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Abstract: Archaeal group II chaperonins, also known as heat shock proteins (HSPs), are abundantly
expressed in Sulfolobales. HSP↵ and HSP� gene expression is upregulated during thermal shock.
HSPs form large 18-mer complexes that assist in folding nascent proteins and protecting resident
proteins during thermal stress. Engineered HSPs have been designed for industrial applications.
Since temperature flux in the geothermal habitats of Sulfolobales impacts intracellular temperature,
it follows that HSPs have developed thermotolerance. However, despite the low pH (i.e., pH < 4)
typical for these habitats, intracellular pH in Sulfolobales is maintained at ~6.5. Therefore, it is not
presumed that HSPs have evolved acid-tolerance. To test tolerance to low pH, HSPs were studied
at various pH and temperature values. Both circular dichroism and intrinsic fluorescence indicate
that HSP↵ and HSP� retain structural integrity at neutral pH over a wide range of temperatures.
Structural integrity is compromised for all HSPs at ultra-low pH (e.g., pH 2). Secondary structures in
HSPs are resilient under mildly acidic conditions (pH 4) but Anilino naphthalene 8-sulfonate binding
shows shifts in tertiary structure at lower pH. Trypsin digestion shows that the HSP�-coh backbone is
the most flexible and HSP� is the most resilient. Overall, results suggest that HSP↵ and HSP� exhibit
greater thermostability than HSP�-coh and that there are limits to HSP acid-tolerance. Molecular
dynamics (MD) simulations complement the wet lab data. Specifically, MD suggests that the HSP�
secondary structure is the most stable. Also, despite similarities in pH- and temperature-dependent
behavior, there are clear differences in how each HSP subtype is perturbed.

Keywords: group II chaperonin; Sulfolobales; thermotolerance; acido-tolerance; protein stability;
heat shock protein; molecular dynamics; intrinsic fluorescence; circular dichroism; HSP60

1. Introduction

Species of the crenarchaeal family Sulfolobaceae (order: Sulfolobales) are among the
most well-studied archaea [1–15]. Indeed, select archetypal strains (e.g., S. solfataricus
P2) may be considered model systems [9,13,16–19]. These crenarchaea are known as
hyperthermophiles for their ability to survive and thrive in acidic geothermal pools and
volcanic hot springs at temperatures between 70 and 88 �C and pH < 4 [3–5,7,9]. One
characteristic of these extremophiles that allows them to survive in what may be loosely
described as “boiling battery acid” is a set of proteins known as heat shock proteins (HSP).
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HSPs are group II chaperonins that are found as three distinct subtypes within Sul-
folobales: HSP↵, HSP�, and HSP� [20–26]. More generally, these are called HSP60s since
the molecular weight for each subtype is ~60 kDa [22,23,25–27]. However, it is HSP↵ and
HSP� that are commonly associated with thermal shock resistance, leading to the term
“heat shock” proteins.

Upon incubation with adenosine triphosphate (ATP) and Mg2+ in vitro, HSP subunits
form octadecameric (18-mer) complexes comprising two nonameric rings [21,22,28–30].
In nature, HSP complexes are reported to function in the folding of nascent proteins and
in preventing aggregation and denaturing of other “client” proteins under physiological
conditions and thermal stress, respectively [31–34]. HSP complexes form large (~1 MDa)
molecular cages with stoichiometry favoring incorporation of HSP↵ and HSP� [32,35–37].
Reports suggest that nascent, misfolded, or denatured client proteins associate with HSP
complexes within the inner cavity of the cage structure. It is this association that stabi-
lizes clients to ensure the proper folding of nascent protein or the re-folding of stressed
protein [31,32,37,38]. It is also suggested that protein protection is accomplished by clos-
ing the chaperonin complex around all or part of the client, perhaps during complex
formation or via client entry through an apical pore with an iris-like open-and-close func-
tion [39,40]. Whatever the mechanism, HSP complex–client protein associations perturb
local energy minima in clients and appear to require ATP hydrolysis and divalent cations
(e.g., Mg2+) [41,42]. In vitro, both homomeric and heteromeric 18-mer HSP↵ and HSP�
complexes will form in the presence of ATP and divalent cations [24,43]. Although sev-
eral studies have reported in vitro HSP complex formation under conditions of thermal
shock [20–23,36], until this study, it has not been conclusively demonstrated that HSP
ring complexes form within the cell (see Figure S2). Furthermore, there is no detailed
comparative analyses on the thermal stability of different HSP subtypes. Important to this
study, it was noted in prior work from our lab that engineered HSP complexes designed to
protect industrial enzymes significantly enhance enzymatic activity on sulfuric acid-treated
substrates [24], prompting the question of whether HSPs are resilient when subjected to
pH flux.

Despite surviving in acidic geothermal pools and volcanic hot springs with pH < 4,
the intracellular environment of Sulfolobales is reported to be pH ~6.5 [44,45]. Therefore,
there is no expectation that HSPs have evolved to be acid tolerant. In the present study,
we employed biochemical and biophysical techniques to analyze the relative stability of
natural HSPs (i.e., HSP↵ and HSP�) and an engineered construct (i.e., HSP�-coh) under
different pH and temperature conditions to define the limits of acid- and thermotolerance
of HSP subtypes. The wet lab data are complemented by extensive all-atom molecular
dynamics (MD) simulations. Our results show differences in the thermal stability between
HSP subtypes and limitations in the extent to which HSPs are acid tolerant.

2. Materials and Methods

2.1. Transmission Electron Microscopy
For visualizing HSP complexes via transmission electron microscopy (TEM), ~5 µL of

protein suspension was spotted on a formvar-coated copper grid and incubated for 10 min
in a humidity chamber. The grid was rinsed with distilled water and negatively stained with
2% (w/v) uranyl acetate for 2 min. The stain was wicked off and the sample was air-dried.
Grids were imaged in a Hitachi H-7100 transmission electron microscope (Hitachi, Chicago,
IL, USA) at 75 kV. Images were captured at 60,000–150,000⇥ magnification. Double ring
structures were resolvable at this magnification for HSP↵ and HSP�.

2.2. Expression and Purification of Natural and Engineered Heat Shock Proteins
HSP↵, HSP�, and engineered HSP�–coh fusion proteins were expressed and pu-

rified using previously described methods [24,43,46] with minor modifications. Briefly,
natural HSP↵ and HSP� from S. shibatae as well as the engineered HSP�-coh were overex-
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pressed via IPTG-induction in E. coli (i.e., BL21DE3-RIL codon+ cells; Invitrogen, Waltham,
CA, USA).

Cells were then pelleted via centrifugation at 7000 rpm for 15 min at 4 �C. Cell pellets
were resuspended in buffer (50 mM Tris-HCl, 1 mM EDTA and pH 7.5) and then sonicated
for 25 cycles (10 s on/off). The resulting lysate was centrifuged at 16,000⇥ g for 20 min to
separate the supernatant from cellular debris. The supernatant was heat-treated at 88 �C
for 30 min and then centrifuged at 18,500⇥ g for 30 min to remove heat labile proteins.
Supernatant was then purified by Fast Perfusion Liquid Chromatography (FPLC) using an
anion exchange column (Bio-Rad Q Sepharose Column, Hercules, CA, USA) with 150 mM
to 1 M NaCl solution exchange and a flow rate of 3 mL/min. Eluted proteins were collected
and spin-concentrated using a 30 kDa Amicon Ultra-15 spin concentration filter system
(EMD Millipore, Burlington, MA, USA) followed by 16 h dialysis with 10 kDa SnakeSkin™
dialysis tubing (ThermoFisher Scientific, Waltham, MA, USA) at 4 �C in 20 mM Tris–HCl
(pH 8.0). Purified proteins were stored at �80 �C for subsequent analyses. Eluted protein
concentration was determined by the Bradford assay and analyzed using SDS PAGE.

