2). Due to the nature of the cloning, al and a2 contained
an additional glycine-serine at the N-terminus of the protein.
The constructs were expressed in E. coli Rosetta (Novagen) and
purified based on the Cpn60p purification protocol (Vitlin et al.,
2011).

Previously published protocols were used to purify GroES
(Bonshtien et al., 2007), Cpnl0(1) (Vitlin Gruber et al., 2014),
Cpnl0(2) (Sharkia et al., 2003), Cpn20 (Bonshtien et al., 2007),
mouse mt-cpnl0 (Viitanen et al., 1998), Cpn60p1/2/3 (Vitlin
etal.,, 2011) and GroEL (Bonshtien et al., 2007).

Reconstitution of «f Hetero-Oligomers

The reconstitution protocols were based on Vitlin et al
(2011). In short, the experiments were carried out in
50mM Tris-HCl pH 8, 0.3M NaCl, 10mM MgCl,, 16 mM
KCl, 2mM dithiothreitol (DTT), 5mM ATP and different
concentrations of Cpn60 and Cpnl0O as indicated in the
figure legends. The reconstitution mixture was incubated
for 5min at room temperature and then for 1h at 30°C.
For oligomer purification, oligomers and monomers in the
reconstitution reaction were separated using a Superdex
200 gel filtration column pre-equilibrated with 50 mM
Tris-HCl pH 8, 300mM NaCl, 5% (v/v) glycerol at 4°C
unless stated otherwise. Fractions containing oligomers were
pooled, and treated with Ni-NTA-agarose beads in order
to remove any traces of his-tagged mt-cpnl0 that might
have co-purified with the Cpn60. The relevant fractions
were concentrated and flash frozen in liquid nitrogen. For
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The 60 kDa heat shock protein (Hsp60) is classically known as a mitochondrial
chaperonin protein working together with co-chaperonin 10 kDa heat shock protein
(Hsp10). This chaperonin complex is essential for folding proteins newly imported
into mitochondria. However, Hsp60, and/or Hsp10 have also been shown to
reside in other subcellular compartments including extracellular space, cytosol, and
nucleus. The proteins in these extra-mitochondrial compartments may possess a
wide range of functions dependent or independent of its chaperoning activity. But
the mechanistic details remain unknown. Mutations in Hsp60 gene have been shown
to be associated with neurodegenerative disorders. Abnormality in expression level
and/or subcellular localization have also been detected from different diseased tissues
including inflammatory diseases and various cancers. Therefore, there is a strong
interest in developing small molecule modulators of Hsp60. Most of the reported
inhibitors were discovered through various chemoproteomics strategies. In this review,
we will describe the recent progress in this area with reported inhibitors from
both natural products and synthetic compounds. The former includes mizoribine,
epolactaene, myrtucommulone, stephacidin B, and avrainvillamide while the latter
includes o-carboranylphenoxyacetanilides and gold (/) porphyrins. The potencies of the
known inhibitors range from low micromolar to millimolar concentrations. The potential
applications of these inhibitors include anti-cancer, anti-infammatory diseases, and
anti-autoimmune diseases.

Keywords: autoimmune, cancer, chaperone, GroEL, GroES, Hsp60, Hsp10, inhibitor

INTRODUCTION

Anfinsen’s pioneering experiments demonstrated that the primary amino acid sequences of small
proteins will dictate their final native conformations (Anfinsen, 1973). For larger proteins, however,
molecular chaperones are needed in the cells to help achieve their native conformations (Bukau
and Horwich, 1998; Finka et al., 2016). The human 60 kDa heat shock protein 60 (Hsp60),
which is also known as 60 kDa chaperonin (Cpn60) and was initially cloned by Jindal et al.
(1989), is the homolog of bacterial GroEL (Hemmingsen et al., 1988). GroEL, in conjunction
with cochaperonin GroES is the major molecular chaperone in bacteria to help unfolded and/or
partially folded polypeptides fold into their native conformations. Increasing evidence has also
shown that the GroEL-GroES complex plays a critical role in partial unfolding of misfolded
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intermediates for further folding (Shtilerman et al., 1999; Lin
et al., 2008; Weaver et al., 2017). Structural studies have
shown that the GroEL-GroES complex undergoes extensive
conformational changes during the folding pathway wherein the
hydrophobic patches can initially bind unfolded polypeptides
primarily through hydrophobic interactions (Finka et al,
2016). Large conformational changes in GroEL help fold the
hydrophobic residues in the substrates into protein interior to
facilitate folding. The conformational changes of GroEL are
driven by multiple factors including GroES binding, substrate
binding, ATP binding and ATP hydrolysis (Horwich and Fenton,
2009).

Hsp60 was initially characterized as a nuclear-encoded
mitochondrial protein to help fold proteins newly imported
into mitochondria in conjunction with co-chaperonin Hsp10
(10 kDa heat shock protein) (Jindal et al., 1989; Ostermann
et al, 1989; Reading et al, 1989). Interestingly, anti-folding
activity of Hsp60 has also been reported for certain substrates
(e.g., cytochrome b;) shortly after the discovery of Hsp60 as
a molecular chaperone (Koll et al., 1992). While Hsp60 was
thought to be only localized in mitochondria, accumulating data
support that it is localized in extramitochondrial compartments
as well. These include cytosol (Soltys and Gupta, 1996; Kirchhoff
et al., 2002; Chun et al., 2010; Campanella et al., 2012; Kalderon
et al,, 2015), outer mitochondrial surface (Soltys and Gupta,
1996), cell surface (Soltys and Gupta, 1996, 1997; Piselli et al.,
2000; Feng et al., 2002), intracellular vesicles (Soltys and Gupta,
1996), nucleus (Itoh et al., 1995), extracellular space (Soltys
and Gupta, 1996; Gupta and Knowlton, 2007), and even in
blood circulation (Pockley et al., 1999; Lewthwaite et al., 2002;
Shamaei-Tousi et al., 2007; Hamelin et al., 2011). While the
function of Hsp60 in these extra-mitochondrial compartments
might also involve its chaperoning activity, it is unlikely that its
functions in these different locations can be explained solely by
its chaperoning activity. Therefore, Hsp60 can be considered as a
protein with moonlighting functions (Henderson et al., 2013). In
this article, we review the development of chemical modulators
of Hsp60 as potential therapeutics. We will primarily focus
on the mammalian Hsp60 whereas the bacterial counterpart
will be provided as necessary background and comparison
purposes.

Hsp60 AND HUMAN DISEASES

As a mitochondrial chaperone, Hsp60 1is essential for
mitochondrial protein homeostasis (Cheng et al, 1989;
Ostermann et al., 1989). The significance of Hsp60 in humans
is further illustrated by many disease-associated mutations in
Hsp60 (also called HSPDI) (Hansen et al., 2002, 2007; Parnas
etal., 2009; Christensen et al., 2010; Bross and Fernandez-Guerra,
2016). For example, V98I mutation in Hsp60 was reported to
be associated with hereditary spastic paraplegia SPG13, a rare
neurodegenerative disorder characterized by spasticity and
weakness of the lower limbs (Hansen et al., 2002; Bross et al.,
2008). No effective treatment for SPG13 exists. Biochemically,
this mutation is accompanied with reduced capacity in refolding

Hsp60 client proteins (Bross et al., 2008). Another mutation in
Hsp60 (D27G or D3G in the mature form) was identified from
a large kindred with 10 patients suffering from MitCHAP-60
disease, which is an autosomal-recessive neurodegenerative
disorder (Magen et al., 2008). This debilitating early onset
disease is characterized by hypomyelination and leukodystrophy
in the brain. In an attempt to understand the mechanism by
which this mutation contributes to the disease, it was found
that the D3G mutant was less stable in forming heptameric
and tetradecameric oligomers than wild type. This is further
accompanied with decreased refolding capacity and ATPase
activity (Parnas et al., 2009). Despite the clear connection of
these Hsp60 mutants with impaired refolding activity, how these
mutations and their defects in refolding activity contribute to the
disease pathogenesis remains to be determined.

Besides Hsp60 mutations, abnormal expression level of Hsp60
has also been reported to associate with various diseases, which
may also underscore the importance of unique localization
pattern of Hsp60 as mentioned above. Hsp60 has been reported
to be involved in inflammatory responses and immune reactions
(Pockley, 2003). Therefore, the expression level of Hsp60 can
potentially modulate these pathophysiological pathways. For
example, the expression level of Hsp60 in skin allografts could
modulate the host rejection toward the allografts where high
level of expression leads to enhanced rejection in non-obese
diabetic (NOD) mice (Birk et al., 1999). In this regard, Hsp60
has been shown to be able to function as an autoantigen and
the Hsp60 autoimmunity can be modulated in NOD mice by
subcutaneous injection of mouse Hsp60 peptides (Elias et al.,
1990). This vaccination is protective against allograft rejection
(Birk et al, 1999). Mechanistically, this Hsp60 vaccination
strategy appears to involve a shift in the phenotype of the
T cell response to self Hsp60 from a proinflammatory Thl
type of response to a Th2 regulatory type of response (Elias
et al., 1997; Birk et al, 1999). The concept that endogenous
Hsp60 can function as an autoantigen leading to production
of anti-Hsp60 antibody has also been validated in humans.
Patients with spondyloarthritis or periodontitis present higher
tier of Hsp60 antibody than normal healthy volunteers (Tabeta
et al, 2000; Hjelholt et al, 2013). However, human serum
anti-Hsp60 level seems to be independent of predicting kidney
allograft rejection (Trieb et al., 2000). The autoimmunity against
Hsp60 may serve as a protective factor against the development
of atherosclerosis upon aging (Wick, 2016; Zhong et al., 2016).
The Hsp60’s role as an autoantigen has also been illustrated
in the development of a range of other autoimmune diseases
including Hashimoto’s thyroiditis (Marino Gammazza et al,
2014; Tonello et al, 2015), myasthenia gravis (Astarloa and
Castrillo, 1996; Cappello et al., 2010; Marino Gammazza et al.,
2012), inflammatory bowel diseases (Tomasello et al., 2011; Fiist
et al., 2012), chronic obstructive pulmonary diseases (COPD)
(Cappello et al., 2011). The involvement of Hsp60 in these
different autoimmune diseases is very interesting because one of
the clinically used immunosuppressant mizoribine targets Hsp60
(see below).

Hsp60 is also implicated in the cell survival and apoptosis
signaling pathways (Czarnecka et al., 2006), the balance of which
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is the key to the pathogenesis of cancers (Hanahan and Weinberg,
2011). Increased protein level of Hsp60 has been detected from
both solid tumor tissues including breast (Bini et al., 1997;
Desmetz et al., 2008), colon (Cappello et al., 2003a; He et al.,
2007), cervix (Cappello et al., 2002; Hwang et al., 2009), prostate
(Cappello et al., 2003b; Castilla et al., 2010), lung (Xu et al.,
2011), ovary (Hjerpe et al, 2013), and liquid tumor samples
including acute myeloid leukemia (AML) (Thomas et al., 2005).
In many of the cases examined, higher expression is correlated
with poorer prognosis (Thomas et al., 2005; Xu et al.,, 2011;
Hjerpe et al,, 2013). On the other hand, higher expression of
Hsp60 was observed in early-stage ovarian cancer than advanced-
stage in one other report (Schneider et al., 1999). As mentioned
above, Hsp60 has been detected in blood circulation. A few
studies have suggested that circulating Hsp60 protein level or
the autoantibody against Hsp60 has potential value in early
detection of colorectal cancer and breast cancer (He et al., 2007;
Desmetz et al., 2008; Hamelin et al., 2011). If proven, this will
add significantly to the field of cancer early detection. The
extracellular Hsp60 does not seem to be present as a free form.
Instead, several studies (Merendino et al., 2010; Campanella
et al,, 2012; Hayoun et al., 2012; Caruso Bavisotto et al., 2017)
have shown that Hsp60 is packaged in exosomes, which are
extracellular vesicles involved in intercellular communications
(van Niel et al., 2018). The exosome-localized Hsp60 has been
proposed to be actively secreted via endoplasmic reticulum-
Golgi secretory pathway, which is inhibitable by brefeldin A or
monensin (Campanella et al., 2012; Hayoun et al., 2012). The
secreted Hsp60 was also found to be glycosylated in the secretory
pathway (Hayoun et al., 2012). Interestingly, Hsp60 from normal
cells does not seem to be secreted via this mechanism (Hayoun
et al., 2012). Furthermore, it was recently found that a human
lung-derived carcinoma cell line H292 treated with a histone
deacetylase inhibitor vorinostat showed elevated Hsp60 level in
exosomes (Campanella et al., 2016) although the potential clinical
significance of this finding remains to be established.

