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ABSTRACT

ARTICLE HISTORY

The human mitochondrial chaperonin is a macromolecular machine that catalyzes the proper folding of
mitochondrial proteins and is of vital importance to all cells. This chaperonin is composed of 2 distinct
proteins, Hsp60 and Hsp10, that assemble into large oligomeric complexes that mediate the folding of
non-native polypeptides in an ATP dependent manner. Here, we report the bacterial expression and
purification of fully assembled human Hsp60 and Hsp10 recombinant proteins and that Hsp60 forms a
stable tetradecameric double-ring conformation in the absence of co-chaperonin and nucleotide.
Evidence of the stable double-ring conformation is illustrated by the 15 A resolution electron microscopy
reconstruction presented here. Furthermore, our biochemical analyses reveal that the presence of a non-
native substrate initiates ATP-hydrolysis within the Hsp60/10 chaperonin to commence protein folding.
Collectively, these data provide insight into the architecture of the intermediates used by the human
mitochondrial chaperonin along its protein folding pathway and lay a foundation for subsequent high
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resolution structural investigations into the conformational changes of the mitochondrial chaperonin.

Introduction

The process of protein folding is critical for proper cellular
function, yet remains one of the least understood biologic pro-
cesses to date.” It is such an important function that nature
has evolved a sophisticated macromolecular complex that spe-
cializes in folding proteins that cannot fold without assistance.
Chaperonins are large oligomeric complexes that use the bind-
ing of ATP and the energy derived from its subsequent hydro-
lysis to trigger large conformational changes that guide the
folding of nascent or misfolded proteins into their native state.’
By providing kinetic assistance, chaperonins bind and sequester
proteins inside a protected environment to allow proper pro-
tein folding and avoid irreversible protein aggregation and ulti-
mately premature cell death.*” It is estimated that 30% of
cellular proteins require the aid of a chaperonin to assume their
biologically active 3-dimensional structures.” The importance
of chaperonins is best exemplified through knockout experi-
ments revealing that the deletion of the host chaperonin gene is
lethal in both bacteria and yeast.” "

Chaperonins are generally comprised of 14-18 subunits
arranged as 2 stacked rings creating 2 internal chambers that
can each sequester substrate proteins.'’ All chaperonins discov-
ered thus far share a similar subunit architecture that consists
of an apical domain capable of binding non-native proteins,'?
an equatorial domain that contains the ATP-binding pocket
and major intra- and inter-ring contacts between subunits,"

and a hinge-like intermediate region connecting the apical and
equatorial domains.'*'> Currently, chaperonins are categorized
into 2 groups according to their oligomeric subunit organiza-
tion and necessity for co-chaperonin to close-off the internal
protein folding cavity.'® However, the recent identification of a
viral-encoded chaperonin that contains structural features
from group I and group II provides sufficient evidence to war-
rant a distinct group of chaperonins.'” In fact, there have been
multiple studies over the past years that have identified single-
ring chaperonins in a variety of organisms.>'*** The difficulty
in classifying single-ring chaperonins based on the current clas-
sification criteria warrants the introduction of a third group of
chaperonins that is dependent on the utilization of single-ring
intermediates.

The process of human mitochondrial protein folding is facil-
itated by a chaperonin that is currently classified as group I and
is composed of the highly-conserved heat shock protein 60 and
its co-chaperonin Hsp10.>>** Approximately 80% of Hsp60 is
scattered throughout the mitochondria where it catalyzes the
folding of proteins destined for the mitochondrial matrix.****¢
The remaining Hsp60 can be found outside the mitochondria
at locations such as the endoplasmic reticulum, the cell surface,
peroxisomes and the cytosol.””** The hsp60 gene HSPD1 is a
nucleus-encoded gene that contains a mitochondrial targeting
sequence that is necessary for successful import of the Hsp60
protein into mitochondria. The targeting sequence is then
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cleaved by mitochondrial proteases to yield a mature Hsp60
protein.”® The Hsp60 protein that is not imported into the
mitochondria retains the mitochondrial import signal and has
been coined naive Hsp60.>

At present, it is unclear whether the mature or naive Hsp60
protein constitutes the functionally active cytosolic Hsp60 due
to conflicting conclusions from multiple studies. Immunoblot-
ting experiments using an antibody against the mitochondrial
targeting sequence of Hsp60 revealed that the naive Hsp60 pro-
tein is located in the cytoplasm of rat liver cells and is imported
into the mitochondria upon cellular stress.”® Alternative experi-
ments using mass spectrometry, N-terminal protein sequencing
and immunochemistry have demonstrated that the mature
Hsp60 protein is associated with the histone 2B (H2B) protein
in the plasma membrane of CEM-SS T-cells.” It has also been
postulated that both the mature and naive Hsp60 protein may
coexist in the mammalian cytoplasm.29 In either case, a func-
tionally compromised Hsp60/10 chaperonin complex in
humans leads to mitochondrial dysfunction and impaired
physiologic functions that have been deemed responsible for
the onset of 2 distinct neurodegenerative diseases, as well as
roles in early onset diabetes and juvenile rheumatoid arthri-
tis.32_34