2.3. Gel Electrophoresis and Silver Staining
Proteins were resolved using a 12% acrylamide resolving gel. All protein samples

were mixed with SDS sample buffer [0.25% Coomassie Brilliant Blue (R250), 2% SDS, 10%
glycerol (v/v), 100 mM tris, and 1% �-mercaptoethanol] at a ratio of 4:1 and boiled for
5 min. The boiled samples were loaded into respective wells alongside pre-stained protein
molecular weight markers (ThermoFisher Scientific, Cat. No. 26620). Electrophoresis was
performed at 150 V for 1 hr using the Bio-Rad Mini Protean protein gel electrophoresis
system (BioRad, Hercules, CA, USA). Gels were stained with Coomassie Brilliant Blue and
destained with a mixture of methanol, water, and acetic acid (4:4:1). After electrophoresis,
gels were incubated in fixing solution [40% (v/v) methanol, 13.5% (v/v) formalin] for 10 min
resulting in precipitation of protein and diffusion of SDS. Gels were then placed into an
incubation solution (0.01 g Na2S2O3) for 1 min to oxidize protein. Gels were washed with
water three times for 5 min and transferred into silver solution (i.e., 0.05 g silver nitrate) for
another 10 min. Soluble proteins were visualized by replacing the silver solution with a
secondary developing solution (1.5 g Na2CO3, 25 µL formalin, 50 µL of 0.02% Na2S2O3).
The sodium carbonate in the latter solution reduces the silver nitrate attached to the proteins
and thus the proteins adopt a brown color. As soon as the desired staining intensity was
reached, the reaction was stopped by addition of citric acid solution (2.3 M), which was
exchanged with water after 10 min.

2.4. Circular Dichroism (CD)
Far-UV circular dichroism (Far-UV CD) experiments were performed on a Jasco-1500

spectrophotometer (JASCO, Silver Spring, MD, USA). Thermal denaturation experiments
were performed at temperatures ranging from 25 to 90 �C using 5 �C increments and protein
concentrations of 0.3 mg/mL in 10 mM sodium phosphate buffer containing 10 mM NaCl
with pH adjusted to 2, 4 and 7. The data were smoothened by using the Savitzky–Golay
algorithm. For each temperature by pH condition, the Weighted Spectral Difference (WSD)
was calculated [47]. The equation used to find the magnitude-weighted Euclidean distance
between spectra was

WSD =

vuut
n

Â
i=1

" 
|yAi|

n · |yA|avg

!

(yAi � yBi)
2

#

where n is the number of wavelengths measured within the spectral range, yAi is the ith
sample of the reference spectra, yAi is the ith sample of the sample spectra, and |yA|avg
is the average absolute molar ellipticity of the reference sample. The smoothed spectra
corresponding to pH = 7 and T = 75 �C were used as the reference spectra for each protein.
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A range of wavelengths from 200 to 250 nm were utilized in this calculation. All WSD
calculations were completed in R version 4.4.2.

2.5. Intrinsic Fluorescence Spectroscopy
Intrinsic fluorescence measurements were conducted on a Jasco-1500 spectrometer

using a 10 mm quartz cuvette with protein concentrations of 0.2 mg/mL in 10 mM sodium
phosphate buffer containing 100 mM NaCl with pH ranging from 2 to 9 at pH increments
of 1 and held at temperatures 75, 80, 85, and 90 �C. Protein samples were excited at a
wavelength of 280 nm and emission spectra were recorded at 290 to 450 nm.

2.6. 8-Anilino-1-Napthalenesulfonic Acid (ANS) Binding Assays
ANS binding assays were performed using protein concentrations of 0.2 mg/mL.

Stock ANS was made such that 2 µL titrations into the protein sample would increase the
ANS concentration by 10 µM increments. Fluorescence measurements were conducted
after each titration until saturation was reached. All samples were excited at 380 nm and
emission was recorded at 500 nm. Measurements were recorded under variable pH buffer
conditions (pH 2 and 7) and variable temperature conditions (75, 85, and 90 �C).

2.7. Differential Scanning Calorimetry (DSC)
All protein samples were prepared at a concentration of 0.5 mg/mL in 10 mM phos-

phate buffer. A N-DSC III differential scanning calorimeter was used to determine the
melting temperatures (Tm). Prior to loading, all of the protein samples were subjected to
degassing at 25 �C for 15 min. Scans were performed from 25 to 110 �C with a 1 �C/min
ramping temperature and at variable pHs (pH 2, 4, and 7). To obtain a stable baseline,
buffer runs were conducted before running the protein scans. Blank subtraction was done
and data obtained were processed using CpCalc Version 2.2.0.10 software.

2.8. Trypsin Digestion
Limited trypsin digestion experiments were performed on all HSP subunits. The

initial reaction mixture included 0.2 mg/mL of protein and 0.000781 mg/mL of trypsin
in 10 mM sodium phosphate buffer at pH 7.2. Trypsin digestion was carried out at 37 �C
and a portion of the reaction mixture was removed at specified time intervals over 15 min.
The reaction was arrested by precipitation using trichloroacetic acid. The reaction products
were analyzed by 15% SDS-PAGE and the gels were stained using Coomassie Brilliant Blue
(Sigma Aldrich, Milwaukee, WI, USA). The band intensities for SDS-PAGE were estimated
to measure the percentage of proteolytic digestion using UN-SCAN-IT 6.2 densiometric
software. The intensity of HSP samples not subjected to proteolytic digestion was used as a
control representing 100% protection from enzymatic degradation.

2.9. Structural Modeling
The FASTA sequences of HSP↵ and HSP�) from S. shibatae strain B12 were uploaded

into SWISS-MODEL [48]. Sequences with a similarity of 60% or more were chosen for the
templates for both HSP↵ and HSP� three-dimensional model generation in PDB format.
Select models were subjected to energy minimization and RMSD calculations employing
Swiss PDB Deep Viewer 4.1 to select the best model for each protein [49]. HSP↵ and HSP�
structural data were subjected to scans using EMBL-EBI InterPro 102.0 to visualize the
distinct apical, intermediate, and equatorial domains of these proteins [50]. The highly
conserved regions of all domains among the different subtypes, including HSP�-coh, were
marked using ESPript 3.0 [51]. The secondary structures for each HSP were visualized
using the Swiss PDB Deep Viewer [49]. The NsitePred webserver was used to determine
any possible ADP/ATP exchange sites [52]. MODELLER 10.5 [53] was used to generate
a homology model of the HSP�-coh protein. Finally, Visual Molecular Dynamics 1.9.4
(VMD) [54] was used to visualize the three-dimensional structure of each chaperonin.
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2.10. Molecular Dynamics Simulations
Eighteen different systems were simulated using all-atom unbiased MD with each

repeated three times independently for 200 ns. The PDBs generated for HSP↵ and HSP�
were used to build the initial all-atom models for these HSP subunits. Protonation states
of titratable residues were determined at pH 2, pH 4, or pH 6.5 using PROPKA 3.0 [55].
Simulations were performed either at 40, 78 or 88 �C (313 K, 351 K or 361 K, respectively),
resulting in eighteen different systems including (1) HSP↵-pH: 2-T: 40 �C, (2) HSP↵-pH:
2-T: 78 �C, (3) HSP↵-pH: 2-T: 88 �C, (4) HSP↵-pH: 4-T: 40 �C, (5) HSP↵-pH: 4-T: 78 �C,
(6) HSP↵-pH: 4-T: 88 �C, (7) HSP↵-pH: 6.5-T: 40 �C, (8) HSP↵-pH: 6.5-T: 78 �C, (9) HSP↵-
pH: 6.5-T: 88 �C, (10) HSP�-pH: 2-T: 40 �C, (11) HSP�-pH: 2-T: 78 �C, (12) HSP�-pH: 2-T:
88 �C, (13) HSP�-pH: 4-T: 40 �C, (14) HSP�-pH: 4-T: 78 �C, (15) HSP�-pH: 4-T: 88 �C,
(16) HSP�-pH: 6.5-T: 40 �C, (17) HSP�-pH: 6.5-T: 78 �C, and (18) HSP�-pH: 6.5-T: 88 �C.