Hsp60’s exact role during carcinogenesis is not very clear
(Cappello and Zummo, 2005) and it is possible that the altered
expression in different cancers is due to its moonlighting
functions outside mitochondria. In this regard, cytosolic Hsp60
has been shown to directly interact with the inhibitor of kB
kinase (IKK) to promote TNFa-mediated activation of NF-kB-
dependent gene transcription and survival of cancer cells (Chun
et al., 2010). Hsp60 has also been observed to interact with
B-catenin to enhance its transcription activity in the Wnt
signaling pathway and promote cancer cell metastasis (Tsai et al.,
2009). This interaction likely occurs in the cytosol instead of
mitochondria.

Hsp60 MODULATORS

As described above, the Hsp60-Hsp10 chaperone complex is very
important in maintaining mitochondrial homeostasis and plays a
critical role in different diseases including autoimmune diseases
and cancers. Developing small molecule modulators that can
target Hsp60 is potentially useful as therapeutics in these disease

v

HO OH

Mizoribine (1)

FIGURE 1 | Chemical structure of mizoribine (1).

areas (Nakamura and Minegishi, 2013; Cappello et al., 2014).
In addition, such small molecule modulators can be powerful
chemical tools to further elucidate the biological functions of
Hsp60 in different contexts. Although numerous natural and
synthetic compounds have been developed to target another
chaperone protein Hsp90, relative few have been developed to
target Hsp60 (Nakamura and Minegishi, 2013; Pace et al., 2013;
Cappello et al., 2014; Radons, 2017). Most the Hsp60 inhibitors
developed so far are derived from chemoproteomics studies
of known bioactive compounds. The known Hsp60 inhibitors
are either from natural products or synthetic compounds.
Mechanistically, these inhibitors can be classified into two
types. Type I inhibitors are found to block ATP binding and
hydrolysis. Because the ATP-dependent conformational changes
are affected, the Hsp60-Hspl0’s refolding activity is inhibited
by these inhibitors. Type II inhibitors include compounds
that covalently react with certain cysteine residues in Hsp60.
However, the details of these inhibitors’ binding sites have not
been revealed definitely. The following section will summarize
the known Hsp60 modulators. We classify the inhibitors based
on their sources of discovery, i.e., natural products or synthetic
compounds.

Natural Products-Based Hsp60 Inhibitors

The search for small molecule inhibitors of Hsp60 started
with natural products. The first small organic molecule to
be known as an Hsp60 inhibitor is mizoribine (1, Figure 1).
Mizoribine is an imidazole nucleoside antibiotics and was
isolated from Eupenicillium brefeldianum (Mizuno et al., 1974).
Mizoribine is devoid of anti-microbial activity, but has potent
immunosuppressive activity (Mizuno et al., 1974) and has been
used clinically after renal transplantation (Tajima et al., 1984).
Its immunosuppressive activity is postulated to be related to
mizoribine monophosphate derived from adenosine kinase
reaction after cellular uptake. Mizoribine monophosphate
inhibits inosine monophosphate (IMP) dehydrogenase and
guanosine monophosphate (GMP) synthase resulting in
depletion of intracellular GTP level to block T cell proliferation
(Turka et al.,, 1991). In an effort to identify the direct binding
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epolactaene (2)

FIGURE 2 | Chemical structures of epolactaene (2) and its tert-butyl ester ETB (3).

ETB (3)

FIGURE 3 | Binding site of ETB on Hsp60. (A) The Hsp60-Hsp10 complex
(PDB: 4PJ1) is color-coded in red (Hsp10) and green (Hsp60) cartoons. The
ADP molecules are presented in stick model in red and Cys442 residues are
presented in stick model in yellow. (B) Close-up of the ADP binding pocket
along with Cys442 in Hsp60.

proteins of mizoribine, an affinity reagent was prepared based
on mizoribine and found that it bound to Hsp60 (Itoh et al.,
1999). This direct binding led to inhibition of the chaperone
activity of the Hsp60-Hspl0 complex. The ATPase activity of
Hsp60 was also inhibited by mizoribine, which was accompanied
with more stable association of Hspl0 with Hsp60 (Tanabe
et al, 2012). Interestingly, the effect of mizoribine on the
bacterial GroEL-GroES complex is much less pronounced
(Tanabe et al., 2012), suggesting that selective targeting can
be achieved even with the highly homologous proteins. As
mentioned above, Hsp60 is also involved in autoimmunity,
it is tentative to speculate that mizoribine’s activity on the
Hsp60-Hspl0 complex or Hsp60 alone may also contribute
to its immunosuppressive effect although supplementing
GTP could reverse mizoribine’s immunosuppressive effect
(Turka et al., 1991). In this respect, it is of note that mM
concentrations of mizoribine are needed to inhibit Hsp60’s
activity (Tanabe et al., 2012) while the clinically achievable
plasma concentrations of mizoribine were only ~30 uM (Honda
et al., 2006). However, further medicinal chemistry optimization
of mizoribine to improve its Hsp60-targeting activity has not
been reported.

Another natural product known to inhibit Hsp60 is
epolactaene (2, Figure 2), which was originally isolated from
the fungal strain Penicillium sp. BM 1689-P and was shown

to be able to promote neurite outgrowth in SH-SY5Y cells
(Kakeya et al., 1995). Its tert-butyl ester ETB (3, Figure2)
was shown to be as active as epolactaene (Nagumo et al,
2004). However, it had an unknown mechanism of action. To
identify the direct molecular targets of ETB, a biotinylated
ETB was synthesized for pulldown experiments (Nagumo et al,,
2005). Mass spectrometry identification of the precipitated
proteins identified that ETB bound to Hsp60. In a competition
experiment, ETB was shown to selectively bind to Hsp60
without appreciable binding to other chaperone proteins
including Hsp70 and Hsp90 (Nagumo et al., 2005). This
binding interaction also led to inhibition of Hsp60-Hspl0’s
chaperoning activity. Further biochemical studies showed that
ETB covalently reacted with Cys442 of Hsp60 (Nagumo et al.,
2005). Mapping this residue to the recently solved X-ray
crystal structure of human Hsp60-Hspl0 complex (Nisemblat
et al., 2015) revealed that it is located at a site in close
proximity to the ATP binding pocket (Figure 3), suggesting
potential allosteric modulation. Although there are multiple
reactive electrophilic centers in ETB, the a,B-unsaturated
ketone is the most likely conjugation site for ETB based
on additional structure-activity relationship (SAR) studies
(Nagumo et al, 2004). Interestingly, ETB does not inhibit
the ATPase activity of Hsp60 (Ban et al, 2010), suggesting
that the covalent interaction between ETB and Cys442 may
allosterically modulate Hsp60-Hspl0s chaperoning activity
without interfering with its ATPase activity. While Cys442
modification does not modulate Hsp60’s ATPase activity, Cys138
alkylation in GroEL significantly enhances its ATPase activity
although these Cys residues are not conserved (Martin, 1998;
Parnas et al., 2012). Despite the clear biochemical evidence to
support that ETB targets Hsp60, it remains to be established
how this binding and modulation of Hsp60 are linked to
ETB’s activity in promoting neurite outgrowth in SH-SY5Y
cells.

Recently, myrtucommulone A (MC, 4, Figure4)
was identified as yet another natural product to inhibit
Hsp60 (Wiechmann et al, 2017). MC is a non-prenylated
acylphloroglucinol ~ with multiple reported Dbioactivities,
including antibacterial (Rotstein et al, 1974; Appendino
et al., 2002), antioxidant (Rosa et al., 2003), anti-inflammatory
(Feisst et al., 2005; Rossi et al., 2009), and anti-tumor properties
(Tretiakova et al., 2008; Grandjenette et al., 2015; Izgi et al.,
2015). MC was found to act on isolated mitochondria from
human leukemia cells, and to affect mitochondrial functions at
submicromolar concentrations, including loss of mitochondrial

Frontiers in Molecular Biosciences | www.frontiersin.org 71

April 2018 | Volume 5 | Article 35


https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

Meng et al.

Hsp60 Modulators

myrtucommulone (4)

FIGURE 4 | Chemical structure of myrtucommulone A (MC, 4).

membrane potential (AYym), reduction of mitochondrial
viability and inhibition of mitochondrial ATP synthesis
(Wiechmann et al., 2015). But the exact molecular targets of MC
within mitochondria were unknown. Toward this end, MC was
immobilized onto sepharose resin to pulldown cellular proteins
that might bind to MC (Wiechmann et al., 2017). Although
multiple protein bands were observed to bind to MC, Hsp60
was the most prominent one. Further biochemical validation
experiments showed that Hsp60 is a direct mitochondrial protein
target of MC and MC inhibited the refolding activity of the
Hsp60-Hspl0 complex. Moreover, the authors also proposed
that Hsp60 is likely to protect the mitochondrial proteins Lon
protease-like protein (LONP) and leucine-rich protein 130
(LRP130) against heat-shock-induced aggregation because they
are both significantly influenced by MC (Wiechmann et al,
2017). While MC clearly can modulate Hsp60’s activity, it was
reported that MC also targets microsomal prostaglandin E2
synthase 1 (mPGES-1) and 5-lipoxygenase (5-LOX) (Feisst
et al.,, 2005; Koeberle et al., 2009) to affect arachidonic acid
metabolism. To further probe the Hsp60 biology with MC and
assess its therapeutic potential, it will be critical to develop MC
analogs that are devoid of these other biological activities. Its
high hydrophobicity (cLogP = 5.5) and presence of multiple
redox-active groups pose nontrivial challenges to develop
improved analogs.

In addition to the above-mentioned natural products,
several other natural products were also reported to interact
with Hsp60 although stringent validation data are lacking.
Stephacidin B (5, Figure 5) is a natural product isolated from
Aspergillus ochraceus WC76466 (Qian-Cutrone et al., 2002) while
avrainvillamide (6) was isolated from Aspergillus sp. CNC358
(Fenical et al., 2000). Both of them showed potent in vitro
anticancer activities. It was found that dimeric stephacidin
B (5) was converted into monomeric 6 in tissue culture
media and suggested that 6 was the actual active species
during cellular experiments (Wulff et al.,, 2007). Indeed, after
correcting molar equivalent, 5 and 6 had almost identical
activity in the cellular assays. Furthermore, a simplified
undimerizable analog 7 also presented anticancer activity albeit
with reduced potency (Wulff et al, 2007). To identify the
potential binding targets of 7, a biotinylated derivative of 7
was prepared to pulldown its targets. This identified Hsp60

as one of the putative targets for 7 and perhaps for 5 and
6 (Wulff et al, 2007). However, further validation studies
have yet to be performed and whether these complex natural
products are bona fide Hsp60 modulators remains to be
established.