Despite its biologic relevance, the labile nature of Hsp60 in-
vitro has hindered structural and biochemical investigations.
Consequently, functional details of Hsp60 and HsplO have
largely been inferred from studies performed on the well-
known bacterial homolog GroEL/ES. Although the amino acid
identity between the mitochondrial chaperonin and its bacterial
counterpart is high, the mitochondrial chaperonin operates via
a single-ring intermediate indicating a novel protein folding
mechanism distinct from the bacterial chaperonin system.*>*>
Thus, GroEL/ES by itself is not an ideal candidate for structural
comparison to Hsp60 and a more appropriate chaperonin for
comparison would be the newly reported phage-EL chapero-
nin."” The protein folding mechanism used by the Pseudomo-
nas phage-EL chaperonin (phi-EL) is highlighted by its ability
to dissociate from a double-ring complex into 2 single-rings. In
addition, the inter-ring subunit organization and positive inter-
ring cooperativity that are observed in phi-EL suggests that it
utilizes a one stroke protein folding mechanism that relies on
both rings being simultaneously active. In contrast, the GroEL/
ES protein folding pathway is characterized by negative inter-
ring cooperativity, where ATP binding in the cis-ring hinders
ATP-binding in the trans-ring.’® In spite of Hsp60s classifica-
tion as a group I chaperonin, it is clear that Hsp60 shares struc-
tural features observed in both the phi-EL and GroEL/ES
chaperonins. Therefore, a structural comparison against
GroEL/ES and the phi-EL chaperonins would lead to a more
accurate analysis of Hsp60.

Early studies on chimeric chaperonin proteins composed of
the apical domain of GroEL and the equatorial domain from
Hsp60 concluded that the resulting chimeric chaperonin folds
denatured substrate solely as single-rings.”” However, evidence
for this conclusion did not include any structural data or data
from wild-type Hsp60/10. Current literature has provided evi-
dence that the human mitochondrial chaperonin likely uses
both single and double-ring intermediates during its protein
folding cycle.®® Previous efforts have purified recombinant

Hsp60 secreted from eukaryotic cells and as a fusion protein to
glutathione S-transferase; while others have purified individual
monomers that were then reassembled into oligomeric com-
plexes upon the addition of ATP.***' Such efforts were
required due to the instability of Hsp60 in-vitro. Here, we pres-
ent the bacterial expression and high-resolution purification of
fully assembled and functional recombinant naive Hsp60 and
Hsp10 oligomeric complexes. Successful bacterial expression of
fully assembled and functional Hsp60/10 chaperonin complex
is likely due to the evolutionary relationship and similarity of
mitochondria to bacteria. Although Hsp60 has been previously
expressed in bacteria, our purification yields most the tetrade-
cameric conformation of Hsp60 with very few monomers or
single-ring conformations. Thus, our technique serves as a reli-
able method for the large-scale production of homogenous
Hsp60 and Hspl0 proteins that can facilitate future biochemi-
cal and structural analyses.