Each of the 18 systems was built independently for MD simulations using the
CHARMM-GUI web server [56]. Each system consisted of one HSP subunit, ⇠95,000 TIP3P
waters, and 0.15 M NaCl. The size of each system was ⇠150 ⇥ 150 ⇥ 150 Å3 and contained
⇠318,500 atoms. Each system was first energy-minimized using the conjugate gradient
algorithm [57] for 10,000 steps and then relaxed in multiple steps for a total of ⇠1.5 ns
in an NVT ensemble. Fully unbiased simulations started from the relaxed models in an
NPT ensemble, and data were collected every 100 ps for a total of 200 ns in each case.
Simulations were conducted using NAMD 2.14 [58] under periodic boundary conditions,
and data analysis was conducted using various VMD plugins [54]. All components were
modeled using the CHARMM36m all-atom additive force field [59]. A 2 fs time step was
used and simulations were carried out at either 313, 351, or 361 K employing a Langevin
integrator [60] with a damping coefficient of � = 1 ps�1. Pressure was maintained at 1 atm
using the Nosé–Hoover Langevin piston method [61]. The non-bonded interaction cut-off
distance was set to 10–12 Å, and the particle mesh Ewald method [62] was employed to
compute the long-range electrostatic interactions. For all repeats of each simulation, we
started from the initial model built by CHARMM-GUI and independently repeated the
procedure from the first repeat. Secondary structural analysis was carried out using the
VMD plugin Timeline that uses the STRIDE algorithm [63].

3. Results

3.1. HSPs Resolved by Sodium Dodecyl Sulfate–Polyacrylamide Gel Electrophoresis
Using sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS PAGE) and

silver staining, purified HSP↵, HSP�, and HSP�-coh chaperonin subtypes are resolved
(Figure S1). HSP↵ and HSP� appear as single bands each at ~60 kDa. This is consistent
with prior work [24,43,46]. HSP�-coh, which is a larger fusion construct, produces a single
band at ~73 kDa (Figure S1, middle lane). This higher molecular weight band is expected
considering that there is a Clostridium thermocellum Type I cohesin domain fused to the
core HSP subunit structure [24,43]. The results for HSP↵ and HSP� are consistent with
prior reports using SDS PAGE and Western blot analysis [24,43,46]. The values are also
consistent with the molecular weights derived from the ExPASy ProtParam server [50].
HSP↵ and HSP� differ in length by eight residues (560 and 552 amino acids, respectively).

3.2. Transmission Electron Microscopy (TEM) Reveals HSP Ring Structures In Vivo
Using purified cell-free HSP↵ and HSP� subunits pre-incubated with ATP and Mg2+,

transmission electron microscopy (TEM) reveals nonameric ring structures of ~20 nm in
diameter (Figure S2B). TEM images of cells of S. solfataricus strain P2 [9,13] show similar
nonameric HSP ring structures [23,24] near the inner membrane surface (see Figure S2A),
indicating that the HSP complexes formed in vitro (i.e., cell-free) are also present in viable
crenarchaeal cells after thermal shock at 88 �C for 30 min. This is consistent with low-
resolution immunogold staining performed in cells of S. shibatae strain B12 [64,65], which
suggested that HSPs are prevalent within cells of Sulfolobales.
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3.3. Structural Models Predict Similarities in Three-Dimensional Structures of HSP Subtypes
Upon resolving the primary structures of each HSP subtype, sequences were used to

generate structural models (Figure 1) in a several modeling software packages. Structural
models from MODELLER 10.5 [53] for HSP↵ and HSP� show similar three-dimensional
structures (Figure 1A,B). Structural data were used to compare the secondary structures
(i.e., ↵-helices, �-sheets, loops, and turns), hydrophobic segments, conserved regions, and
the tertiary structures of the functional domains (i.e., apical, intermediate, and equatorial)
between HSP subtypes. In general, all three HSP subtypes exhibit helix-rich structures
with 16 ↵-helices, 10 �-strands, and a characteristic stem loop between the intermediate
and equatorial domains. These data are consistent with other high-resolution structures
previously reported [22,23]. For HSP↵ and HSP�, ~50% of the amino acid residues are
incorporated into ↵-helices and ~15% form �-strands. Apical domains for HSP↵ and HSP�
each resolve from a contiguous stretch of residues. However, equatorial and intermediate
domains for HSP↵ and HSP� form from the convergence of multiple stretches of amino
acids and the intermingling of secondary structural elements. Notably, the base structure
of HSP�-coh resembles HSP↵ and HSP� but includes the cohesin domain extending from
the apex of the core HSP� permutant (Figure 1C). Since HSP�-coh is based on the fusion of
cohesin to a circular permutant of native HSP�, the location of residues comprising key
secondary structural elements is shifted. Still, the number of ↵-helices and �-strands and
their relative positions in the tertiary structures of the proteins is conserved. Specifically,
the HSP�-coh model has 16 ↵-helices, 18 �-strands, and the characteristic HSP stem loop.
In HSP↵, the stem loop resolves at residues 46–58 (KMLIDSFGDVTIT). In HSP�, the stem
loop is located at positions 56–68 (KMFVDSLGDITIT). The HSP�-coh stem loop resolves at
residues 315–327 (KILVDSLGITIT). Despite position shifts for particular amino acids, all
HSP subtypes feature very similar three-dimensional conformations.
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Figure 1. Structural models of natural and engineered HSP subunits. (A) 3-D structural model of the
HSP↵ subtype; (B) structural model of the HSP� subtype; (C) structural model of the engineered
HSP�-coh fusion construct. The homologous apical (Ap), intermediate (Int), and equatorial (Equ)
domains are designated by arrows. The cohesin domain of the HSP�-coh fusion protein is circled.

3.4. HSPa, HSPb, and HSPb-coh Amino Acid Sequence Alignment Shows Conserved Regions
HSP primary structures (i.e., amino acid sequences) were derived from MALDI-TOF

mass spectrometry data. Alignment of HSP↵, HSP�, and HSP�-coh shows conserved runs
of amino acids between 57–73, 36–48, and 85–93 for HSP↵; 95–103, 46–58, and 67–83 for
HSP�; and 355–362, 316–332, and 325–341 for HSP�-coh (Figure 2). Sequence alignment
also reveals conserved hydrophobic regions and amino acid residues (Figure 2, e.g., blue
and purple highlighted residues). For the HSP�-coh construct, two linkers are present in
the primary structure (Figure 2; orange icons). A linker at position 265–270 was engineered
to alter the position of the N-terminus and C-terminus in the HSP� permutant [46]. The
second linker at position 526–534 was added to fuse cohesin to the HSP� permutant.
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Figure 2. Primary structure alignment of HSP↵, HSP�, and HSP�-coh. Multiple sequence alignment
was generated in ClustalW and visualized by ESPript. The ↵-helices and �-strands are represented
as coils and arrows, respectively. �-turns are noted as TT. Conserved regions are marked in blue
boxes and the residues are highlighted in red. The linker at the amino acid position 267 of HSP� and
between HSP� and the cohesin moiety is marked with an orange box. The domains are color-coded:
apical (magenta), intermediate (blue), and equatorial (green). The stem loop region is denoted by
a purple triangle. Hydrophobic tyrosine and tryptophan residues are highlighted in purple and
blue, respectively. [NCBI/GenBank record locators are: AAA87624.1 HSP↵ (also known as, TF56),
CAA45326.1 HSP� (also known as, TF55), Q06851 cohesin module of CipA (residues 179–325).