Hsp60 Inhibitors Originated From Synthetic

Sources

Besides the natural products identified above as potential
Hsp60 modulators, quite a few synthetic molecules have also
been discovered to be able to modulate Hsp60. In 2010, o-
carboranylphenoxyacetanilide 8 (Figure 6) was identified as a
hypoxia-inducible factor 1 alpha (HIF-la) inhibitor using a
transcription reporter assay (Shimizu et al., 2010). HIF-1a is
often stabilized and activated in cancer tissues and inhibiting
HIF-1a’s transcription activity has great potential to develop
novel cancer therapeutics (Semenza, 2003). To identify the
direct molecular targets of o-carboranylphenoxyacetanilide, a
clickable photoaffinity probe 9 was designed and synthesized
based on o-carboranylphenoxyacetanilide (Figure 6; Ban et al,,
2010). The benzophenone moiety in probe 9 could covalently
crosslink with the direct target proteins upon ultraviolet
(UV) irradiation. Then the propargyl group in probe 9
can be clicked with Alexa Fluor 488 azide to visualize the
proteins bound to the probe. Using this strategy, it was
found that o-carboranylphenoxyacetanilide bound to Hsp60
(Ban et al, 2010). Under the same conditions, the probe
9 did not label other heat shock proteins including Hsp90
and Hsp70 (Ban et al, 2010), suggesting specific binding to
Hsp60. Further validation studies showed that compound 8
inhibited Hsp60-Hsp10’s refolding activity and Hsp60’s ATPase
activity. Importantly, Hsp60 was found to interact with HIF-
la (Ban et al,, 2010), suggesting that binding of 8 to Hsp60
can be implicated in inhibition of HIF-la-mediated gene
transcription. Since HIF-la is a nuclear located protein, it
is possible that the interaction between Hsp60 and HIF-la
occurs inside the nucleus, but other possibilities cannot be
excluded.

The other class of synthetic compounds identified to inhibit
Hsp60 is gold (III) porphyrin complexes. Many gold (III)
complexes were shown to possess anticancer activity against
different cancer cell lines (Nobili et al., 2010). However, their
therapeutic potential was limited due to their instability under
physiological conditions. This limitation has been overcome by
synthesizing gold (III) complexes with strong donor ligands,
which are much more stable under physiological conditions
and also presented significant anticancer activities (Lease et al.,
2013; Teo et al, 2014). A prototype gold (III) complex
[Au(TPP)Cl] (10) is shown in Figure?7. One of the major
challenges to move these gold (III) complexes forward is
our limited understanding of their mechanism of action.
As a first step toward this challenge, the binding protein
targets of the gold (III) complexes need to be identified.
A chemoproteomics strategy was designed to identify the binding
targets of 10 using a clickable photoaffinity probe 11 (Figure 7;
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stephacidin B (5)

avrainvillamide (6) 7

FIGURE 5 | Chemical structures Stephacidin B (5), avrainvillamide (6), and a simplified analog 7.

FIGURE 7 | Chemical structure of gold (Ill) porphyrin [Au(TPP)]CI (10) and its clickable photoaffinity probe 11.

Hu et al, 2016). This target identification strategy is similar
to that used for o-carboranylphenoxyacetanilide. Through this
strategy, Hsp60 was identified as a direct molecular target of
10. Further biochemical and cellular studies using saturation-
transfer difference-nuclear magnetic resonance (STD-NMR) and
cellular thermal shift assays demonstrated that 10 engaged
interaction with Hsp60 both in vitro and in cells (Hu et al.,
2016). It was further found that 10 inhibited the refolding
activity of the Hsp60-Hspl0 complex. Additional SAR studies
demonstrated that both the gold (III) ion and porphyrin
ligand are necessary for the inhibitory activity (Hu et al,
2016). It is unclear if the ATPase activity of Hsp60 or other
chaperone proteins was inhibited by 10 and its derivatives. It
is speculated that the gold (III) ion may interact with Hsp60

electrophilically and the porphyrin ligand may bind to Hsp60
through hydrophobic interactions (Hu et al., 2016). However,
the detailed mechanism of action of these gold (III) complexes
remain to be elucidated.

CONCLUSIONS AND OUTSTANDING
QUESTIONS

Since the initial discovery of Hsp60 as the mitochondrial
molecular chaperone, many studies have shown that it is also
localized outside mitochondria with perhaps both chaperoning
and non-chaperoning activities. Therefore, it is not surprising
that many different disease states especially autoimmune
diseases and cancers have presented altered expression level of
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Hsp60. This presents a great opportunity to develop potential
therapeutics by targeting Hsp60. Quite a few different small
molecule modulators of Hsp60 have been identified. These
include both natural products and synthetic molecules. It is
striking that these different small molecules have no common
structural motifs or pharmacophores, yet they all modulate
Hsp60’s activity. It will be critical to understand how these
different inhibitors can all interact with the Hsp60-HsplO
complex. Some differences have already been noticed among
different inhibitors. While all of the identified inhibitors can
inhibit the refolding activity, not all of them inhibit the
ATPase activity. It is possible that some of these reported
inhibitors, especially the hydrophobic ones, may also inhibit
the spontaneous folding of the substrate proteins independent
of Hsp60. Future characterization of the inhibitors should
include this type of critical controls to determine the extent of
Hsp60 involvement. The recent breakthrough in determining
the X-ray crystal structure of the human Hsp60-Hsp10 complex
(Nisemblat et al., 2015) shall facilitate our understanding of
how the inhibitors interact with Hsp60. Given the structural
diversity of the reported Hsp60 modulators, both orthosteric
and allosteric modulation mechanisms are possible. As a
consequence, different inhibitors may distinctly affect the Hsp60-
Hsp10 dynamics and the individual steps in the folding cycle
(Weiss et al., 2016). Mechanistically, it will also be critical
to elucidate how the inhibitors binding to Hsp60 can result
in the distinct phenotype of the inhibitors (e.g., anticancer
activity) because most of these Hsp60 modulations were
discovered after the initial findings of the bioactivities of the
inhibitors through chemoproteomics approaches. These studies
will in turn inform their future development into potential
therapeutics.

While mizoribine was shown to be selective in targeting
human Hsp60-Hsp10 vs. bacterial GroEL-GroES (Tanabe et al.,
2012), a large number of small molecules were identified as
GroEL-GroES inhibitors from a high-throughput screening of
~700,000 compounds (Johnson et al., 2014; Abdeen et al.,
2016a). Interestingly, most of these inhibitors are more selective
against GroEL-GroES vs. Hsp60-Hsp10 (Abdeen et al., 2016a,b).
Some of these may even potentially inhibit the Hsp60-
Hspl0 complex from Trypanosoma brucei (Abdeen et al,
2016b) to treat African sleeping sickness. These results suggest
that selectively targeting one protein complex is feasible.
Ongoing extensive studies are attempting to resolve if the
Hsp60 protein complexes in different subcellular compartments
have unique activities or oligomeric equilibria (Vilasi et al,
2017), which may offer additional opportunities to develop
small molecules to target one complex over the others.
For example, can we selectively target one Hsp60 complex
that is more disease relevant than the mitochondrial Hsp60-
Hspl0 complex that is essential for normal mitochondrial
homeostasis?

As we expect that more inhibitors are being developed
and more mechanistic details are being elucidated, targeting

Hsp60 can be a powerful strategy to develop therapeutics
in multiple indications. When assessing these inhibitors, it is
critical that appropriate controls are included to ensure that
the inhibitors are indeed targeting Hsp60 instead of other
components in the assay system (e.g., spontaneous folding
or other enzymes included for coupled biochemical assays).
In this regard, both substrates that can refold spontaneously
(e.g., green fluorescent protein and dihydrofolate reductase) and
substrates whose refolding depends on Hsp60 (e.g., rhodanese
and malate dehydrogenase) should be used. Refolding reactions
in the absence of the chaperonin complex should also be
included to evaluate potential inhibitors. With these proper
controls, one can ascertain that the inhibitors indeed directly
target Hsp60-dependent activity and even possibly tease out
the exact step that the inhibitors actually act on in this multi-
step folding process. The potencies of the current inhibitor
are in general low (WM to mM) and more potent inhibitors
(preferably low to high nM range) need to be developed
for further studies. It is tempting to speculate that small
molecules that can enhance the Hsp60’s chaperone activity may
provide a novel opportunity to treat neurodegenerative disorders
where Hsp60 mutations cause defective chaperones. Molecules
possessing this activity have not been reported yet, but allosteric
modulators to enhance Hsp60’s refolding efficiency are likely
to be discovered. On the other hand, the small molecules
that can inhibit Hsp60’s activities including refolding activity,
ATPase activity and perhaps other moonlighting activities would
be great starting points for new therapeutics in inflammatory
diseases, autoimmune diseases and various cancers. As we better
characterize the moonlighting functions of Hsp60 in the future,
it will also be critical to assess the correlation between different
compounds’ inhibitory potency in Hsp60 refolding and the
moonlighting function in question. Such studies will further shed
insights into the biochemical properties of Hsp60 in different
subcellular compartments. Most of the inhibitors developed
so far possess different degrees of anticancer activities. When
deciding the future preclinical and clinical applications of these
small molecule modulators, it will be critical to determine the
selectivity profiles of the inhibitors and to what degree the
mitochondrial homeostasis will be altered by the small molecules
and how this effect will confer potential deleterious side
effects.
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The nucleotide-free chaperonin GroEL is capable of capturing transient unfolded or
partially unfolded states that flicker in and out of existence due to large-scale protein
dynamic vibrational modes. In this work, three short vignettes are presented to highlight
our continuing advances in the application of GroEL biosensor biolayer interferometry
(BLI) technologies and includes expanded uses of GroEL as a molecular scaffold for
electron microscopy determination. The first example presents an extension of the ability
to detect dynamic pre-aggregate transients in therapeutic protein solutions where the
assessment of the kinetic stability of any folded protein or, as shown herein, quantitative
detection of mutant-type protein when mixed with wild-type native counterparts.
Secondly, using a BLI denaturation pulse assay with GroEL, the comparison of kinetically
controlled denaturation isotherms of various von Willebrand factor (WVF) triple A domain
mutant-types is shown. These mutant-types are single point mutations that locally
disorder the A1 platelet binding domain resulting in one gain of function and one
loss of function phenotype. Clear, separate, and reproducible kinetic deviations in the
mutant-type isotherms exist when compared with the wild-type curve. Finally, expanding
on previous electron microscopy (EM) advances using GroEL as both a protein scaffold
surface and a release platform, examples are presented where GroEL-protein complexes
can be imaged using electron microscopy tilt series and the low-resolution structures of
aggregation-prone proteins that have interacted with GroEL. The ability of GroEL to bind
hydrophobic regions and transient partially folded states allows one to employ this unique
molecular chaperone both as a versatile structural scaffold and as a sensor of a protein’s
folded states.

Keywords: chaperonin GroEL, electron microscopy, tilt series, tetanus neurotoxin, anthrax toxin, von Willebrand
Factor, biolayer interferometry, cryoSPARC
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INTRODUCTION

The complete functional GroE chaperonin system (GroEL,
GroES) is an exquisite allosteric machine that can initially capture
transient hydrophobic pockets on folded proteins or partially
unfolding protein intermediates. If the size of the captured
protein is sufficiently small (<50 kDa), the folding intermediates
are released into the highly-structured GroEL-GroES (GroE)
nanochamber where folding can continue (Gruber and Horovitz,
2016). Although initial structural work clearly indicates that the
interior of the GroEL nanochamber becomes more hydrophilic to
aid the folding reaction (Saibil et al., 2013), there is new evidence
suggesting that this simple explanation needs to be amended.
Specifically, there is increasing mechanistic and structural
evidence indicating the unstructured hydrophobic Gly-Gly-Met
tetra-repeat C-terminal tails play an important kinetic/structural
role in both binding and unfolding the captured protein (Weaver
etal,, 2017). ATP nucleotide hydrolysis results in timed allosteric
disruption of the GroE nanochamber to release the protein
substrate back into solution. In the absence of any nucleotide
(ATP or ADP), GroEL is capable of both capturing and arresting
the folding of any protein that is either completely unfolded or,
more interestingly, fluctuating in a dynamic equilibrium between
folded and partially folded states (Viitanen et al., 1991; Smith and
Fisher, 1995; Smith et al., 1998). As shown initially by Martin and
Hartl and later by the Valpuesta group, the physiological relevant
capture of transient dynamic states could be particularly relevant
for organismal survival to prevent mass aggregation during heat
stress (Martin et al., 1992; Llorca et al., 1998).