Materials and methods
Hsp60 and Hsp10 protein expression and purification

The genes encoding the full-length wild type Hsp60 (HspD1)
and Hsp10 (HspE1) proteins (with and without His6 tags) were
cloned into the pET-30a expression vector system (EMD-
Millipore, formally Novagen). The recombinant proteins were
expressed in BL21 (DE3) E. coli cells (Invitrogen). Bacterial
cells were cultured in 2xTY medium at 37°C for 4 hours until
their density reached an absorbance between 0.6 and 0.8 at
600 nm. Protein expression was induced with IPTG (isopropyl-
B-D-thiogalactopyranoside) at 30°C for an additional 4 hours.
Cells were harvested by centrifugation at 5,000 xg for
30 minutes and lysed in 50 mM HEPES pH 7.5, 50 mM EDTA,
0.02% NaN3, in conjunction with treatment with hen egg white
lysozyme (Sigma) and multiple freeze/thaw cycles. Lysates were
treated with porcine liver DNase (Sigma) and 100 mM MgCl,.
Saturated ammonium sulfate was then added to a final concen-
tration of 50% (v/v), and the mixtures were incubated for one
hour at 4°C. To purify the Hsp60 and Hsp10 proteins indepen-
dently the ammonium sulfate precipitants were harvested by
centrifugation and re-suspended in Buffer A (100 mM HEPES
pH 7.5, 100 mM NacCl). A 500 uL aliquot of Hsp60 resuspen-
sion was diluted 10-fold against buffer A and loaded onto a Q-
Sepharose 26/10 High Performance anion-exchange column
that was pre-equilibrated with Buffer A and fractionated over a
0.1 M to 1 M NaCl linear gradient. Hsp60 eluted from the Q-
Sepharose between 0.35 M and 0.45 M NaCl. The elutions of
Hsp60 protein were then concentrated using a Vivaspin centrif-
ugal concentrator with a 10 kDa molecular weight cut-off and
loaded onto a Superose 6 size-exclusion column that was pre-
equilibrated with Buffer A. Similarly, 500 uL of Hspl0 resus-
pension was diluted 10-fold in Buffer A and was loaded onto a
Q-Sepharose anion exchange column. In contrast to Hsp60,
Hsp10 was unable to bind to the Q-Sepharose and was found
in the flow-through. The flow through was subsequently pre-
cipitated using 50% (m/v) ammonium sulfate and re-suspended
in Buffer A. The re-suspended Hspl0 protein was then loaded
on a Mono S 5/50 GL cation exchange column equilibrated
with Buffer A and fractionated over a 0.1 M to 1 M Na(l linear



gradient. Hsp10 eluted from the Mono-S column in the range
of 0.5 M to 0.6 M NaCl. Sample homogeneity and the concen-
trations of both proteins were analyzed by 15% SDS-PAGE and
bicinchoninic acid (BCA) protein assay, respectively. The
approximate size of the oligomeric Hsp60 complex was identi-
fied on a 5% native polyacrylamide gel using B-galactosidase
(Sigma) as a size control.

Dynamic light scattering

Dynamic light scattering (DLS) experiments were performed
on the Malvern Zetasizer Nano-S instrument operated at 25°C.
Purified APO Hsp60 and S-galactosidase (Sigma) were both
diluted to a concentration of 0.025 mg/mL in Buffer A. A dust
free disposable sizing cuvette was filled to 1.5 mL with the cor-
responding protein solution and measurements were taken
every 3 seconds until 100 measurements were completed. The
100 measurements were averaged together to give a highly
reproducible plot that more accurately identifies the hydrody-
namic radius of the APO Hsp60.

ATPase activity

Before proceeding to structural work, the purified Hsp60 and
Hspl0 proteins were tested for protein folding activity using
the EnzChek Phosphatase Assay Kit (Molecular Probes, Leiden,
The Netherlands) that measures inorganic phosphate released
from enzymatic reactions through a spectrophotometric detec-
tion method. Reaction conditions recommended by the com-
pany were modified to accommodate the activity of our
chaperonin. ATP and MgCl, were added to a final concentra-
tion of 200 M. The final concentration of Hsp60 in solution
was 1 uM in a 200 pL reaction. Hspl0 was added at twice
molar concentration of Hsp60 in both the positive and negative
control reactions (2:1 molar ratio). The non-native protein sub-
strate for Hsp60/10 was denatured o-lactalbumin that was
denatured by the addition of EDTA to chelate bound Ca®* and
50 mM DTT to reduce disulfide bonds. The mixture was heated
to 98°C and allowed to cool before a 10-minute incubation
period with the reaction mixture (200 uM MESG, 0.2 U Purine
Nucleoside Phosphorylase (PNPase), Buffer A). A continuous
colorimetric reading at 360 nm was initiated immediately after
a mixture containing Hsp60 and Hsp10 were rapidly added to
the reaction mixture.

Negative stain electron microscopy and single particle
reconstruction

Negatively stained grids were prepared by applying 0.2 mg/mL
of purified human mitochondrial APO-Hsp60 (with and with-
out equimolar Hsp10) to continuous carbon film on 400-mesh
copper grids that were glow discharged for 30 seconds. The
excess protein solution was blotted using Whatman-1 filter
paper and subsequent staining of the grids was done using 2%
methylamine tungstate and 2% uranyl acetate.