3.5. Differential Scanning Calorimetry Reveals Tm for HSPs Under Different pH Conditions
Differential scanning calorimetry (DSC) is an analytical tool commonly employed for

determining the thermal stability of proteins by measuring changes in heat capacity [66].
DSC was employed to assess the limits of HSP subtype thermal stability. Specifically, HSP↵,
HSP�, and HSP�-coh were subjected to temperatures ranging from 25 to 110 �C. Readings
were recorded at 5 �C increments. The melting temperature Tm at which 50% of the protein
exists in denatured or unfolded states was calculated. Tm thresholds for HSP↵, HSP�, and
HSP�-coh were examined under different pH conditions (i.e., pH 2, 4, and 7). At pH 7,
Tm thresholds for HSP↵, HSP�, and HSP�-coh were found to be 93.6, 93.6, and 88.3 �C,
respectively (Figure 3). The Tm for HSP↵ at pH 2 and 4 shifts from 93.6 to 68.2 and 69.4 �C,
respectively (Figure 3). The Tm for HSP� at pH 2 and 4 shifts from 93.6 to 58.5 and 57.0 �C,
respectively (Figure 3). The Tm for HSP�-coh at pH 2 and 4 shifts from 88.3 to 67.5 and
66.0 �C, respectively (Figure 3).
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Figure 3. Differential scanning calorimetry (DSC) of HSP subtypes. Analysis of the thermodynamic
stabilities of HSP↵, HSP�, and HSP�-coh monitored by DSC under three different pH conditions:
HSP↵ pH 2 (red), HSP↵ pH 4 (purple), HSP↵ pH 7 (orange), HSP� pH 2 (magenta), HSP� at
pH 4 (green), HSP� pH 7 (cyan), HSP�-coh pH 2 (brown), HSP�-coh pH 4 (blue), and HSP�-coh
pH 7 (black).

3.6. Circular Dichroism (CD) Shows Secondary Structure Shifts at Varied pH and Temperature
To determine the stability of secondary structural elements (e.g., ↵-helices) under

varying conditions of pH and temperature, far-UV circular dichroism (CD) spectroscopy
experiments were conducted for each subunit. The CD spectra for each HSP subunit reveal
two hypo-elliptical bands around 208 nm and 222 nm (Figure 4), which is characteristic of
helical-rich protein backbone structures [67,68].
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Figure 4. HSP far-UV circular dichroism (CD) spectra. HSP↵ (left), HSP� (middle), and HSP�-coh
(right) upon thermal denaturation (25–90 �C) at (A) pH 7, (B) pH 4, and (C) pH 2. Color coding is the
same for each spectrum overlay: 25 �C (black), 30 �C (blue), 35 �C (brown), 40 �C (teal), 45 �C (neon
green), 50 �C (pink), 55 �C (orange), 60 �C (purple), 65 �C (red), 70 �C (yellow), 75 �C (green), 80 �C
(gray), 85 �C (maroon).

Each HSP subtype CD spectrum was examined as a function of temperature and pH.
At neutral pH 7, varying temperature does not appear to impact the secondary structure
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of HSP↵, HSP�, or HSP�-coh (Figure 4A). At pH 7, the thermal denaturation CD spectral
overlays of HSP↵, HSP�, and HSP�-coh superimpose with one another with negligible
deviation (Figure 4A). Since HSPs have evolved in thermophilic environments with an
intracellular pH typically around 6.5–6.8 [44,45], it is suggested that neutral pH trials at the
higher end of the temperature range (75–80 �C) best represent native structural states. The
magnitude of molar ellipticity decreases as temperature increases at pH 2 and 4 for HSP↵
and at pH 2 for HSP�-coh (Figure 4B,C). Minor spectral shifts were also observed along the
x-axis (i.e., wavelength) at pH 2 and 4 for HSP↵ (Figure 4C).

3.7. Weighted Spectral Difference (WSD) Suggests Differences in HSP Subtype Sensitivity to pH
Calculating the Weighted Spectral Difference (WSD) provides a detailed method for

quantifying spectral differences in CD data [47]. WSD was employed to provide a more
precise comparison of the spectral similarities and dissimilarities between subunits under
varying conditions. Again, we consider the spectra at pH 7 and 75 �C to be representative
of the native conformation for each HSP subunit. All subunits show similarity across
the temperature range of 25–90 �C at pH 7. This is represented by the overlap of WSD
values in blue (Figure 5). Interestingly, the thermal denaturation spectra of HSP�-coh at
pH 4 overlap with representative native conformation spectra of all three subtypes at pH 7.
However, HSP� thermal denaturation spectra at pH 4 and 2 exhibit a notable decrease in
magnitude. Although the WSD values derived from the thermal denaturation spectra of
HSP↵ deviate the most from the native conformation of HSP↵ itself and the other subunits
at pH 2, all subtypes show dissimilarity when compared to native conformation spectra
at pH 2 (Figure 5, red). Analyses of WSD across temperature and pH ranges indicate that
changes in pH have a larger effect on the secondary structures of each HSP than changes
in temperature (Figure 5). One exception to this trend was seen with HSP�-coh at pH 4,
which closely matched trend curves at pH 7 across the range of temperatures. A negative
correlation was seen between temperature and WSD for HSP� at a low pH. These results
suggest that, in terms of secondary structural stability, HSP↵ is more sensitive to changes
in pH and temperature than HSP� or HSP�-coh. Despite apparent sensitivity to low pH,
these results suggest thermal stability for HSP↵, HSP�, and HSP�-coh up to 85 �C.
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Figure 5. Weighted Spectral Difference (WSD). WSD of Far-UV circular dichroism (CD) spectra for
HSPs. HSP↵ (N), HSP� (•) and HSP�-coh (⌅) at pH 2 (red), pH 4 (green) and pH 7 (blue). Each
point indicates the calculated WSD between the spectra of a given combination of protein, pH and
temperature and the spectra of the same protein at pH = 7 and T = 75 �C.
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Although the HSP↵ CD spectra showed the most significant decrease in magnitude
at lower pH, the general spectral profile remained. To determine if these shifts represent
significant changes in protein secondary structure, the 222/208 nm ratio was plotted for
each HSP subtype spectrum as a function of temperature (by pH condition) for each HSP
(Figure 6). The ratio of the molar ellipticities at 222 and 208 nm ([✓]222/[✓]208) is utilized
as a criterion to evaluate the presence of coiled-coil helices in proteins [69].
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Figure 6. Ratio plots for HSP subunit CD data. Plots of [✓]222/[✓]208 nm as a function of temperature
and pH for (A) HSP↵, (B) HSP� and (C) HSP�-coh.

A non-interacting ↵-helix presents a ratio at 0.9 or below, while ratios of 1.0 or above
indicate the presence of coiled-coil helices [70,71]. The effect of varying the temperature
and pH of natural and engineered HSP subunits on the [✓]222/[✓]208 ratio was examined
to determine if coiled-coil formation occurs due to fluctuations in temperature and pH.
The ratio remained unaltered (below 0.9) for all three subunits at pH 7 over temperatures
ranging from 25 to 85 �C (Figure 6). There is no overt alteration in the ratio for HSP� and
HSP�-coh in the lower pH range (2 and 4) (Figure 6). For HSP↵, induction of coiled-coil
helices appears to take place over the temperature range of 40–85 �C at pH 2 as indicated
by a shift in 222/208 nm to 1.0 (and above). The emergence of coiled-coil structures within
HSP↵ at pH 4 appears to take place from 30 to 65 �C (Figure 6A).