The nucleotide-free form of GroEL is one of the most
promiscuous binders of partially folded proteins that has
been encountered to date. Indeed, early purification schemes
for GroEL were plagued by co-purification of large and
diverse amounts of contaminating proteins and peptides. These
contaminants were bound tightly to the now nucleotide-free
GroEL as endogenous ATP was diluted and depleted during cell
disruption. Early visual analysis by the Lorimer group of the
GroEL-captured proteins revealed the contaminating proteins
were nascent, unfolded E. coli proteins (Viitanen et al., 1992).
Clark and Frieden further analyzed these contaminants using
mass spectroscopy and found a substantial amount of short,
cleaved polypeptides were also present prior to removal during
final purification steps (Clark et al., 1998). Using a very clever
in vivo experimental design, the Horwich group generated a
temperature sensitive GroEL mutant which immediately loses
its ability to adopt its nucleotide-bound low affinity state upon
upshift to non-permissive temperatures (Sewell et al., 2004).
Using this mutant, it was found that a significantly large
number of nascent E. coli proteins (estimated >330 proteins
by MudPIT analysis) aggregated or co-precipitated with GroEL
in vivo (Chapman et al., 2006). Curiously, EM analysis of E.
coli containing this temperature-sensitive mutant showed highly
structured, regular arrays within the cytoplasm. These arrays
look quite similar to the inclusions found in some mitochondrial
diseases, such as ragged red fiber syndrome, where protein
homeostasis and production of the electron transport chain
proteins are disrupted. Independently, our laboratory confirmed

that large protein substrates with multiple opposing hydrophobic
surfaces can induce chaining into extended linear arrays when
captured by GroEL and these chains are easily visualized by
negative-stain EM (Akkaladevi et al., 2015). The key finding
from all these experimental observations demonstrates that the
nucleotide-free GroEL can capture a wide variety of partially
folded proteins with high affinity.

The promiscuous nature of the nucleotide-free chaperonin
has been used as a tool to capture and isolate transient protein
folding intermediates with the intent to prevent aggregation
during concentration. This capture and pause in folding permits
folding of target proteins at high concentrations (Fisher, 1993).
Notably, capture and successful folding using the chaperonin
was accomplished in the mg/mL range as compared to the
limited success of only observing folding at the pg/mL range
in the absence of the chaperonin (Fisher, 1993; Smith and
Fisher, 1995). The chaperonin can be rapidly separated from
the substrate protein following ATP release either by attaching
GroEL to beads and spinning down (Voziyan et al., 2005) or
by immunoprecipitating GroEL (Fisher and Yuan, 1994; Fisher,
1998).

The presence of the nucleotide-free chaperonin can be used
to prevent protein aggregation resulting from the presence of
dynamic transient states. This aggregation is dependent on
both the lifetime of the transient state and the interaction
between one of these transient open hydrophobic states with
other transient open states. The population of open states
results from naturally occurring native structural fluctuations
that persist longer in missense mutation disease states. These
open, aggregation prone states can collide with one another
to form initial small aggregates (dimers or greater) that can
either be reversible or irreversible depending on the strength of
the protein-protein interaction (Roberts, 2014). This aggregation
process is particularly problematic for biotherapeutic proteins
where the requirement of a long shelf life provides ample
opportunities for aggregation to occur. In relation to human
health, if similar deleterious long-lived transient misfolding
processes occurs within cells, this can lead to detrimental protein
aggregation or abnormal protein clearance in vivo, ultimately
resulting in a protein folding disease phenotype.

In this work, additional experiments are presented that
extend our use of GroEL biosensor technologies to (1) detect
partially folded populations of mutant-type when mixed with
wild-type counterparts, (2) detect differences between wild-
type, gain of function, and loss of function folding disease
mutations and, (3) utilize GroEL molecular scaffolds to capture
or maintain solubility of aggregation prone proteins for EM
structural analysis. Specifically, in the first example, GroEL
biosensors detect and can potentially quantitate the amount
of partially folded mutant-type maltose-binding protein (MBP)
when mixed with wild-type. Furthermore, the data demonstrate
that this detection response is linear with respect to the
amount of mutant-type protein within a low concentration
range. The second application expands on our previous work
comparing wild- and mutant-type proteins. Using the automated
denaturant pulse protocol, one can rapidly assess differences
through the acquisition of distinct and separate kinetically
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controlled denaturation isotherms. In the case presented herein,
this comparison is made between wild-type and two missense
folding disease mutants for von Willebrand factor (vWF). In the
final application, GroEL is used as a scaffold to aid negative-stain
EM and tilt series image acquisition to construct low-resolution
structures of the aggregation-prone tetanus neurotoxin (TeNT)
from a mixed population while also visualizing the GroEL-TeNT
complexes.

MATERIALS AND METHODS

Materials

Bovine Serum Albumin Fraction V (BSA FV) (Sigma Aldrich
A9647) was diluted to 1 mg/mL with GroEL Buffer (GB) from a
300 mg/mL BSA FV stock in ultrapure (18.2 MS2) water. All other
materials (buffer agents and salts) were obtained from Fisher
Scientific. The cryoSPARC system (Structura Biotechnology) is
run on a single Supermicro 4U workstation equipped with 2x
NVIDIA Titan Xp GPUs, Intel® Xeon® E5-1630 v4 processor,
4x 16 GB DDR4-2400 RAM, 1.2 TB Intel® SSD DC $3610 for
runtime caching, and 4x 4TB Seagate HDD for data storage
(Silicon Mechanics assembled), which is housed in lab.

GroEL Purification

GroEL was purified following protocols outlined previously
(Voziyan and Fisher, 2000; Lea et al, 2016). GroEL stock
solutions were stored in GroEL buffer (50 mM Tris, 50 mM KCl,
10 mM MgCl,, 0.5mM EDTA, pH 7.5) at 50 .M tetradecamer
with 50% glycerol at 4°C.

MBP Purification

Wild-type and W169G MBP were expressed in E. coli and
purified using methods described previously for Hiss tagged
proteins (Xia et al., 2013). Purified protein was stored in 20 mM
phosphate buffer at pH 7.0 with 100 mM NaCl.

VWF A1-A2-A3 Purification

Wild- and mutant-type VWF A1-A2-A3 tridomains with von
Willebrand Disease point mutations (V1314D and F1369)
engineered into the Al domain (Tischer et al., 2014) were
expressed with a C-terminal Hiss tag on the A3 domain and
purified as previously described (Auton et al., 2007a). Purified
protein was stored in vWF buffer (25 mM TRIS, 150 mM NaCl,
pH 7.5) at 4°C and used within 2 weeks.

TeNT Purification

Tetanus neurotoxin was purified in the Baldwin laboratory as
previously described (Burns and Baldwin, 2014). In brief, site
directed mutagenesis was performed to remove the catalytic
residues (R372A/Y375F). TeNT(RY) was expressed in E. coli
and cell lysate was passed over both Ni-NTA and Strep-Tactin
resins to twin affinity purify the neurotoxin. Purified protein
was concentrated to 1.5 mg/mL in TeNT buffer (30 mM HEPES,
500 mM NaCl, pH 7.6) and frozen at —80°C until use.

GroEL-BLI Biosensor Construction
Preparation of the GroEL-BLI biosensor followed similarly to
methods previously described (Naik et al., 2014; Pace et al., 2018).

GroEL stock solution was buffer exchanged with GroEL buffer
(GB) using an Amicon Ultra-4 30 MWCO to remove glycerol
and monomers. The exchanged GroEL was then biotinylated
using NHS-PEG12-Biotin (Thermo Scientific 21312) at a 20:1
biotin:GroEL ratio for 30 min at room temperature. Biotinylated
GroEL (bGroEL) was then buffer exchanged into fresh GB in
order to remove excess biotinylation reagent from solution. The
GroEL-BLI biosensor was prepared in the beginning of each
BLI run by hydrating a streptavidin tip (fortéBio 18-5019) in
GB for 10min, followed by a 1min binding step in 0.5uM
bGroEL with a wash step in GB for 30s to remove non-bound
bGroEL. Loading amplitudes were 5-6 nm indicating saturation
of the biosensor surface. As a precaution, GroEL tips were
incubated in a BSA solution to block non-specific binding sites
(Naik et al., 2014; Pace et al., 2018). Natively folded BSA does
not bind to GroEL or inhibit its ability to bind hydrophobic
patches. The GroEL-BLI biosensor was then used for subsequent
experiments.

Standard Curve Construction for MBP

Experiments

The following seven steps were performed using the BLItz to
generate a standard curve using varying MBP concentrations
(0.5, 1.0, 1.5, 2.0 uM) for both wild-type and W169G:

Step Time (s) Event Composition

1 30 Initial Baseline GroEL Buffer (GB)

2 300 Loading 0.5 M bGroEL in (GB)

3 30 Baseline GB

4 300 Custom 1 mg/mL BSA FV in GB

5 30 Baseline GB

6 300 Association MBP WT/W169G/Mix in GB
7 300 Dissociation GB

For wild-type/W169G mixture, concentrations of 0.5, 1.0,
1.5, and 2.0uM W169G MBP were tested in the presence
of 0.5uM wild-type MBP in order to determine whether
the mixture would more closely resemble either the wild-
type or W169G MBP response. Each sample concentration
for the above experiments was tested three times for
reproducibility. Experiments were all conducted at room
temperature. Binding responses were extracted at 988.50s
into each run, or 298.50s into the association step in the
above table so as to diminish small contributions from buffer
induced refractive index changes during the dip and read
procedure.

Z’' Factor Calculation
7/ factor (read Z prime factor) is calculated for high throughput
screening using the formula:

3 (61 +462)

Z'Factor =1 — ———
|M1 M2
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In the formula above, 61, 63, (i1, and [i; are the sample standard
deviations and sample means, respectively, for condition 1
and condition 2. In this study, binding response is the
input with condition 1 being pure wild-type and condition
2 being pure mutant-type population. Z factors can range
from 0 to 1 with any score of 0.5 or better indicating
those conditions are appropriate for assay development. If
the sample standard deviations are equal, a score of 0.5
indicates there are 12 standard deviations separating the sample
means. This data was collected on the single-channel BLItz
unit and the assay sensitivity and reproducibility can be
improved if the eight-channel Octet is utilized (Lea et al,
2016).

Denaturant Pulse Assay for WFA1-A2-A3
A sample complete run for von Willebrand Factor is represented
in Figure 1A. This triple A domain protein (Al-A2-A3-
Hiss tag) was attached to a Ni-NTA BLI biosensor in
an orientation where the A3 domain is closest to the
biosensor surface. The vWF denaturant pulse assays were
performed on an automated eight-channel Octet RED96
instrument (fortéBIO) shaking at 1,000 rpm, 25°C. For detailed
programming of the denaturant pulse system, see our previous
publication (Lea et al, 2016). The programmed steps were
as follows with the urea range from 0 to 7M by 1M
step:

Step Time (s) Event Composition

1 30 Initial Baseline VWF Buffer (WFB)

2 300 Loading 0.6 uM VWF Protein in VWFB
3 30 Baseline VWFB

4 600 Custom Urea Range

5 10 Baseline GroEL Buffer (GB)

6 300 Association 0.5 M GroEL in GB

7 300 Dissociation GB

8 5 Regeneration 10mM glycine, pH 1.7
9 5 Regeneration GB

10 5 Regeneration 10mM glycine, pH 1.7
ih 5 Regeneration GB

12 5 Regeneration 10mM glycine, pH 1.7
13 5 Regeneration GB

14 60 Regeneration 10mM NiClp

Runs were performed in triplicate with tip regeneration
performed after runs 1 and 2 only. The GroEL binding
signal was plotted as a function of denaturant concentration
to create kinetically controlled denaturation isotherms for
wild-type, gain of function (V1314D), and loss of function
(F13691) mutant vWF (Figures 1B,C). For Figure 1, Step 4
above was run for 300s resulting in less GroEL association
as compared with the GroEL binding amplitudes presented
in Figure4. The denaturant pulse isotherms for both
experiments followed the same trend (data available upon
request).