The negative stain data set was collected on a JEOL
3200FS transmission electron microscope operated at
300 kV. CCD images were collected between 0.3-2.5 pum
under-focus and at a magnification of 138,000X. The pixel
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size calculated for the data set was 1.09 A/pixel. Processing
of the micrographs was performed using the single particle
analysis software “EMAN2”.** Particle selection was per-
formed using the “e2boxer.py” program provided in the
EMAN?2 software package. A total of 2291 particles were
picked from the micrographs. Following particle selection,
CTF correction was performed using EMAN2s automated
CTF fitting and the data was subsequently downsized by a
factor of 2 using “e2ctf.py.” The downsized particles were
then low pass and high pass filtered to 5 A and 100 A reso-
lutions, respectively, using “e2ctf.py,” and then grouped
according to their orientations and averaged together using
the “e2refine2d.py” program to generate initial reference free
class averages. The nicest class averages were then combined
using the “e2initialmodel.py” program to reconstruct initial
low-resolution 3-D models of the human mitochondrial
Hsp60 in the APO conformation. The program “e2refine-
multi.py” was used to separate the particles into 2 separate
data sets. Finally, single map iterative refinements were per-
formed using the 2-individual data sets using “e2refine_easy.
py.” The iterative refinement process was continued until no
further improvement in resolution occurred according to the
Fourier Shell Correlation (FSC) curve. 1215 particles were
used for the final reconstruction. The 3-D reconstructions
were visualized using the UCSF-Chimera software package.*’
Docking of the Hsp60 crystal subunit (PDB 4PJ1) was per-
formed using Chimera.**

Results
Size determination of APO-Hsp60

To determine the relative size of the purified Hsp60 protein in its
nucleotide and substrate free (APO) conformation we used
dynamic light scattering (DLS), native gel electrophoresis, and
negative stain electron microscopy. Aside from knowing that sin-
gle and double-ring intermediates are part of the mitochondrial
chaperonin protein folding pathway, the exact conditions that
induce these oligomeric states are poorly understood. On the
contrary, the APO conformations of the GroEL and the phage-
EL chaperonins are characterized as double-ring, tetra-decameric
complexes with approximate masses of 800 and 840 kDa, respec-
tively.'>** Dynamic light scattering (DLS) measurements showed
that our purified Hsp60 had a hydrodynamic diameter of 22 nm
with a polydispersity index (PDI) of 0.209 (Fig. 1). S-galactosi-
dase protein (Sigma) was used as a control for our DLS measure-
ments since it also forms a large oligomeric complex that has an
approximate mass of 464 kDa, and indicates whether APO-
Hsp60 is in a tetradecameric or heptameric conformation.
B-galactosidase protein displayed a smaller size of 18.8 nm and a
PDI of 0.346 under our DLS experimental conditions.

Native polyacrylamide gel electrophoresis can be used on
non-denatured proteins and protein complexes to determine
sample purity, heterogeneity, and the relative mass of native
proteins and protein complexes. The results of our native gel
show only one discernable protein band for Hsp60 with no
detectable bands corresponding to contaminants, single-rings
or other oligomeric Hsp60 complexes. The 8-galactosidase pro-
tein is also well resolved as a single dominant band that was
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Figure 1. Recombinant Hsp60 Protein Purity and Size Determination. a) 15%
SDS-Gel depicting the purity and monomeric sizes of recombinant Hsp60 and
Hsp10 proteins. Hsp10 runs anomalously due to the presence of a His6 Tag. b) 5%
Native-Gel showing the purity and oligomeric size of the APO-Hsp60 protein and
B-galactosidase protein (Sigma). ¢) Dynamic Light Scattering (DLS) of APO-Hsp60
(blue curve), 22.11 nm (PDI = 0.209); B-galactosidase (red curve), 18.76 nm
(PDI = 0.346).

significantly lower in the gel than the APO-Hsp60 protein band
seen in Fig. 1. The concentrations of the Hsp60 and S-galactosi-
dase proteins in the native gel are approximately 7.5 uM and
4 uM, respectively.

Under the electron microscope, Hsp60 displayed a conforma-
tion that is analogous to the APO conformation of GroEL
(Fig. 2).**” The observed Hsp60 particle orientations consisted
of circular particles that displayed a 7-fold rotational subunit
organization and rectangular particles that have 4 parallel stria-
tions as seen in the negative stain micrographs. Rectangular par-
ticles that consisted of 2 parallel striations were also observed;
however, these particles were scarce and constituted less than 1%
of the total particle count. Additionally, we were able to identify
heptameric Hsp10 rings that were not associated with Hsp60.

Substrate initiates ATP hydrolysis in the human
mitochondrial chaperonin

Purified Hsp60 and Hsp10 were incubated in the presence and
absence of denatured «-lactalbumin supplemented with ATP to

Figure 2. Electron Micrographs of Hsp60 and GroEL. a) Negative stain electron
micrograph showing APO-Hsp60 side views (blue box), Hsp60 top views (green
box), and Hsp10 heptamers (red box). The particle contrast was inverted using
EMAN?2 so that the particles appear white on a dark background. b) Cryo-EM micro-
graphs showing GroEL side views (blue box), and GroEL top views (green box).
Figure was adapted and modified from Elad et al. (2007).

determine if the denatured substrate initiated ATP hydrolysis
in the Hsp60/10 chaperonin as has been reported with other
single-ring chaperonins.'” The enzymatic hydrolysis of ATP by
Hsp60 results in the release of inorganic phosphate that is then
used by PNPase to convert 2-amino-6-mercapto-7methylpurine
riboside (MESG) to ribose 1-phosphate and 2-amino-6-mer-
capto-7methylpurine, which has an absorbance that can be
monitored at 360 nm. In the absence of substrate (Fig. 3),
Hsp60/10 was unable to hydrolyze ATP and was dependent on
the addition of non-native protein to stimulate ATPase activity.