3.8. Intrinsic Fluorescence (IF) Indicates Tertiary Structure Shifts at Varied pH and Temperature
Intrinsic protein fluorescence, predominately due to the fluorescent emissions of

tryptophan when excited at 280 nm, is a useful method to probe tertiary structural changes
in proteins by providing information on stability and folding/unfolding states [72,73].
Tryptophan fluorescence is sensitive to solvent polarity. Tryptophan residue(s) present on
the surface of the protein are exposed to solvent polarity, whereas tryptophan residue(s)
buried deep within a protein are shielded away from the polar environment. As polarity
of the solvent increases, typically, the fluorescence maxima goes through a red shift and
the quantum yield decreases [74]. However, in some cases, the tryptophan fluorescence of
a protein may be quenched because of quenching by other residues [74]. HSP↵ does not
contain any tryptophan residues. The native conformation shows an emission maximum at
306 nm corresponding to the seven tyrosine residues in the protein located across all three
domains: Y280, Y351 (apical); Y198, Y496 (intermediate); and Y124, Y128, Y430 (equatorial).
For intrinsic fluorescence readings, HSP↵ was presented a pH range of 2–9 and held at
temperatures 75, 80 and 90 �C (Figure 7A). Intrinsic fluorescence spectra of HSP↵, across
the pH range, show a maximum emission at ~306 nm, which is consistent with the native
conformation of the chaperonin protein (Figure 7A). The environment of the fluorophores
for HSP↵ were unchanged as the emission maxima fluctuated slightly by 2–4 nm with the
exception of HSP↵ at 75 �C and the higher pH range (pH 8 and 9), where it shows emission
maxima shift closer to 350 nm. However, the fluorescence spectra of HSP↵, under most
conditions, exhibit a small hump at 350 nm in addition to the more prominent emission
maxima peak at 306 nm. This suggests that a subtle perturbation of the tertiary structure
occurs due to temperature and pH fluctuations.
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Figure 7. Intrinsic fluorescence spectra of HSPs: (A) HSP↵; (B), HSP�, and (C) HSP�-coh—were
subjected to pH 2–9 at 75 �C (left column), 80 �C (middle column), 90 �C (right column top and
middle for HSP↵ and HSP�, respectively), and 85 �C (right column bottom for HSP�-coh). Inset
graphs depict the changes in relative fluorescence intensity at the respective native emission maxima
for each subunit as a function of pH. Color coding for each graph is as follows: pH 2 (blue), pH 3
(red), pH 4 (gray), pH 5 (yellow), pH 6 (orange), pH 7 (black), pH 8 (green), pH 9 (purple).

The relative fluorescence intensity (RFI) is lower at lower pH conditions (pH 2 and
3) across all temperatures (physiological and heat shock). The decrease in intensity could
be associated with an increase in compactness (supercoiling of helices), thus resulting in a
more buried environment of the fluorophores. This would decrease exposure to solvents,
therefore decreasing emissions. Overall, temperature and pH conditions did not lead to
significant perturbations in the tertiary structure of HSP↵.

HSP� contains three tryptophan residues and twelve tyrosine residues located across
the three domains: Y310, Y352 (apical); W198, Y199, Y223 (intermediate); and Y26, Y49,
Y122, Y134, Y431, W433, Y446, Y484, W497 (equatorial). The emission maximum is at
340 nm in neutral pH over the range of temperatures (75, 80, and 90 �C), suggesting that
the folded state of the protein is relatively stable and that tryptophan residues for HSP�
are partially accessible to the solvent in its native conformation. No significant changes
in emission maxima were observed for HSP� over this range of pH at 75 �C (Figure 7B),
except for at pH 3, wherein the emission maximum decreased to 332 nm. At 80 �C, the
emission maximum for all pH conditions except for neutral pH (i.e., pH 7) shifted slightly
by 2 nm. At 90 �C, all emission maximum values went through a slight red shift of 2–4 nm.
Again, the observed RFI is lower at pH 2 and 3 across all temperatures. Decreases in the
emission maxima suggest that the fluorophores may have shifted to a more apolar core
perhaps due to an increase in helical content. Like HSP�, HSP�-coh only contains three
tryptophan residues. No additional tryptophan residues are introduced due to fusion of the
cohesin to the HSP� circular permutant. The emission maximum for HSP�-coh is ~334 nm
in neutral pH over the range of temperatures (75, 80, and 90 �C). Interestingly, at pH 2 and
3, and over the full range of temperatures (75, 80, and 90 �C), HSP�-coh exhibits a blue
shift, as well as a lowered RFI consistent with the other HSPs (Figure 7C).
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3.9. Anilino Naphthalene 8-Sulfonate Binding Suggests Limited Stability of Tertiary Folds
Anilino naphthalene 8-sulfonate (ANS) is a non-polar dye which is used to probe the

presence or extent of solvent-exposed hydrophobic surfaces in proteins [67,75,76]. This
spectrophotometric method is used for studying protein folding in different conditions.
The degree of folding, presence of potential intermediate states, or protein denaturation
can be monitored by the exposure of hydrophobic residues on the surface of the protein.
Differences in the surface hydrophobicity of natural and engineered HSPs appear to be
pH-dependent (Figure 8). ANS binding curves for HSP↵ and HSP� at pH 7 and 75 �C are
comparable (i.e., superimpose). Furthermore, ANS binding for HSP↵ and HSP� at pH 7
and 90 �C (i.e., heat shock conditions) exhibits robust congruency. These results suggest
that at both physiological pH and under heat shock, the native tertiary folds of these three
proteins are not significantly perturbed. ANS for HSP�-coh upon heat shock (i.e., 85 �C) at
pH 7 showed a slight increase in RFI as compared to the binding curve at physiological pH
and temperature. For all HSPs at higher temperatures (75, 85, and 90 �C) and neutral pH,
the RFI for ANS binding is lower compared to the RFI at pH 2.
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Figure 8. Anilino naphthalene 8-sulfonate binding for each HSP subtype. The ANS binding curves
at: (A) pH 2 for HSP↵ (left), HSP� (middle) and HSP�-coh (right); (B) pH 7 for HSP↵ (left), HSP�
(middle) and HSP�-coh (right)—are determined under two temperature conditions 75 �C (blue) and
85 �C (HSP�-coh, green) or 90 �C (HSP↵, HSP�, green).

3.10. Hydropathy Analysis Shows Differences in Hydrophobicity Between HSP Subtypes
The hydropathic indices for each protein were calculated by the method of Kite and

Doolittle (1982) and the values were averaged at each equivalent position (Figure S3).
Characterization of hydropathy profiles for natural and engineered HSP subunit regions
shows that the natural HSP↵ and HSP� subtypes were almost mirror images of one another.
The mean of the grand average hydropathy score (GRAVY) for natural HSP↵, HSP� and
the engineered fusion construct HSP�-coh was calculated. These GRAVY scores are 0.00625
for HSP↵; �0.2 for HSP�; and �0.11 for HSP�-coh, respectively.

Although the hydrophilic profile of these proteins appears conserved across key
structural elements, the hydrophobic properties around positions 550–700 of HSP�-coh
were shifted downward (i.e., less hydrophobic) when compared to the natural HSP↵ and
HSP� subunits.
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3.11. Trypsin Digestion Assays Suggest a Flexible HSPb Backbone Structure
Trypsin, a serine protease, which cleaves proteins at the C-terminal end of lysine and

arginine residues, is used to assess the backbone flexibility and provide low-resolution
information regarding structural changes in proteins. A time-dependent trypsin digestion
was used to compare backbone flexibility between HSP subtypes. The percent digestion
post-incubation with trypsin for each HSP was measured by densitometric analysis of the
60 and 73 kDa bands in SDS PAGE gels (Figure S4). HSP�-coh is readily degraded by
trypsin. Specifically, 87% of the protein is digested within 2 min of trypsin treatment. After
15 min of incubation with trypsin (37 �C), the 73 kDa band corresponding to HSP�-coh
fusion protein is completely digested. In comparison, HSP� and HSP↵ are digested to 75%
and 60%, respectively, after 4 min (Figure 9).

Microorganisms 2024, 12, x FOR PEER REVIEW 14 of 23 
 

 

3.11. Trypsin Digestion Assays Suggest a Flexible HSPb Backbone Structure 
Trypsin, a serine protease, which cleaves proteins at the C-terminal end of lysine and 

arginine residues, is used to assess the backbone flexibility and provide low-resolution 
information regarding structural changes in proteins. A time-dependent trypsin digestion 
was used to compare backbone flexibility between HSP subtypes. The percent digestion 
post-incubation with trypsin for each HSP was measured by densitometric analysis of the 
60 and 73 kDa bands in SDS PAGE gels (Figure S4). HSPβ-coh is readily degraded by 
trypsin. Specifically, 87% of the protein is digested within 2 min of trypsin treatment. After 
15 min of incubation with trypsin (37 °C), the 73 kDa band corresponding to HSPβ-coh 
fusion protein is completely digested. In comparison, HSPβ and HSPα are digested to 75% 
and 60%, respectively, after 4 min (Figure 9). 