Transmission Electron Microscope Sample

Preparation

Two hundred mesh carbon-coated copper grids (Electron
Microscopy Sciences CF200-Cu) were glow discharged for 20s
at —15mA in 39 mBar atmosphere. After glow discharge, grids
were rested for approximately 20 min before sample application.
4 pL of sample was applied to the rested grid for 1 min and
then wicked off using Fisherbrand " P8 Grade filter paper. Grids
were washed once with ultrapure water and wicked off as fast
as possible. The grids were then stained for 5s with 0.022 pm
filtered 0.75% uranyl formate (Electron Microscopy Sciences
22451) in ultrapure water and then wicked dry. Grids were
completely dried overnight on filter paper inside a 100 mm Petri
plate. All EM images were acquired using 100 keV JEOL-JEM
1400 transmission electron microscope aside from the tilt series.

Tilt Series Acquisition and Alignment

A pre-made grid was loaded into a single tilt axis holder and
inserted into a FEI Tecnai F30 G2 Twin transmission electron
microscope. After beam alignment, the grids were manually
scanned for well-isolated complexes. Once found, a tilt series was
taken from 0° to +60° and then 0° to —60° every 2°. The series
was combined in order by the microscope’s capture software.
The single .mrc stack file was separated into single micrograph
.mrc files using excludeviews command from IMOD (Kremer
et al., 1996). The single frames were manually realigned using
midas from IMOD. Frames —60° to —56° and +58° to +60°
were excluded from final processing as the grid bar blocked the
electron beam.

GroEL-TeNT ATP Release Sample

Preparation
The following steps were run on the single channel BLItz unit:

Step Time (s) Event Composition

1 30 Initial Baseline GroEL Buffer (GB)

2 60 Loading 0.5 M bGroEL in GB
3 30 Baseline GB

4 600 Association 0.5uM TeNT in GB

5 30 Baseline GB

After the run was completed, the biosensor tip was transferred
into a PCR tube containing GB + 450 mM NaCl + 10 mM ATP
(stock solution at pH 7.5) for 10 min to release the captured
TeNT. After release, the sample was stained for EM without
resting the grid first and with 2 additional wash steps between
sample and stain to remove phosphate ions, which precipitates
uranyl ions.

GroEL-mAb Complex Sample Preparation

Modified biotin GroEL biosensors were prepared exactly as it
would be for normal GroEL biosensors with the sole difference
the replacement of NHS-PEG12-Biotin with NHS-SS-Biotin.
Once adequate binding of the IgG was observed via BLI, the tip
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was manually held in a 3 pL drop of 50 mM DTT for 20s. The
sample was then processed as normal for EM analysis.

GroEL-TeNT Thermal Sample Preparation
Equimolar concentration (500 nM) of TeNT and GroEL were
mixed in GroEL Buffer and incubated at 25°C 200 rpm for 24 h.
Samples were diluted to 7 nM and stained as described.

TeNT Reconstruction Using Cryosparc
System

Single particle reconstructions were performed on images taken
on a 100 keV JEOL-JEM 1400 transmission electron microscope
of thermal GroEL-TeNT complex grids. EMAN2 was used to pick
particles, perform CTF correction, generate structure factor, and
generate .star files for future processing (Tang et al., 2007). The
data from 537 particles was then imported into the cryoSPARC
system using the .mrc and .star files (Punjani et al., 2017). Ab
initio modeling and one round of refinement were performed in
cryoSPARC using default settings aside from double the pre- and
post-annealing default iterations. Twenty-two angstrom (22 A)
resolution was generated using a 0.143 FCS score. cryoSPARC
was used for the tilt series reconstruction using the same steps,
but the input images were of only 28 TeNT particles, with each
particle having 57 views, corresponding to each angle in the tilt
series. These views from the tilt series were input as individual
3D particles. The total number of 2D tilted views that went in
the reconstruction of the tilt series generated dataset was 1,500.
The I-TASSER structure (Zhang, 2008) was fit into both the single
particle reconstruction and tilt series electron density maps using
molecular dynamics flexible fitting (Trabuco et al., 2008).

DEVELOPING GROEL INTO A DIRECT
BIOSENSOR TO DETECT PARTIALLY
FOLDED PROTEIN POPULATIONS WITHIN
PROTEIN MIXTURES

GroEL Biosensors

Noting the promiscuous capture efficiency of the chaperonin
GroEL, biosensors were developed with the goal of detecting
protein populations that possess exposed hydrophobic regions.

Many proteins exist as dynamic equilibrium mixtures of folded
and hydrophobic, partially folded species. These hydrophobic
entities (and regions) can either exist as long-lived, stable species
or flickering, transient species that appear and disappear as
a function of time. It is possible to detect the presence of
transiently unfolded species that exist for a long enough window
of time to collide with GroEL in their open state. The existence
of this fluctuating equilibrium is particularly important when
evaluating the integrity of protein populations that may be
susceptible to slow aggregation reactions. Protein populations
that expose transient hydrophobic patches are often the
primary event that eventually leads to deleterious aggregation.
This makes this approach relevant when determining if pre-
aggregation hydrophobic species are present in concentrated
biotherapeutic formulations. The binding site of GroEL can
accommodate domains of large protein to detect partially folded
hydrophobic regions which cannot fully enter the nanochamber.
The visualization of the GroEL-protein complexes may be useful
in identifying regions that lead to aggregation during long-term
storage.

The pharmaceutical industry is intensely interested in
stabilizing biotherapeutic proteins to increase shelf-life, enhance
or engineer product stability, increase drug delivery efficacy, and
to avoid patient immune response against the biotherapeutic
protein arising from aggregation products. The development of
the biolayer interferometry (BLI) GroEL biosensor permits direct
assessment of protein stability in concentrated protein solutions
of biotherapeutics or related examples (Naik et al., 2014; Pace
et al., 2018). BLI label-free methods are preferable over surface
plasmon resonance (SPR) methods because the former technique
does not rely on microfluidic flow through microchannels.
The latter method (SPR) can be easily compromised by
aggregation events, resulting in microchannel blockage and
fouling. In addition to the aggregation phenomenon, high
protein concentrations will result in immense refractive index
changes during an SPR run that must be subtracted from the
sensogram. The scheme illustrated in Figure 2 demonstrates a
typical BLI GroEL biosensor output sensogram. A unique feature
of this GroEL biosensor system is the release of the partially
folded protein or hydrophobic transients from the biosensor
surface during ATP incubation. This ATP dependent reversal
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FIGURE 2 | General Scheme on the Use of Biolayer Interferometry and GroEL Biosensor. The biosensor can be used to detect the appearance of pre-aggregates
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of protein binding to GroEL results in a return to the baseline
before capture indicating that the GroEL-protein interaction
specific for the GroEL binding site (Naik et al., 2014; Pace
et al., 2018). If stabilization of the protein is achieved either
through the alteration of the formulation solution, the addition
of stabilizing ligand, or genetic engineering, the capture by the
GroEL biosensor is diminished, sometimes quite dramatically
(Naik et al., 2014; Lea et al., 2016; Pace et al., 2018).

In an expansion of the use of the GroEL biosensor, it is of
interest to determine if one can detect increases in mutant-type
population within a mixture of wild- and mutant-type protein.
Proof of concept experiments are presented in this section for
the model protein maltose-binding protein (MBP). MBP with
the W169G missense mutation is a less thermally stable protein,
resulting in a dynamic equilibrium between folded and partially
folded conformers. First, demonstration of a linear binding
response with respect to the protein concentration after a certain
time (Figure 3A - dotted line) is generated for pure populations
of either wild- or mutant-type protein and the amplitudes are
plotted as a function of concentration. Next, it is of interest to
determine how this linear response of the mutant-type protein
behaves when MBP species are mixed in solution. Experimental
setups such as these may help determine if the mutant protein
misfolding is independent or dependent of the presence of the
wild type protein. In the latter situation, this type of an assay
may be helpful in assessing the ability of mutant-type proteins
to induce misfolding of stable wild-type species. The potential
interactions between wild- and mutant-type folds leading to an
induction of misfolding can be applicable toward understanding
the impact of protein misfolding in some disease states. This
situation is particularly relevant for instances where one mutant
allele results in dominant negative phenotypes as seen with many
tumor suppressor p53 mutations.

Detection of Mutant Population Within a
Mixed Solution of Wild- and Mutant-Type
MBP

The GroEL biosensor detected the greatest increase in binding
amplitude for the mutant population alone as compared with the

synonymous concentration of wild-type MBP (Figures 3A,B).
The mixed population biosensor binding amplitudes showed a
slight decline in sensitivity as compared to the pure populations.
However, the mixture of wild type and mutant protein still show
an increased binding response as compared to the wild-type
protein alone (Figure 3B). Additionally, this increased response
is linear with respect to the concentration of mutant-type
subpopulation with the shallower slope indicating the lessened
sensitivity. Light scattering measurements at 320 nm showed no
increase suggesting that the presence of large aggregate species
is not prevalent in any of the mixture samples, supporting the
notion that the binding amplitude from the GroEL biosensor
was due to the presence of pre-aggregate subpopulations. This
lessened sensitivity is most likely due to reduced collisional
frequency effects simply from the presence of native folded MBP.
The calculated Z’ factor between the pure wild- and mutant-type
populations at 2 uM concentration is 0.649. Any Z’ factor above
0.5 indicates that this concentration and conditions is useful for
assay development (Zhang et al., 1999; Lea et al., 2016).

Thus, it is possible to detect a change in binding signal due
to the increased presence of less stable hydrophobic species.
Disparities in linear response between mutant-type alone and
wild-/mutant-type mixture populations are predicted to be
substantially altered (diminished) if the wild- and mutant-type
proteins interact to bury the exposed hydrophobic faces.

COMPARISON OF KINETICALLY
CONTROLLED DENATURATION
ISOTHERMS OF WILD- AND
MUTANT-TYPE VON WILLEBRAND
FACTOR USING GROEL-BLI DENATURANT
PULSE ASSAY

Denaturant Pulse Assay

The kinetic stability of aggregation-prone proteins can be
determined using a unique chaperonin dependent denaturant
pulse assay. This technique assesses the stability of proteins
immobilized on BLI biosensor surfaces after a time-controlled
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pulse in various denaturant solutions. GroEL binding to
hydrophobic patches on the unfolded protein amplifies the
unfolded protein signal. The development of this method is
discussed in a previous publication from this laboratory (Lea
et al,, 2016). Kinetically controlled denaturation isotherms were
rapidly and reproducibly generated for several protein systems.
In this current work, the denaturant pulse approach is expanded
to encompass new and more complex systems. To illustrate
the expanding utility of this method, denaturation isotherms of
wild- and mutant-type von Willebrand Factor (vVWF) triple A
domain were collected and compared. Many missense mutants
have a tendency to aggregate in solution during conventional
stability analysis. Therefore, the immobilization of missense
mutants prior to performing the denaturant pulse assay avoids
this common difficulty.

von Willebrand Factor

vWF is a multimeric plasma glycoprotein which initiates platelet
adhesion at sites of vascular injury. Under high shear stress,
VWF unravels and binds to platelets and collagen to create
a plug to stop bleeding. von Willebrand Disease (VWD) is
a bleeding disorder affecting approximately 1% of the world
population. This hereditary disease is caused by mutations that
cause quantitative deficiencies of vVWF or qualitatively alter vVWF
function. Mutations in Al of the triple A domain of vWF alter
its specificity for the platelet receptor GP1ba. Mutations in A3
can affect its collagen binding affinity. Finally, mutations in A2
cause defective intracellular transport or enhance proteolysis of
a scissile bond recognized by the soluble blood metalloprotease
(ADAMTSI13), which helps regulate the multimeric size of
VWF (Keeney and Cumming, 2001). Some vWD mutations that
change A1-GP1ba binding specificity result in local misfolding
of the A1 domain (Tischer et al., 2014, 2017; Zimmermann et al.,
2015; Machha et al., 2017) causing both gain and loss of function

phenotypes. Two such mutations are V1314D, a gain of function
mutation that causes increased platelet adhesion, and F13691, a
loss of function mutation that does not adhere to platelets at all.
The GroEL-based BLI denaturant pulse assay was used to assess
the kinetic stability of VWF A1-A2-A3 for both wild-type and
partially disordered vWD point mutants.