Three-dimensional reconstruction of APO-Hsp60

The individual APO-Hsp60 particles were picked from the
negative stain micrographs using EMAN2 and were com-
bined to generate a low resolution initial model of Hsp60
(Fig. 4), that was iteratively refined until convergence
(Fig. 5). The observation of double-ring and presumably sin-
gle-ring side views in the micrographs suggests heterogeneity
in the sample, therefore EMAN2s version of multi-refine was
used. After the data was split roughly in half, the double-
ring particles were then used for a single map refinement
that generated the structure seen in Fig. 5. The measured
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Figure 3. ENZCHEK ATPase Assay of Recombinant Human Mitochondrial Hsp60
and Hsp10. Purified Hsp60 and Hsp10 in the presence of a-lactalbumin at 40 M
and 60 .M concentrations, and in the absence of a-lactalbumin. The rise in absor-
bance for Hsp60/10 without denatured a-lactalbumin can be attributed to self-
hydrolysis of ATP over the time interval of the reaction.

resolution from the FSC curve is approximately 14 A at the
0.143 cut-off and 15 A at the 0.5 cut-off, which is sufficient
to resolve all 3 domains of the Hsp60 subunit. The dimen-
sions of the reconstruction are 136 A in diameter perpendic-
ular to the 7-fold axis and 146 A parallel to the long axis. A
central slice perpendicular to the 7-fold axis reveals a planar
equatorial domain connecting the 2 rings, while a central
slice parallel to the 7-fold axis shows the protein folding cav-
ities and the inter-ring space in the Hsp60 tetradecamer. The
inter-ring subunits are arranged in a staggered (1:2) confor-
mation that allows each Hsp60 subunit to contact 2 subunits
in the opposite ring. The top-view of Hsp60 consisted of 7
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Figure 4. Generation of the Initial Model of the Human Mitochondrial APO-Hsp60.
a) Electron micrograph of APO-Hsp60 in the absence of Hsp10. Blue boxes encase
Hsp60 side-views and green boxes encase top-views. b) APO-Hsp60 particles
picked from the data set represented by the micrographs in “a.” ¢) Reference free
initial class averages of the Hsp60 particles picked from the micrographs refer-
enced in “b.” d) Hsp60 Initial model generated from the reference free class
averages.
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radially arranged subunits that contacted each other at the
apical domains. The features in the apical domains are well
resolved at this resolution and feature a continuous collar of
density connecting the apical domains. At a high iso-surface
threshold tubular densities are observed, however, the con-
nections between subunits appear broken (Fig. 6). While at a
lower threshold, the tubular features are less resolved, but
additional features such as an intra-ring subunit contact con-
necting the intermediate domain with the apical domain of
the neighboring subunit can be better observed. An addi-
tional feature seen at a low iso-surface threshold is a contact
connecting the equatorial and apical domain of the same
subunit could be visualized (Fig. 6). The presented iso-sur-
face threshold was chosen as the best display of all the struc-
tural elements resolved in the reconstruction.

EMAN2 multi-refinement produced a second reconstruc-
tion from the presumed single-rings in the micrographs. The
particles that consisted of 2 parallel striations were discarded
during particle classification, possibly due to their low percent-
age, and the resulting reconstruction was generated from only
circular particles. The lack of presumable single-ring side-views
in the micrographs led to a reconstruction that did not resem-
ble a chaperonin and therefore that sub data set was no longer
used for any additional refinements.

Discussion

Initially, the Hsp60 and Hspl0 constructs were designed and
expressed with N-terminal Hiss tags to facilitate high yield
purification via affinity column chromatography. Hsp60-Hise
was found to bind to a HisTrap Ni-NTA column with notable
affinity. However, subsequent size-exclusion chromatography
revealed that the Hsp60-Hiss protein did not assemble into an
oligomeric quaternary structure required for functionality and
was instead all monomers leading to the hypothesis that the
Hise tag was likely preventing complex formation. Hsp60 was
therefore subsequently cloned and expressed without the Hisq
affinity tag and was found to self-assemble within the bacterial
cells into a functional tetradecameric structure. Hsp10 was also
expressed with a Hise affinity tag but failed to bind to the
HisTrap column. The Hiss tag was likely inaccessible and did
not bind to the Ni-NTA medium. The Hspl0 protein was
expressed and purified through other chromatographic meth-
ods without the use of the His, affinity tag. Despite Hsp60-Hise
producing only monomers, Hsp10-Hiss was able to assemble in
to heptameric rings as observed in the negative stain electron
micrographs indicating that the Hiss tag had no effect on
Hspl0 quaternary structure. It has been shown previously that
purified Hsp60 and Hspl0 monomers require a pre-existing
Hsp60/10 complex for assembly into their final quaternary
structures.*® Our results suggest that either no pre-existing
chaperonin is required for assembling Hsp60 or that the
GroEL/ES chaperonin from the BL21 E. coli cell line may be
responsible in assisting the formation of the assembled Hsp60
and Hspl0 complexes that were purified.