 
Figure 9. Densitometry for SDS-PAGE gels. Densitometry depicts resistance to limited trypsin di-
gestion for HSPα (red), HSPβ (green), and HSPβ-Coh (blue). 

3.12. Molecular Dynamics Simulations Reveal Thermostability and pH Dependence of HSPs 
All-atom molecular dynamics (MD) simulations are employed to provide a dynamic 

picture of protein structure at the molecular level. By changing conditions such as pH and 
temperature, similar to an experimental setting, MD can be use to observe the differential 
dynamic behavior of proteins under different conditions. Here, all-atom MD simulations 
with 200 ns simulation time were used to compare the conformational dynamics of HSPα 
and HSPβ monomers. Given that no direct experimental data exist on the 3D structure of 
HSPβ-coh, we did not simulate the engineered subunit due to a lack of information for 
the initial model. However, HSPα and HSPβ were each independently simulated under 
conditions mimicking pH 2, 4 and 6.5 and temperatures of 40, 78 and 88 °C (9 conditions). 
For a more reliable comparison between conditions, each subunit was simulated under all 
nine conditions in triplicate, generating 10.8 microseconds of MD data in aggregate. 

The root-mean-square deviation (RMSD) time series for the initial models of these 
subunits (see Figure 1) can be used to examine the relative stability of each subunit under 
different conditions (Figure 10). Simulations show that HSPα undergoes conformational 
changes within only tens of nanoseconds and almost always shows significant fluctuation 
and deviation from initial crystal structures when simulated under conditions mimicking 
pH 2, where RMSD goes beyond 10 Å at some point during the simulation. HSPβ also 
has signs of instability in cases of acidic pH. Moreover, temperature increase leads to 
higher instability, a behavior that was not as clearly observed in HSPα under pH 2. In 
other words, while the pH-dependent behavior of HSPα and HSPβ at acidic pH is clear, 
the distinction between different temperatures in HSPα is not. The instability of HSPα at 
the intermediate pH (pH 4) is heightened by decreasing temperature. HSPα in pH 6.5 
shows instability only at 40 °C, where RMSD always remains under 10Å under the higher 
temperature conditions. On the other hand, HSPβ exhibits stability at pH 4 and 6.5 for all 
temperature conditions (i.e., 40, 78, and 88 °C) with the exception of one of the replicates 
at the highest temperature (88 °C) under the intermediate pH condition (pH 4). This again 
indicates a difference in the behavior of HSPα and HSPβ. 

Figure 9. Densitometry for SDS-PAGE gels. Densitometry depicts resistance to limited trypsin
digestion for HSP↵ (red), HSP� (green), and HSP�-Coh (blue).

3.12. Molecular Dynamics Simulations Reveal Thermostability and pH Dependence of HSPs
All-atom molecular dynamics (MD) simulations are employed to provide a dynamic

picture of protein structure at the molecular level. By changing conditions such as pH and
temperature, similar to an experimental setting, MD can be use to observe the differential
dynamic behavior of proteins under different conditions. Here, all-atom MD simulations
with 200 ns simulation time were used to compare the conformational dynamics of HSP↵
and HSP� monomers. Given that no direct experimental data exist on the 3D structure of
HSP�-coh, we did not simulate the engineered subunit due to a lack of information for
the initial model. However, HSP↵ and HSP� were each independently simulated under
conditions mimicking pH 2, 4 and 6.5 and temperatures of 40, 78 and 88 �C (9 conditions).
For a more reliable comparison between conditions, each subunit was simulated under all
nine conditions in triplicate, generating 10.8 microseconds of MD data in aggregate.

The root-mean-square deviation (RMSD) time series for the initial models of these
subunits (see Figure 1) can be used to examine the relative stability of each subunit under
different conditions (Figure 10). Simulations show that HSP↵ undergoes conformational
changes within only tens of nanoseconds and almost always shows significant fluctuation
and deviation from initial crystal structures when simulated under conditions mimicking
pH 2, where RMSD goes beyond 10 Å at some point during the simulation. HSP� also has
signs of instability in cases of acidic pH. Moreover, temperature increase leads to higher
instability, a behavior that was not as clearly observed in HSP↵ under pH 2. In other words,
while the pH-dependent behavior of HSP↵ and HSP� at acidic pH is clear, the distinction
between different temperatures in HSP↵ is not. The instability of HSP↵ at the intermediate
pH (pH 4) is heightened by decreasing temperature. HSP↵ in pH 6.5 shows instability
only at 40 �C, where RMSD always remains under 10 Å under the higher temperature
conditions. On the other hand, HSP� exhibits stability at pH 4 and 6.5 for all temperature
conditions (i.e., 40, 78, and 88 �C) with the exception of one of the replicates at the highest
temperature (88 �C) under the intermediate pH condition (pH 4). This again indicates a
difference in the behavior of HSP↵ and HSP�.
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While it seems that HSP↵ has the highest stability at the highest temperature (88 �C)
and pH (6.5), HSP� is almost stable in both intermediate (pH 4) and high pH (pH 6.5)
conditions. If we look at the right side of the HSP↵ plots (Figure 10A) from bottom to top
(high temperature to low temperature) and left to right (high pH to low pH), the instability
of this subunit increases in both directions. On the other hand, HSP� behaves differently:
lower temperatures favor stability at least under lower pH conditions. The conformational
changes observed in these simulations are not due to secondary structural changes since
the secondary structural content of both the HSP↵ and HSP� subunits does not show any
significant changes during simulation and remains virtually independent of the pH and
temperature (Table S1). The helical content (mostly a-helical with a negligible 310 content)
varies from 49 to 51% on average for both the HSP↵ and HSP� subunits and the �-strand
content varies from 15 to 16% for HSP↵ and from 16 to 18% for HSP�, with no significant
dependence on pH or temperature (Table S1).
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4. Discussion

Results from this study provide convincing evidence that there are differences in HSP
subtype responses (i.e., HSP↵ versus HSP� versus HSP�-coh) to environmental stressors.
Despite high structural similarity between these chaperonins, resistance to thermal shock
and stability at low, non-physiological pH differs between HSP subtypes. The responses of
secondary structural elements versus tertiary structural stability may provide insights into
HSP complex function within viable cells under physiological and stress conditions.

4.1. Primary Sequence Similarity and High Structural Paralogy Between HSP Subtypes
For cloning HSP↵ (also known as, TF56) and HSP� (also known as, TF55) genes from S.

shibatae strain B12 into a bacterial expression system (i.e., BL21-CodonPlus (DE3)-RIL cells;
Agilent, Santa Clara, CA, USA), prior work identified protein bands of ~60 kDa on SDS
PAGE [22]. When purified and incubated in vitro with ATP and divalent cations (e.g., Mg2+),
these HSP60s were shown to form both homomeric and heteromeric octadecameric double-
ring complexes [22,23]. Although previous data from an immuno-gold labeled cells suggest
expression of HSPs within an archaeal cell [74], there has been little to no evidence that
HSP ring structures form in vivo. In this study, we demonstrate through TEM that HSP
complexes indeed form within the crenarachaeal cell (Figure S2A).

Prior work demonstrated amino acid sequence similarities for HSP60s derived from
select strains of Sulfolobales [22,23]. In this study, we found that HSP↵ and HSP� from
other species of the Sulfolobaceae family also exhibit high sequence similarity (Figure 2).
Our data also indicate that sequence similarity between the two natural HSP subtypes
yields high structural paralogy (Figure 1). It is this paralogy between HSP↵ and HSP� that
allows the formation of functional homomeric 18-mer HSP complexes with either subunit
in vitro. However, in nature, heteromeric octadecameric HSP complexes are expected [23].
This conservation across species (and genera) underlies the critical role that HSPs play in
crenarchaeal survival in the extreme environments that serve as habitats for Sulfolobales.
Whether the double nonameric ring complexes consist of two heteromeric ring structures
or an HSP↵ homomeric ring associated with an HSP� homomeric ring remains unknown.
Indeed, stoichiometric favorability of HSP↵ over HSP� (or vice versa) in natural systems
may vary based on environmental conditions, such as pH, temperature, or other stressors.
The extent to which HSP↵ versus HSP� gene expression is differentially regulated under
cellular stress is the subject of ongoing studies in our lab. Likewise, the extent to which
different stressors drive complexation from a pool of residence HSPs is being explored
under different conditions of pH, temperature and other stressors (e.g., viral infection).