VWF Wild- & Mutant-Type Denaturant

Isotherms

The kinetically controlled denaturant isotherms for wild-type,
F13691, and V1314D vWF triple A domains are shown in
Figure 4. GroEL binding to these misfolded triple A domain
variants was assessed as a function of urea concentration
using a BLI denaturation pulse assay. vVWF-GroEL association
was confirmed with direct observation using EM (see section
Release and EM Analysis of Proteins Released From Biosensor
Surfaces). Although, the gain of function mutant V1314D had
exposed hydrophobic patches under little or no denaturant as
evidenced by GroEL association at these urea concentrations,
the denaturant pulse profiles for wild-type and V1314D were
similar at high urea concentrations. By contrast, F13691 and wild-
type had similar GroEL binding at low urea concentrations, but
at high denaturant conditions the F13691 exhibited significantly
higher binding by GroEL.

In equilibrium denaturation profiles using wurea, the
thermodynamics of vWF triple A domain unfolding has
been described as three domains linked in a linear fashion in
which unfolding of each domain proceeds orderly with the
simultaneous unfolding of A1 and A2 at low urea followed by A3
at high urea (Auton et al., 2007b). Evidence suggests that in the
absence of urea, the A1, A2, and A3 domains interact with each
other and mutations can disrupt these interactions as a result of
their intrinsic effects on the single domain (Auton et al., 2010).
It is possible that the interactions between domains observed in
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FIGURE 4 | vVWF Kinetically Controlled Denaturant Pulse Isotherms for Wild-
and Mutant-Types. Kinetic denaturation isotherms for the wild-type (circles),
gain of function mutant (squares), and loss of function mutant (triangle) overlaid
for comparison. The closed and open arrows denote the potential corrective
ligand induced responses that may restore wild-type denaturant pulse profile
and protein function.

the wild-type protein are differentially altered depending on the
structural location of a mutation (Zimmermann et al., 2015),
whether the mutation occurs at a domain interface, its intrinsic
effect on thermodynamic stability of a domain (Auton et al,
2009), and/or its propensity for local disorder (Zimmermann
et al, 2015). These intrinsic properties of the vWF triple
A domain would therefore lead to different GroEL binding
efficacies thus altering the urea denaturant pulse dependence of
GroEL binding.

For V1369D, the disordered structure of the Al domain
(Tischer et al.,, 2014) is such that GroEL is able to bind to
the VWF triple A domains even with low urea concentrations.
By contrast, F13691 requires a much higher urea concentration
to yield extensive GroEL binding. These observations imply
that structural disorder induced in the Al domain by these
mutations result in altered quaternary Al-A2-A3 domain
interactions that are differentially recognized by GroEL. The
structural disruption of Al by V1314D is so severe that
GroEL readily recognizes exposed hydrophobic regions without
urea denaturation. Conversely, F13691, which also misfolds the
Al domain, may cause Al-A2-A3 domain to reorganize its
quaternary structure forming unnatural domain interfaces which
are stabilized against urea denaturation, thereby requiring higher
urea to achieve similar levels of GroEL binding. This differential
binding by GroEL depending on the mutation may be reduced
by post-translational glycosylation, which normally decorates the
VWEF surface but are lacking when bacterially expressed.

The BLI denaturation pulse assay for the wild- and mutant-
type proteins may have potential to be used as a rapid drug
discovery platform. Performed with candidate small molecule

stabilizers generated using in silico selection algorithms, this
assay could be used to determine if the test compounds rectify
the structural origins of misfolding. Any compound which
returns proper folding to the mutant-type protein would return
the mutant denaturation isotherm to match that for wild-type
(Figure 4 arrows). Although these mutations presented herein
are both in the A1 domain, a different stabilizing compound may
be required to correct each specific mutation as the two mutants
do not have the same effect on the denaturation isotherm and
likely represent two different misfolding events which need to be
stabilized.

The ability to generate kinetically controlled denaturation
isotherms for entire sets of phenotypically distinct single site
mutations may offer researchers a unique tool with the advantage
of distinguishing properties of different mutant-types. A recent
comparison of the wild type and mutant maltose binding
protein constructs used in section Introduction also shows clearly
different denaturation isotherms (Trecazzi and Fisher, 2018).
For specific missense disease proteins, the observation of these
kinetic differences in mutant stabilities indicate that one may
have to design very specific correctors for specific mutations,
strengthening the case for implementing personalized/precision
medicine approaches to rectify both common and rare protein
folding diseases.

TRANSMISSION ELECTRON
MICROSCOPY ANALYSIS OF GROEL
CAPTURED PROTEINS

Protein 3D Reconstruction Using cryoEM

Advances in obtaining atomic resolution structures using cryo-
electron microscopy (cryoEM) still depend on sample integrity
and purity (Earl et al., 2017). Before starting cryoEM imaging,
it is imperative to assess sample integrity, which is usually
accomplished by visualizing the sample using negative-stain
EM. Optimal samples are those that are highly pure and
homogenous with respect to conformation. Additionally, these
negative-stained images can sometimes be used to generate
preliminary 3D envelopes that can be useful to train automated
particle picking programs. As with all negative-stain protein
samples, there are caveats that must be considered, such as
flattening and grid adherence effects, which in turn may lead
to diminished conformational and orientation diversity. Despite
these caveats, negative staining is still the much preferred
first step in sample evaluation due to ease of preparation and
relatively low cost. In solution, GroEL stabilizes aggregation
prone proteins by temporarily removing misfolding species and
preventing them from interacting with other proteins (Horwich
et al., 2009; Tyagi et al, 2011). By pairing GroEL with the
biosensors we can extend the use of this tool to study both the
stability of target proteins and the location of the unfolding.
The use of the chaperonin as both a capture-release and a
capture scaffold platform that can facilitate visualization of the
structures of aggregation-prone proteins using a very small
quantity of sample will be discussed. The ability to immobilize
and assemble complexes on the biosensor surface followed by
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release into microvolume drops permits determination of their
structural integrity. Importantly, by demonstrating that it is
possible to visualize proteins released from the GroEL biosensor
surfaces, this capture-release technique enables one to potentially
view conformations of aggregation prone proteins, a common
problem that confronts many researchers who want to obtain
credible 3D protein structures for their protein system of choice.

GroEL Stabilization of Aggregation-Prone

Proteins

GroEL-anthrax Protective Antigen Stabilization

The observation that the large 440 kDa protective antigen (PA)
prepore structure can form stable complexes with the GroEL
chaperonin in solution (see Figure 1 from Katayama et al,
2008) led to surmise GroEL-folded protein substrate complexes
could also be visualized using EM. Thus, initial work from
this laboratory confirmed that one can capture large folded
protein complexes on the GroEL chaperonin and easily visualize
these stable captured complexes using negative-stain EM. From
these micrographs, low-resolution negative-stain reconstructions
of the bound anthrax pore structure were obtained while
simultaneously avoiding misfolding of this aggregation-prone
toxin pore (see Figure 2 from Katayama et al, 2008). The
compiled results from this analysis are summarized in Figure 5.
These early results using GroEL as a molecular scaffold to
capture the transitioned pore indicated that these low-resolution
structures are quite similar in shape to the atomic resolution
anthrax pore structures solved by Hong Zhou’s group in 2015 (see
Figure 1 from Jiang et al., 2015). In further agreement, domain
4 lacked electron density in both the atomic and the GroEL
captured PA pore electron density maps, which is attributed to
increased flexibility of this domain and not the limitation of the
capture system. The formation of the complex between GroEL
and the anthrax pore were driven primarily by electrostatic
interactions and were easily reversed when ATP was added. In
contrast to the physiological transition condition of low pH, the
GroEL-PA prepore transition was accomplished by incubation
in 1 M urea at 37°C. This condition is tolerated by both GroEL
and GroEL-PA complex and is sufficient to permit the PA
unfolding/refolding transition to occur while remaining bound
to GroEL as a scaffold. This GroEL capture of the PA prepore
allows successful transition from PA prepore to PA pore without
allowing off-pathway aggregation, which predominates when
PA transitions in solution. This is likely due to the fact that
the GroEL-PA pore complex has a larger size (1.24 MDa) and,
therefore, has a much slower diffusion rate as compared with
the PA pore alone. Most importantly, this approach shows large
macromolecular structures can be easily resolved while bound
to GroEL. In the following sections, numerous examples are
presented where this methodology is useful in aiding in the
visualization of other folded proteins that are captured by the
GroEL chaperonin.

Solution Stabilization of Tetanus Neurotoxin

Tetanus neurotoxin

From the past 200 years of research into tetanus neurotoxin
(TeNT), much about its functionality is known. However, the

mechanistic details and the physical changes which accompany
membrane insertion and protein transport across membranes
under low pH conditions are unknown. To better understand
this process, it is important to obtain the atomic structures
of the neurotoxin upon neuron binding, membrane interface
association, and membrane insertion via cryoEM. At the time
that this manuscript was being assembled, a crystal structure
and a cryoEM structure of tetanus neurotoxin was published
(Masuyer et al., 2017). Even so, the negative-stain images of
GroEL-TeNT and TeNT presented herein possess great similarity
to the cryoEM TeNT structure with the 3D reconstructed
electron density maps being in agreement. The following section
highlights the ease by which this was accomplished and indicates
that even a single resulting electron microscopy tilt series
of the GroEL-TeNT complex exhibited discernable electron
density surface topology that is highly similar to the cryoEM
surface representation. In addition, it is demonstrated that a 3D
reconstruction of TeNT can be generated using as few as 28
individual particles imaged as a tilt series.

GroEL prevents aggregation under low salt conditions

The previous three examples (MBP, IgG, & vWEF) have
demonstrated the use of GroEL in conjunction with BLI, but,
as previously mentioned, GroEL can also be used in solution
to prevent protein misfolding and aggregation. Once purified,
TeNT is stored in a high salt solution (0.5M NaCl) as it
will aggregate under low salt conditions (0.05M). However,
aggregation of TeNT under low salt conditions can be prevented
by addition of GroEL, presumably through the capture and
release cycles of aggregation-prone, misfolded TeNT molecules.
This permits visualization of TeNT using negative-stain EM,
where the staining protocol becomes problematic due to high
salinity.