An early investigation into the wild-type Hsp60 protein
revealed its ability to function as a single toroidal ring.** The
authors in this study used an ATP-agarose column to purify
mature-Hsp60 with the bound protein being eluted upon the
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Figure 5. Iso-surface representation of the Human Mitochondrial APO-Hsp60 Reconstruction. a) Top view depicting the 7-fold arrangement of the Hsp60 subu-
nits. b) The equatorial domains of the Hsp60 tetradecamer. c) Side-view orthogonal to the 7-fold axis showing the two heptameric rings that make-up the
Hsp60 tetradecamer. d) Slab view displaying the interior of the tetradecamer and the inter-ring space. e) Fourier Shell Correlation (FSC) curve used to deter-
mine the resolution of the Hsp60 reconstruction at the 0.5 cutoff = 15 A resolution, and the 0.143 cutoff = 14 A resolution. The FSC curve shows that the

data used for the reconstruction is self-consistent.

addition of 3 mM ATP. Therefore, it is plausible that the
observed Hsp60 single-ring may have been a nucleotide
induced conformation and is not reminiscent of APO-Hsp60.
More recent structural investigations into the D3G and E321K
mature-Hsp60 mutant proteins used His-tags to purify Hsp60
from bacterial cells.***>*° However, following Hsp60 protein
purification the His-tags were removed before in-vitro reconsti-
tution of the oligomeric complexes for structural analysis. This
was presumably done to avoid interference of the affinity tag
during complex formation. An alternative structural investiga-
tion into the naive-Hsp60 protein that was expressed in

bacterial cells used His-tagged Hsp60 proteins that exhibited a
dynamic equilibrium between tetradecameric and heptameric
complexes at all concentrations assayed.”” Our results indicate
that the removal of the His, tag from our recombinant, bacteri-
ally expressed Hsp60 protein allowed for the formation of a sta-
ble double-ring conformation with minimal traces of
monomeric and single-ring Hsp60.

DLS on the purified Hsp60 protein expressed without the
His6-tag confirmed the formation of the oligomeric complex.
The resulting hydrodynamic diameter of 22 nm for Hsp60 was
larger than the 18.8 nm diameter determined for
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Figure 6. Comparison of Two Iso-Surface Thresholds of the APO-Hsp60 EM-Reconstruction. a) Side view of the Hsp60 reconstruction at a high iso-surface threshold. At
high a threshold tubular densities can be observed but densities corresponding to intra- and inter-ring contacts appear broken. b) The Hsp60 reconstruction visualized at
a lower iso-surface threshold. At a lower threshold, contacts between subunits are better resolved.

B-Galactosidase (Fig. 1). The resulting differences in size indi-
cated that our Hsp60 forms a substantially larger complex than
the complex formed by B-galactosidase. The hydrodynamic
diameter determined for our naive-Hsp60 coincides well with
previously published DLS results.>

Further analysis of the size of APO-Hsp60 was performed
using native gel electrophoresis. Like with DLS, we compared
the size of the APO-Hsp60 oligomeric complex to the g-
galactosidase complex. The physiologically active S-galactosi-
dase protein forms a homo-tetrameric complex with an
approximate mass of 465 kDa.”' The corresponding protein
band to the B-galactosidase complex appeared much lower on
the gel than the protein band for Hsp60, suggesting that APO-
Hsp60 was not in the single-ring conformation that is similar
in mass to the B-galactosidase tetramer.