4.2. HSPs Exhibit High Thermal Tolerance but Limited Tolerance to Low pH
Several studies have shown that HSP expression is upregulated during thermal

shock [20,22,23]. This supports one of the reported core functions of group II chaperonins—
namely, to protect client proteins within the cell under conditions of thermal challenge.
Temperature fluxes with the environment will directly impact intracellular temperatures.
Therefore, it is reasonable to suggest that HSPs have developed thermal tolerance such
that their core structures are stable when other heat-labile client proteins become unstable.
Conversely, the crenarchaeal membrane provides a pH gradient between the extracellular
environment, which can reach pH < 2 [1,9,13], and the intracellular environment that is
maintained at ~6.5 [44,45]. Therefore, it is not presumed that HSPs have evolved tolerance
to low pH or the ultra-low pH (e.g., pH < 2) found in some habitats of the Sulfolobales.
Still, in these crenarchaea, a significant amount of metabolic energy must be devoted to
pumping protons (i.e., H+ ions) out of the cell to maintain the cell membrane pH gradient.
Under conditions of cellular stress, it is reasonable to suggest that intracellular pH may
drop as competition between pathways for metabolic energy ensues. Thus, it is important
to understand whether HSPs are resilient and continue to function amidst such pH fluxes.
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4.2.1. Natural and Engineered HSPs Exhibit Thermostability at Neutral pH
Results from DSC demonstrate the thermostability of all three HSP subtypes tested

at neutral pH (see Figure 3), which is expected of heat shock proteins at physiological pH
(i.e., intracellular pH). The natural chaperonins HSP↵ and HSP� showed the highest Tm
values exceeding 93 �C, while the engineered construct HSP�-coh was lower at Tm ~88 �C.
Although C. thermocellum is thermophilic [77,78], it is not a hyperthermophile. Therefore,
cohesion from C. thermocellum, which comprises the -coh domain of HSP�-coh, has not
evolved under the same temperature conditions as the group II chaperonins. The lower Tm
of the HSP�-coh fusion construct is likely due to the thermal sensitivity of the cohesion
domain at these elevated temperatures.

There is a striking drop in Tm by ~25 �C with decreased pH for all three HSP subunits,
indicating a strong temperature by pH impact. This sensitivity is observed at both low
(i.e., pH 4) and ultra-low (i.e., pH 2) pH values. To better understand the nature of this
sensitivity, intrinsic fluorescence (IF), trypsin digest, anilino naphthalene 8-sulfonate (ANS),
and circular dichroism (CD) were used to parse out relative impacts on tertiary versus
secondary structural features.

4.2.2. Integrity of HSP Tertiary Structure Shows pH Dependency
To further explore pH by temperature effects on HSP structural stability, intrinsic

tryptophan (Trp) and tyrosine (Tyr) fluorescence was employed. Since the HSP↵ subtype
does not contain Trp residues, IF for HSP↵ relied on Tyr-based fluorescence. HSP↵ shows
a peak at 306 nm with the highest relative fluorescence intensity (RFI) at pH 7 under all
temperature conditions. Although the IFTyr emission peak does not significantly shift upon
altering pH, lower pH conditions result in a decreased RFI (i.e., amplitude) compared to
pH 7 across all temperatures (see Figure 7), indicating the possibility of supercoiling, which
is substantiated by the 222/208 nm ratio values for HSP↵ at pH 2 (Figure 7A, insets). In
HSP�, IFTrp shows an emission maximum at 340 nm, indicating partial exposure of Trp
residues. Again, there are no notable shifts in the emission spectra. However, there are
significant decreases in RFI across all temperature conditions, with the largest drops in
magnitude observed at the lower pH conditions (e.g., pH 2). HSP�-coh has a broader IF
spectrum than HSP↵ and HSP�, probably due to the additional Tyr residues from cohesin
and the shift in the location of Trp residues of the HSP� permutant. This would account
for the peak at ~334 nm and the less prominent shoulder at ~306 nm. A notable blue shift
is observed at pH 2 and 3 for HSP�-coh at all temperatures examined. This suggests that
ultra-low pH conditions cause this fusion construct to undergo tertiary structure changes,
perhaps leading to an unfolded intermediate state (see Figure 7C). What is clear is that pH
does impact tertiary folds in these HSPs.

4.2.3. The HSP� Backbone Structure Is More Resilient than That of HSP↵ or HSP�-coh
DSC indicates a global breakdown in thermostability of HSPs in low pH conditions.

IF suggests exposure of internal (i.e., hydrophobic) regions of these proteins at low pH.
Both ANS binding assays and trypsin digestion provide further information regarding HSP
tertiary structure perturbations under different temperature by pH conditions. At pH 7,
ANS shows negligible changes in emissions from non-polar surfaces of HSP↵ and HSP� at
75 �C (physiological) and 90 �C (heat stress), suggesting that no significant changes occur
with solvent-exposed hydrophobic surfaces in response to thermal stress (see Figure 8).
HSP�-coh at pH 7 shows minor ANS RFI increases even under mild heat shock (i.e., 85 �C).
This RFI increase is likely the result of ANS binding to the cohesin domain of HSP�-coh.
ANS binding assays using ultra-low pH (i.e., pH 2) yield notable increases (i.e., 10-fold+)
in RFI for all three HSP subtypes. This suggests that low pH induces conformational
changes that expose non-polar surfaces to ANS binding. Since hydropathy plots indicate
that HSP�-coh features more hydrophobic regions than HSP↵ and HSP� (see Figure S3),
increases in ANS RFI amplitudes for HSP�-coh are reasonable.
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Limited trypsin digestion (LTD) is another method for assessing protein backbone
stability/flexibility. Acknowledging that HSP�-coh has more trypsin cleavage sites than
HSP↵ or HSP� with 82, 72, and 75, respectively, LTD shows that HSP� is the least flexible
and thus has the highest backbone stability of all three chaperonin subtypes. HSP↵ was
slightly more susceptible to cleavage than HSP�, and HSP� -coh was the most susceptible.
Although increased thermostability and increased flexibility can often coincide, generally,
thermophilic proteins retain less flexibility than comparable proteins from mesophiles.
Although LTD can only be carried out at neutral pH (to avoid disrupting enzyme activity),
these data support results from IF, DSC and ANS, suggesting that, overall, HSP� is the
most stable subunit under the pH and temperature conditions tested. This may be due to a
more compact three-dimensional structure.

4.3. HSP Secondary Structure Exhibits Greater Resilience than Tertiary Structure During Stress
DSC, IF, ANS, and LTD data suggest significant temperature by pH effects on HSP

structural integrity; however, these methods focus predominantly on tertiary structure.
To explore the resilience of HSP secondary structure to changes in pH and temperature,
far-UV circular dichroism (CD) was applied. At physiological pH (intracellular pH ~6.5),
all three HSPs exhibit resiliency in the integrity of secondary structural elements over a
range of temperatures (25–85 �C). Considered in conjunction with DSC data, CD results
suggest that thermal stability is robust for all three subunits at neutral/physiological pH
(see Figure 4). Comparisons of far-UV spectral data using a [✓]222/[✓]208 ratio (Figure 6)
and Weighted Spectral Differences (WSD) (Figure 5) support the conclusion. Interestingly,
the secondary structure appears to be more resilient at pH 4 than pH 2 for all three HSPs.
The HSP↵ secondary structure shows the greatest sensitivity to pH. The apparent stability
of secondary structure elements at low pH (pH ~4) with global collapse at ultra-low pH
(e.g., pH 2) suggests that the HSP tertiary structure is perturbed, while the secondary
structure remains intact under mildly acidic conditions. Whether the conformational
shifts shown under mildly acidic conditions represent intermediate conformational states
associated with HSP–client protein interactions or HSP complex formation is not known.
However, the presence of coiled-coil signatures in CD data suggest the adaptation of a
more compact structure at a moderately low pH.