Tilt series on the GroEL-stabilized TeNT

With the ability to visualize TeNT without aggregation, the
gridded and stained TeNT can be imaged using a tilt enabled
electron microscope and specimen holder. A tilt series was
collected for this sample using a 200 keV field emission gun
(Figure 6). A representative aligned tilt series is provided as a
movie in Supplemental Video 1. One can clearly discern the
cross like structure of the bound TeNT protein and the domain
that interacts with GroEL appears to be the extended receptor
binding domain. Comparison with the cryoEM single particle
reconstruction envelope (EMD 3588) supports this conclusion.
Supplied with only one single tilt series, 3D reconstruction of
tetanus is not possible due to the limitation of the tilt angle
preventing total conformation coverage. Additionally, as there is
no preferred binding orientation between TeNT and GroEL, the
pooling of images from multiple complexes does not result in a
3D envelope of the toxin likely due to differential GroEL capture
of TeNT. This difficulty did not hamper the reconstruction of
the GroEL-PA pore complex as the entire toxin was exclusively
bound on top of the GroEL nanochamber as well as the
complementary 7-fold symmetry match which aided to orient all
PA pore in the same orientation relative to GroEL (Katayama
et al., 2008). The reconstruction of the current complex is
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FIGURE 5 | Schematic of the Protective Antigen Anthrax Pore Capture and Conversion. (I) 2D class computational averaging of GroEL-PA pore from the
micrographs. () Masking of 2D class averages to reconstruct PA pore alone. (Ill) 3D envelope of isolated PA pore reconstructed using SPIDER, revealing the long
B-barrel pore. (IV) PA pore functionality was as tested by both (A) cation transport and (B) lethal factor translocation assays. Micrographs obtained at UMKC. Adapted

hindered by flattening effects due to dehydration and staining
inherent in the negative-staining protocol. This flattening is
evident by the GroEL appearing flat in the tilt series, lacking
its characteristic barrel shape (Supplemental Video 1). This
solution based reconstruction does not rule out the possibility
of generating molecular structure for the GroEL-TeNT complex.
Immobilization of TeNT in the same orientation may force
GroEL binding at one site generating identical complexes.
Orientation specific attachments have been engineered for TeNT
previously (see discussion in Figure 10 in Lea et al., 2016).

TeNT reconstruction from negative-stain tilt series

Unlike the GroEL-TeNT complexes, the non-aggregated
monomeric TeNT within the same field can be reconstructed
using both single particle reconstruction and particle tilt
series. Single particle reconstruction uses only the 0° tilts
and hundreds of picked particles. In contrast, fewer particles
can be used for reconstruction if the protein is repeatedly
imaged while adjusting the tilt angle. The tilt angle is controlled
by the acquisition software to ensure equal spacing of 2°
between images. Using the cryoSPARC system, an electron
density map can be constructed from only 28 unique particles
(Figure 7; purple mesh, right). The movie for one aligned
TeNT tilt series can be seen in Supplemental Video 2.
This limited dataset reconstruction matches the traditional
single particle reconstruction, which required >500 particles,

(Figure 7; blue mesh, left) but did not require hundreds
of particles to be picked. With further constraints on the
input views as shown in Bartesaghi et al. (2012), higher
resolution information could be obtained. The number of
images generated from the tilt series of 28 particles yielded 1,500
views. Additionally, these two negative-stain reconstructions
correlate, despite lower resolution, with the recently published
work which solved the high resolution structure of TeNT by
both cryoEM, created using 200,000 particles, and the SAXS
ensemble (Masuyer et al., 2017). The resolution of these two
negative-stain electron density maps can most certainly be
improved by using higher tilt angles, increasing the number of
particles picked, and ensuring the particles represent greater
orientation coverage. However, the purpose of these initial
reconstructions was not for high resolution but to demonstrate
that low particle numbers can render reasonable low-resolution
reconstructions using the cryoSPARC system. This approach
may be very useful in situations where small amounts of
purified complexes are assembled on BLI biosensors that
are then released into microvolumes and visualized using
negative-stain EM (see section Release and EM Analysis of
Proteins Released From Biosensor Surfaces; Naik et al., 2013,
2014; Pace et al., 2018); thus, the reconstructions only achieved
low-resolution. Although this molecular envelope is low-
resolution (approximately 22 A), the model can be used as a
valid training dataset for automated neural network particle
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FIGURE 6 | Schematic of Tilt Series Image Capture. (Left) Representative micrograph of negative-stained GroEL bound to TeNT. The grid is scanned for isolated
complexes to avoid protein overlap at high tilt angles. An appropriate complex is boxed in orange. (Right) Enlargement of boxed complex for detail. GroEL can be
seen as four parallel bands (green bracket). Captured TeNT (red bracket) can be seen as white density above GroEL. This complex is then repeatedly imaged at 2°
increments. Representative tilted image captures are shown at the bottom. Micrographs obtained at MU EMC.
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FIGURE 7 | Negative-stain EM Comparative Reconstructions: Single Particle Reconstruction & Particle Tilt Series Reconstruction. (Left) Blue envelope of traditional
single particle reconstruction using micrographs from Figure 6. Red ribbon structure of I-TASSER modeled protein fit using molecular dynamics into the envelope.
(Right) Purple surface representation of reconstruction of 28 particles from tilt series acquisition. The green ribbon structure is the same I-TASSER fit into the map
using MDFF. In this orientation, the receptor binding domain is placed on the left in each reconstruction.
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picking programs for both negative-stain EM and cryoEM
micrographs.

Release and EM Analysis of Proteins

Released From Biosensor Surfaces

As has been shown in sections Developing GroEL into a direct
biosensor to detect partially folded protein populations within
protein mixtures and Comparison of kinetically controlled
denaturation isotherms of wild- and mutant-type von Willebrand
Factor using GroEL-BLI denaturant pulse assay, the combination
of BLI and GroEL is a powerful tool to assess protein
stability. However, as BLI output is in nanometer shift in the
interference spectrum and does not carry structural data, it
requires the assumption that the expected protein complexes
are being constructed on the biosensor surface. To validate
complex assembly, the purported GroEL-protein complexes can
be orthogonally confirmed using negative-stain EM. Using the
proper conditions, the complexes formed in the previous sections
can be released from the biosensors after complex assembly, and
then gridded and stained with heavy metals (see section Materials
and Methods for Experimental Details). Using this technique,
the GroEL-protein complexes can be directly visualized. For
other techniques that reveal high and low resolution election
density envelops of protein complexes such as crystallography
or small angle X-ray scattering respectively, it is ideal that
the sample consists of homogeneous complexes. If the target
protein is inherently varied with respect to conformational
heterogeneity (multiple conformations), analyzing the structural
outputs by these methods becomes problematic. With EM
analysis, each complex can be examined individually and
therefore the binding heterogeneity can potentially be revealed
in each case, particularly if random tilt series methods are
applied. While mass spectroscopy can also identify target
protein composition upon ATP induced release from the GroEL
chaperonin, the maintenance of solubility during EM analysis
is critical. Including the natural anti-aggregation chaperonin
protein allows one to obtain low resolution structures of both
free and bound substrate protein chaperonin complexes. With
GroEL-Protein substrate complexes, previous and new examples
shown below indicate that direct EM visualization allows one
to broadly identify which folded yet hydrophobic region(s) of
the target protein interact with the GroEL chaperonin at its
promiscuous protein substrate binding site.

Release of GroEL-vWF Complexes From Ni-NTA
Biosensors

For experiments where the GroEL-protein complexes were
formed in the reverse orientation where the protein of interest
is immobilized, like the VWF denaturation pulse assay presented
section Comparison of kinetically controlled denaturation
isotherms of wild- and mutant-type von Willebrand Factor using
GroEL-BLI denaturant pulse assay of this paper, it is possible to
visually confirm of the denaturant induced GroEL association.
For experiments where the protein of interest has a Hisg tag,
the protein can be immobilized using Ni-NTA biosensors. The
coordination between the Hiss tag and the Ni*™ ion can be
gently reversed using either imidazole competition or EDTA

chelation. It is imperative to optimize the eluent concentration
and elution time using the BLI. By releasing captured proteins
into a microvolume drop (3-4 pL), the concentration of any
released protein will be relatively high and appropriate for EM.
As an example of this release and visualization, the Ni-NTA
tip used for the 2M urea pulse on V1314D was released and
stained for negative-stain EM. In this micrograph, it is possible
to discern the distinct A1-A2-A3 domain extension, especially
in the top view (Figure 8; red box). As the Hisg tag is on
the C-terminus of vVWE this orients the A3 domain closest to
the biosensor surface and, therefore, sterically hindered against
GroEL binding. Additionally, the previous solution equilibrium
data indicates the A1 domain unfolds first (Auton et al., 2007a).
With these two facts, it is most likely the A1 domain captured
by GroEL. Although it is not possible to definitively identify
the interacting domain with this sample, additional experiments
could identify the interacting domains. For example, the addition
of an anti-Al antibody and its distinct density on the GroEL-
vWF complex would help identify the GroEL interacting domain
via negative-stain EM. In this particular field, the free GroEL
observed is a consequence of not washing the biosensor before
release. Extensive dissociation of the GroEL from vWF is not
observed (see Figure 1 GroEL dissociation trace).

GroEL-lgG Complexes Released From GroEL
Biosensor Surface
As shown in section Developing GroEL into a direct biosensor
to detect partially folded protein populations within protein
mixtures, GroEL biosensors are capable of detecting pre-
aggregate transients that exist in solution before it is possible
to observe larger scale aggregates using size exclusion
chromatography or microflow imaging (Naik et al, 2014;
Pace et al, 2018). In order to discern what region of IgG
preferentially interact with GroEL, a cleavable biotinylation
reagent needs to be employed so the GroEL-protein complex
can be released. Replacing the standard biotinylation reagent
with one containing a disulfide bond between the biotin
moiety and the amine reactive group accomplishes this feat.
Incubating the modified GroEL biosensor in 50 mM DTT will
reduce the disulfide linkage to release GroEL-IgG complexes
into solution. Similar to the imidazole release, optimization of
the DTT incubation and release should be performed using
BLI. Additionally, the same methodology for microvolume
release and EM processing can be used as described above and
previously (Naik et al., 2013, 2014; Pace et al., 2018). An example
of this release is shown in Figure 9. The four, parallel dark bands
are GroEL and the extra density to the top right of GroEL is
the captured IgG (Naik et al., 2014). Although there was clear
protein densities bound to GroEL in the 2014 Naik paper, upon
further inspection of the micrographs there were individual
EM images of the entire IgG molecule bound to GroEL. In
views of the clearer, well-defined complexes, the IgG is bound
to GroEL through its Fc portion of the antibody. This region
is commonly found to be where aggregation prone antibodies
display enhanced fluctuations (Pace et al., 2018).

Although the GroEL binding platform only indicates general
regions where hydrophobic region exposure occurs on the Fc
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FIGURE 8 | Imidazole Release of GroEL-vWF Complexes from Ni-NTA Biosensor. Representative field of gridded and stained V1314D vWF-GroEL complexes formed
after a 2 M urea denaturant pulse. Multiple complexes can be seen as white on dark background. Top view of the complex is boxed in red, in which it is possible to
observe the three domains of VWF. Side view of the complex is boxed in blue. Non-complexed GroEL top and side views are boxed in black and green, respectively.
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FIGURE 9 | GroEL-IgG complex EM image. (Left) Representative particle of
the DTT released complex from the modified bGroEL biosensor. The four
parallel dark bars are GroEL (green bracket). The dark, extra density to the top
right of GroEL is the captured IgG (red bracket). (Right) Same image where
the proteins are false colored to aid in visualizing the protein boundaries.
Images obtained at KUMC.

regions, the EM visualization of these GroEL-Ab complexes may
also indicate aggregation prone regions (Pace et al., 2018). In
some cases, these hydrophobic regions are pinpointed more
precisely through the use of the more sensitive and elegant HDX
assay. HDX examines which protein regions have changes in
the dynamics and electrostatic interactions governing transient
protein-protein interactions and finds them to be located within
Fc regions (Majumdar et al., 2015; Arora et al., 2016, 2017). Of
note, some these reversible interactions have been documented
to be governed by electrostatic interactions. It is also possible that
the ring of negative charge which surrounds the GroEL substrate
binding site could also contribute to GroEL-Ab interactions.

This notion, that some of these interactions may be electrostatic
in nature, has not been specifically tested. This could be easily
determined by adjusting the ionic strength of the solution or by
adding in positively charged species such as arginine.