To determine if our purified Hsp60/10 chaperonin was bio-
logically active, we monitored ATPase activity in the absence
and presence of denatured o-lactalbumin. We found that the
Hsp60/10 ATPase activity is completely dependent on the pres-
ence of denatured substrate, as seen in Fig. 3. The dependence
on substrate for ATPase activity likely represents a physiologic
“safety” mechanism built into the chaperonin preventing
unwanted ATP hydrolysis while the chaperonin is not produc-
tively folding substrate protein. Recent studies in GroEL have
proposed the symmetric GroEL/ES “football” intermediate to
be the pre-dominant protein folding species and have also
reported the dependence GroEL/ES’s ATPase activity to initiate
the conformational switch from the asymmetric “bullet” to the
symmetric “football” shaped complexes.”>>> Additionally, the
recently identified chaperonin from the Pseudomonas phi-EL
also displays substrate dependence for initiation of its protein
folding mechanism.'” Thus, it seems likely that substrate trig-
gered ATP hydrolysis reflects an evolutionary conserved feature
in all chaperonins. Furthermore, in the presence of large sub-
strates such as denatured -galactosidase (116 kDa), the 2 rings
forming the tetradecameric conformation of the phi-EL chaper-
onin can dissociate into 2 heptameric single-rings that more
than double the internal volume of the protein folding

chambers. Both GroEL/ES and the phi-EL chaperonin require
ATP binding and hydrolysis to induce allosteric changes that
ultimately enable their protein folding abilities. The ATPase
activity of Hsp60 indicates that this chaperonin is biologically
active and is presumably transitioning through its various con-
formational intermediates during its folding of denatured
a-lactalbumin. These results confirm that the human mito-
chondrial chaperonin is indeed dependent on the presence of
non-native substrate to trigger ATPase activity and presumably
protein folding activity. Further investigations are warranted to
further understand how substrate-triggered ATP hydrolysis in
the mitochondrial chaperonin affects the overall 3-D
architecture.

Published purification methods have shown instability of
Hsp60 tetradecameric complexes at low temperatures such as
4°C and dilute protein concentrations.”®*"*’ These previous
Hsp60 purifications were performed at room temperature to
avoid oligomeric dissociation. Our ability to purify APO-
Hsp60 at 4°C and its subsequent imaging under the electron
microscope in dilute concentrations further confirms the stabil-
ity of our recombinant Hsp60 protein. The imaging of the
homogeneous APO-Hsp60 complex using negative stain elec-
tron microscopy revealed the oligomeric assembly of Hsp60 to
be in a double-ring tetradecameric conformation that was
unable to bind its co-chaperonin HsplO in the absence of
nucleotide (Fig. 2). This is confirmed in the reconstruction that
clearly shows the apical domains of Hsp60 are in the closed
conformation and incapable of binding substrate or Hsp10; fea-
tures that are also observed in GroEL.>* The 3-D reconstruction
was generated using D7 symmetry indicating both rings are in
the same conformational state. The approximate dimensions of
the APO-Hsp60 reconstruction showed that it has a diameter
of about 136 A perpendicular to the 7-fold axis and about
146 A parallel to the long axis of the particle, which coincide
very well the dimensions of APO-GroEL and the recently pub-
lished crystal structure of the E321K Hsp60 mutant.'>**

The ability to generate a 3-D reconstruction demonstrates
the purity and conformational stability of our APO-Hsp60 due
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to the fact that the single particle reconstruction method is
highly dependent on the power of averaging.”> Therefore, the
features that are seen in the reconstruction are the resulting
average of the constant features of all the particles included.
The discernable features of negative stain reconstructions is
usually limited to around 20 A and is largely affected by the
stain used.’® Our combination of uranyl acetate and methyl-
amine tungstate allowed for an intermediate resolution recon-
struction with readily observable internal structural features.
Fitting of the crystal subunit of the mature Hsp60 protein pro-
vides evidence that the particles used for the reconstruction
were not distorted by the negative stain conditions. As seen
in Fig. 7, an extra region of density is seen in the equatorial
domain of our EM-reconstruction, where the C- and N-termini
of Hsp60 can be located in the crystal subunit. The region of
unfitted density in our map is near the termini of the crystal
subunit and is likely the mitochondrial targeting sequence of
naive Hsp60. Another more obvious difference between the 2
structures can be seen in the apical domains (Fig. 7). The differ-
ences can be attributed to the different conformations of the 2
structures. In the crystal structure, the Hsp60/10 complex was
formed by the addition of ATP, whereas our structure is of the

co-chaperonin and nucleotide free Hsp60. In GroEL, the bind-
ing of nucleotide induces an elevation of the apical domains
that allow the binding of co-chaperonin.”” The structural differ-
ences observed between the APO-Hsp60 and ATP-Hsp60/10
structures are likely due to the nucleotide induced allosteric
changes. The EM-reconstruction and ATPase assays provide
strong evidence that the mitochondrial targeting sequence
retained in the naive Hsp60 protein does not affect the overall
oligomeric structure or its protein folding activity.