Release of GroEL Captured Aggregation Prone
Proteins From Biosensor Surfaces

For the GroEL biosensors, one can exploit the native functions of
the chaperonin to release the captured proteins for visualization.
As previously stated, GroEL can hydrolyze ATP to initiate folding
and subsequent release of substrate proteins from GroEL. If
the GroEL biosensor is introduced to an ATP solution, the
captured proteins will be released into solution. As previously,
the microvolume method and optimization by BLI should be
utilized. An example using TeNT as the protein substrate is given
in Figure 10. As can be seen in the sensogram, 10 mM ATP
achieves nearly full release within 5min. The experiment can be
repeated in the microvolume drop and prepared for EM imaging
(Figure 11). The enlarged fields show the distinct three domain
structure of TeNT.

CONCLUSION

The GroE chaperonin system has a distinct advantage that the
nucleotide-free state of the large chaperonin oligomer maintains
a constant hydrophobic surface that can capture transient or
existing solvent exposed hydrophobic patches. This fact offers a
superior level of detection capabilities for partially folded states
that are unique to this particular chaperone. While other protein
chaperone classes such as the Hsp90, 70 and small Hsp proteins
exhibit similar global recognition properties of hydrophobicity,
the GroEL chaperonin class (Hsp60) has a high affinity substrate
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FIGURE 10 | Tetanus Neurotoxin Capture and ATP Release by GroEL Biosensor. Top: BLI sensogram indicating biotinylated GroEL association (A), TeNT capture by
the GroEL biosensor (B), and ATP release of TeNT from GroEL biosensor (C). Bottom: Enlargement of TeNT capture and release steps to highlight amplitude change
for capture and release. The baselines before association and after ATP dissociation match indicating that the signal increase and decrease are solely from GroEL
capturing and releasing TeNT (red arrows). The large initial shifts in the trace for the ATP phase (C) are due to a refractive index changes and not a change in protein
binding.

capture state that is more promiscuous than other systems.
Most importantly, specific binding is easily reversed. Although
there are many reviews indicating the absolute requirement of
the Hspl0 co-chaperonin class for release of more stringent
substrates, our laboratory has found that this requirement is
not necessary if folding osmolytes or osmolyte mixtures are
included along with ATP to reverse binding to the chaperonin
(Voziyan et al., 2000; Voziyan and Fisher, 2002; Fisher and
Katayama, 2015). With regard to the other chaperone classes,
the Hsp90 and Hsp70 proteins exhibit various binding states
for hydrophobic proteins, but their nucleotide-free forms are
often not the highest affinity capture state. In the Hsp90 class,
there are a number of co-chaperone accessory proteins that are
required for substrate specificity and binding. The small heat
shock protein class certainly binds to hydrophobic regions to
sequester aggregation-prone proteins, and so they have been
termed holdases. However, these small heat shock proteins
require other chaperone protein systems such as the Hsp70
system to facilitate release and folding (Zwirowski et al., 2017).
For other Hsp families, such as the Hsp100 class, the oligomeric
forms, which bind to protein aggregates, are not stable as these
chaperone proteins assemble and disassemble in a nucleotide
dependent manner (Zolkiewski et al., 1999). From the standpoint
of constructing immobilized chaperone biosensor platforms, the
above-mentioned chaperone classes for the most part have to
be specifically oriented on the biosensor surface to properly
position the one prominent substrate binding site on these Hsp

classes. In contrast, the GroEL chaperonin system is much easier
to immobilize as it possesses two opposing binding sites. Even
random immobilization schemes always result in the exposure of
at least one binding site.

Based on the properties of the chaperonin, there are a few
limitations that may impair the utility of the GroEL based
detection platforms. The simplest limitation for chaperonin
based detection of partially folded substrates depends on the
surface electrostatic field that surrounds the chaperonin binding
site (Coyle et al., 1997). For example although the chaperonin
readily binds to neural folding disease proteins such as AP
amyloid and a synuclein (Ojha et al., 2016; O'Neil et al., 2018) the
chaperonin was unable to bind to aggregation prone tau perhaps
due to electrostatic repulsion effects (preliminary data). Indeed,
electrostatic effects on binding were also demonstrated with
the anthrax toxin (discussed above in section GroEL-anthrax
protective antigen stabilization) In this work, we present the
use of GroEL and biosensors together to distinguish differential
kinetic binding and stability differences that can be observed
with between wild type and mutant variants of two proteins,
MBP and vWF. Although we have previously demonstrated
that the chaperonin capture platform can distinguish between
native and mutant forms of various other mutant proteins (Naik
et al, 2010 - wild type and mutant transthyretin mutants;
Correia et al., 2014 - wild type and mutants of frataxin),
the previous chaperonin bead-based methods were tedious and
cumbersome. The biosensor denaturant pulse approach applied

Frontiers in Molecular Biosciences | www.frontiersin.org

98

May 2018 | Volume 5 | Article 46


https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

O’Neil et al.

The Chaperonin GroEL

20 nm

HV=100.0kV
Direct Mag:

60000 x AN

FIGURE 11 | ATP Release of Tetanus Neurotoxin from GroEL Biosensor. (Left) Representative field of gridded and stained TeNT after release from GroEL biosensor
using ATP. Multiple copies of the protein can be seen as white on dark background (orange boxes on the duplicate image below). (Right) Higher magnification of
isolated TeNT molecules. In the magnified field, the three domains of tetanus can be observed. For comparison, the envelope and ribbon structure from Figure 7 have
been oriented in the same view as the particle and recolored to match the white on black of the EM image. Images obtained at KUMC.
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with the vWF variants shows that this type of comparative
analysis easily highlight kinetic stabilities differences between
wild type and various mutant forms and most importantly,
dramatically accelerates mutant comparison analysis. The GroEL
biosensor is based upon the GroEL chaperonin and its properties,
namely its promiscuous nature to bind and capture any exposed
hydrophobic patches. Therefore, the GroEL biosensor should
bind to any target protein with exposed regions. Since mutant
hydrophobic surfaces can be variable (e.g., different m values
from chemical denaturation profiles), the kinetic partitioning
binding reactions of the chaperonin onto the target protein
biosensor results in distinct kinetic profiles. We can certainly
envision instances where mutant vs. wild type comparisons may
fail, seen previous for protein fragment comparisons (e.g., CFTR
NDBLI in Lea et al, 2016). For detecting mutant populations
in solution using the chaperonin biosensor approach, rapid
aggregation of mutants will also interfere with one’s ability to
clearly differentiate between mutant classes. In addition, there
could also be instances where mutant and wild type proteins may
naturally exist in kinetically destabilized states (i.e., intrinsically
disordered regions). In this latter case, the chaperonin biosensor
systems may not be able to distinguish between these two
dynamic states.

In the first set of experiments, the prospect of analyzing
protein mixtures with the chaperonin system was explored.
This approach is particularly intriguing given the wide range

of alterations in protein integrity that can lead to enhanced
downstream aggregation. The GroEL biosensor systems are
useful in discriminating between stable and dynamically unstable
species that can exist within one protein solution. To expand
on this approach, it may be useful to assess the degree of
possible chemical modification of protein populations that result
in destabilization, resulting in more aggregation prone species.
These altered protein populations can then be released from
the GroEL biosensor and analyzed by highly sensitive mass
spectroscopy methods. To further enhance the chaperonin
detection methodologies, it will be useful to develop bulk
approaches where larger concentrations of chaperonins are used
to interact with the bulk system rather than a smaller biosensor.
Indeed, bulk type experiments have been used to capture entire
dynamic transient protein systems that rely on insuring that
the chaperonin protein is present in excess of the target protein
(Smith et al., 1998; Correia et al., 2014).

However, it is important to reemphasize how the chaperonin
biosensor approaches can dramatically accelerate the detection
of these transient dynamic states that exist in solution over the
above mentioned bulk methods. This development is particularly
relevant in that it provides rapid solution-based kinetic analysis
that can even complement other more structurally intensive
evaluations of protein dynamics such as hydrogen/deuterium
exchange mass spectroscopy methods. For example, our previous
evaluations of examining the protein stability of particular IgG
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molecules (Pace et al.,, 2018) both with biosensor partitioning
kinetics and examining GroEL-IgG complexes by electron
microscopy are orthogonally supported by comprehensive HD
exchange mapping of dynamic regions within same antibody
samples (Toth et al., 2018). It will be particularly interesting to
compare the association kinetics of protein solutions that contain
dynamically fluctuating populations of native and partially
unfolded populations with global HD exchange kinetic profiles.
For example, the association kinetics of proteins partitioning
onto chaperonin biosensors contain multiple kinetic phases
where in some instances, a burst in association kinetics is
followed by a slower steady rise in signal (Figure 3). This burst
kinetics profile followed by a slow steady rise in signal is also
observed in global HD exchange kinetic outputs (Yan and Maier,
2009).

While the mesophilic GroEL chaperonin system isolated from
Escherichia coli is broadly applicable in monitoring the stability
of target proteins using the denaturant pulse experimental
platform used in the second experimental section, it may
be very interesting to expand the denaturation conditions
to include those that are sometimes encountered in cellular
environments. For example, the E. coli chaperonin exhibits a
broad stability range across temperature and pH as assessed
by various structural monitors (Naik et al, 2014). It will
be intriguing to determine if this stability range can be
expanded or dramatically shifted by using chaperonin systems
isolated from extremophiles. It may be possible to assess
the cold stability of a target protein using a chaperonin
isolated from psychrophilic organisms in a similar denaturation
platform. Psychrophilic chaperonins are often used in bacterial
expression system to help fold proteins that have a tendency to
aggregate at higher temperatures. Likewise, chaperonins from
thermophilic, acidophilic, barophilic, and halophilic organisms
may be useful to expand the denaturation conditions of target
protein to include higher temperatures, acidic conditions, high
hydrostatic pressures, and high ionic strength solutions. Similar
to the E. coli chaperonin, these extremophile systems will
likely be able to detect the pre-aggregate states of target
proteins. The detection of pre-aggregate states are much more
rapid and most importantly, detection occurs before large
scale aggregation takes places. Popular evaluation aggregation
propensity depends on techniques such as microflow imaging
and size exclusion chromatography where these methods
rely on separation or direct visualization of time dependent
increases in molecular weight (Pace et al, 2018). GroEL
biosensors, on the other hand, appear to detect the formation
of transient or long-lived hydrophobic patches on monomeric
states.

Finally, others have begun to use chaperonins as both
capture platforms and enhanced structural probes for electron
microscopy to probe the nature of protein aggregation reactions.
Recently, G. M. Clore’s group used the E. coli chaperonin
protein to decorate prion polymers to enhance visualization of
hydrophobic patches using EM analysis. What was particular

striking from the image analysis in this work was the
observation that GroEL bound to the extended fibular arrays
in a surprisingly discernable repeating pattern. Given that
the chaperonin is primarily binding hydrophobic patches, it
is logical to conclude that regular hydrophobic patterns exist
within these aggregated arrays (Walti et al., 2017). In a related
approach, the demonstration that large proteins can bind to the
chaperonin binding site may be useful in pinpointing specific
aggregation prone regions if enough complexes can be formed for
reconstruction analysis, particularly if one simply focuses on the
interaction regions exclusively without including more flexible
regions (Naik et al., 2014; Pace et al., 2018; Figure 9 this work).

The data presented herein illustrates the broad utility of using
the promiscuous chaperonin to (1) capture kinetic transients, (2)
distinguish various mutant-type folds, and (3) enhance structure
assessment of large proteins using electron microscopy. All of
these applications arose from the simple observation that the
binding affinity of some folding proteins leads to folding arrest
and long-term sequestration of protein substrates. As noted
above, it will be interesting to expand the role of chaperonin
capture and release strategies to examine initial structural stages
of protein aggregation, a truly elusive reaction time regime that
may provide enormous benefits in understanding the molecular
basis of some human protein folding diseases.
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