The mitochondrial chaperonin is reported to operate via a
one-stroke mechanism that suggests a loss of negative co-oper-
ativity between the 2 rings.”>*”*® In GroEL the subunits are
arranged in an out-of-register (staggered) fashion with each
monomeric subunit directly contacting 2 other subunits in the
opposite ring.'> This out-of-register inter-ring contact is
directly responsible for the negative co-operativity between the
2 rings leading to the GroEL characteristic double stroke pro-
tein folding mechanism.>® As in GroEL, APO-Hsp60 also dis-
plays an out-of-register inter-ring subunit organization with
each Hsp60 subunit directly contacting 2 adjacent subunits in
the opposite ring (Fig. 7). The out-of-register subunit organiza-
tion between the 2 Hsp60 rings was first described in the

Figure 7. Fitting of ATP-Hsp60/10 crystal structure into APO-Hsp60 EM-Reconstruction. a) Side view depicting the fitting between the crystal subunit (4PJ1) and the full
Hsp60 EM-reconstruction. b) A single subunit showing the crystal subunit docked into the EM-Hsp60 subunit. The apical domain of the X-ray structure is in the ATP con-
formation and is therefore outside of the APO conformation density of the reconstruction. c) The subunit seen in “b” was rotated 180° and shows differences between
the two maps. d) Side view of the APO-Hsp60 reconstruction showing the inter-ring subunit arrangement. The crystal subunit was adapted and modified from the 4PJ1

PDB structure.



mutant E321K crystal structure that showed each subunit
directly contacts 2 subunits in the opposite ring. In addition,
the contact surface area between the 2 rings in the E321K
mutant is twice as extensive to that seen in GroEL, and was
proposed that the enlarged contact surface may add stability to
the oligomeric complexes of the mitochondrial chaperonin.**
The extensive inter-ring contacts in the E321K structure could
not be observed in our reconstruction. There are a few possibil-
ities for this observation. First, the resolution of our reconstruc-
tion might not be adequate to distinguish all the inter-ring
contacts in the Hsp60 tetradecamer. Second, our EM-
reconstruction and the crystal structure are in completely dif-
ferent oligomeric conformations and the extensive contact
interface may be a feature that is only present in the Hsp60/10/
ATP complex. Third, since the Hsp60/10 chaperonin structure
is dynamic the structural differences may be attributed to con-
straints on the proteins during crystallization, therefore, the
enlarged contact surface may be an artifact induced during
crystallization of the mutant Hsp60. High resolution crystal or
cryo-EM structures are needed to shed light on the nature of
the inter-ring contacts of the wild-type Hsp60/10 complexes. It
is possible that the additional ring contacts reported for Hsp60
may allow for the transmittance of unique allosteric signals
between the 2 Hsp60 rings leading to the one-stroke mecha-
nism that has been reported for the mitochondrial
chaperonin.*”*+>*

As mentioned previously, the mitochondrial chaperonin
operates via a one-stroke protein folding mechanism that relies
on the formation of single-ring intermediates. The single-ring
phi-EL chaperonin displays an in-register inter-ring subunit
organization and positive co-surgical inter-ring ATPase activity
leading to a one-stroke protein folding mechanism.'” The com-
bination of these 2 features allows the phi-EL chaperonin to
dissociate from a tetradecameric double-ring into 2 heptameric
single-rings, similar to what is reported for the mitochondrial
chaperonin. It is interesting to observe the out-of-register inter-
ring contacts in Hsp60 despite its ability to function as a single-
ring. Even though Hsp60 was initially reported to function as a
single-ring, it is now clear that both single and double-ring
intermediates are physiologic intermediates in the Hsp60/10
chaperonin protein folding cycle.”®** The unique structural fea-
tures present in the phi-EL and the mitochondrial chaperonins
that allow the use of double and single-ring intermediates rein-
forces the notion that a third group of chaperonins is necessary
for classifying single-ring chaperonins. Future work is neces-
sary to elucidate how the inter-ring contact arrangement used
in the mitochondrial Hsp60/10 system dictates the formation
of double and single-ring intermediates and if the inter-ring
contacts are responsible for the proposed one-stroke mecha-
nism seen in the mitochondrial chaperonin.””

Collectively, these data indicate that the bacterial expression
and purification of human mitochondrial naive APO-Hsp60
yields an active and stable tetradecameric complex. The nega-
tive stain reconstruction presented here provides insight into
the conformational stability of the Hsp60 tetradecamer and
represents the first structure of the unaltered wild-type human
mitochondrial Hsp60. Moreover, these results corroborate
previous studies suggesting the use of double and single-ring
intermediates in the protein folding pathway of various
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chaperonins, emphasizing the necessity for a third group of
chaperonins. In conclusion, these data provide an impetus for
further structural studies to elucidate the conditions that propel
the human mitochondrial chaperonin through single- and dou-
ble-ring intermediates along the protein folding cycle.
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