Extensive all-atom MD simulations (10.8 microseconds, in aggregate) reveal that HSP↵
and HSP� behave differently under different pH conditions. The pH-dependent behavior
of these subunits is mainly attributed to the tertiary structure rather than the secondary
structure, within the timescale of our simulations (i.e., 200 ns), as evidenced by RMSD
(see Figure 10) and secondary structural (Table S1) analysis of the MD trajectories. This is
consistent with the CD experiments, which suggest that the secondary structures of HSP
subunits are generally resilient to pH change. The RMSD plots, on the other hand, which
are based on the MD simulations, show qualitative similarities in their behavior to those
observed experimentally in DSC experiments.

At pH 2, HSP↵ and HSP� behave somewhat similarly in that they are fairly unstable.
At the highest pH (6.5 computationally and 7.0 experimentally), again, the two subunits
behave similarly in that they are both mostly stable. pH 4 is where we see the opposite
behavior between the two subunits both computationally (Figure 10) and experimentally
(Figure 4) using the CD spectra under different conditions. Computationally, the increase
in temperature stabilizes HSP↵ and destabilizes HSP�. One interesting aspect observed
in the lowest temperature simulations is that the HSP↵ subunit shows signs of instability
while HSP� remains stable. This may indicate that the initial model of HSP↵ is associated
with a conformation compatible with the high-temperature conformations. Notably, the
trend observed in trypsin digestion experiments exhibit consistency and complement the
MD simulation data. Specifically, HSP↵ simulations show more signs of instability when
compared to HSP�, an observation consistent with the higher rate of trypsin digestion
for HSP↵.



Microorganisms 2024, 12, 2348 19 of 23

4.4. Secondary Structure Stability and Tertiary Structure Flexibility May Impact HSP Function
Structural studies show similarities between the crenarchaeal group II chaperonins

(HSP↵ and HSP�) and the GroEL superfamily of group I chaperonins in bacteria [79,80].
However, unlike GroEL/ES, which uses a barrel (i.e., GroEL)–cap (i.e., GroES) system to
capture client proteins, it has been proposed that the HSP molecular cage may employ a
different mechanism. Specifically, it has been proposed that the apical pore of the HSP
complex consists of “opened” and “closed” conformations and may transition between
states in an iris-like manner [77]. Whether the HSP complex captures clients like the
GroEL/ES system or if it opens the apical pore to allow client proteins to access the inner
cavity of the molecular cage is not resolved. However, our data suggest that the tertiary
structure flexibility is greater under conditions of high temperature and/or low pH, while
secondary structures (e.g., ↵-helices) are more resilient. Shifting of secondary structural
elements with respect to one another (i.e., tertiary structure perturbations) would favor
an iris-like opening and closing mechanism since greater stability would be required in
overall ring conformation to associate two nonameric rings. Alternatively, it may be the
case that both mechanisms are possible for HSP↵- and HSP�-containing HSP complexes
depending upon the type and magnitude of the environmental stress.

The engineered HSP�-coh fusion construct serves as an informative comparator since
HSP�-coh complexes are being tested in industrial and agricultural applications. While
some structural models suggest that cohesin may interfere with complex formation and
pore function suggested for HSP�- and HSP↵-containing complexes (see Figure 1), other
models (see Figure S5) show enough flexibility in the linker region to accommodate the
positioning of cohesin in multiple locations (e.g., side or back of HSP� core structure)
within three-dimensional space, with comparable energetic favorability. In prior work [24],
we showed that complexes containing HSP�-coh form ring structures similar to HSP�-
only complexes. Thus, complex formation is not disrupted by the cohesin domain. We
also demonstrated that complexes containing HSP�-coh, to which enzymes are bound
(i.e., cellulases), enhance enzymatic activity on substrate. The impact of cohesin on apical
pore opening/closing requires additional research beyond the scope of this report.

5. Conclusions

In conclusion, we have performed an extensive set of biophysical and biochemical
analyses of HSP structural stability under different temperature by pH conditions in an
effort to determine the relative stability of HSP subtypes: HSP↵, HSP�, and HSP�-coh.
The intention of this work is to better understand group II chaperonin resilience under
physical and chemical stressors and relate these stability data to proposed HSP functions.
Cumulatively, our data support prior work demonstrating the thermotolerance of the two
natural HSP subtypes (i.e., HSP↵, HSP�) and show a significant (albeit slightly reduced)
thermotolerance of an engineered HSP fusion construct (i.e., HSP�-coh).

More specifically, this study tested the extent to which HSP subtypes may exhibit
tolerance to low pH. Our data suggest that the HSP tertiary structure is highly susceptible
to perturbation at low pH, while the secondary structure is resilient under mildly acidic
conditions. The results also indicate that HSP� is the most resilient of the three tested HSP
subtypes under pH x temperature challenge. The resilience (i.e., high stability) of HSP
secondary structural elements and the flexibility (i.e., greater instability) of the tertiary
structure support the idea that HSP complexes could use an iris-like “open-and-close”
mechanism at the apical pore of the 18-mer complex to bind client proteins, especially for
natural HSP↵- and HSP�-containing complexes. Since the cohesin domain of HSP�-coh
is attached to the outside apical region of the HSP� permutant [46], there should be no
steric hindrance at surfaces that associate to form ring structures during complex formation.
Whether there is notable impact on the open–close kinetics of the apical pore in complexes
containing HSP�-coh is part of ongoing research.

Differences in apical pore kinetics between heteromeric (e.g., HSP�/HSP↵) versus ho-
momeric (e.g., HSP�-only, HSP↵-only) complexes are also currently under study. Whether
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apical pore open–close kinetics differ between HSP complexes with distinct HSP subunit
stoichiometries remains unresolved.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/microorganisms12112348/s1, Figure S1: Sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS PAGE) of HSPs; Figure S2: Transmission electron
microscopy (TEM) of HSP complexes; Figure S3: Hydropathy plots for HSP subunits; Figure S4: Lim-
ited trypsin digestion of HSP↵, HSP� and HSP�-coh on SDS-PAGE; Table S1: Secondary structural
analysis of MD simulation trajectories.

Author Contributions: Individual author contributions are detailed as follows: Conceptualization,
M.M., T.K.S.K. and R.M.C.; methodology, M.F., M.M., T.K.S.K. and R.M.C.; software, C.S., S.A.B.
and M.M.; formal analysis, M.F., S.A.B., S.H., C.S., M.M., T.K.S.K. and R.M.C.; investigation and
experimentation, M.F., S.A.B., S.B., S.A., Z.A., Y.A., S.H., M.M., T.K.S.K. and R.M.C.; writing—original
draft preparation, M.F., M.M., T.K.S.K. and R.M.C.; writing—review and editing of manuscript, M.F.,
S.H., M.M., T.K.S.K. and R.M.C.; supervision, M.M., T.K.S.K. and R.M.C.; project administration,
R.M.C.; funding acquisition, R.M.C. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the U.S. National Science Foundation, MCB grant no. 1818346
(PI-Ceballos), DBI grant no. 2119968 (PD-Ceballos) and CHE grant no. 1945465 (PI-Moradi).

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Materials; further inquiries can be directed to the corresponding author.

Acknowledgments: This article is dedicated to J.B. Alexander “Sandy” Ross from the University of
Montana who passed away on 2 September 2024 only months after providing a critical pre-review of
this article. The authors acknowledge Piyasi Ghosh of the University of Arkansas who attempted
early structural and MD simulations as control experiments prior to exiting the project. The authors
also thank the Texas Advanced Computing Center, which is supported in part by a U.S. National
Science Foundation ACI grant (award no. 1548562), for use of its Stampede2 supercomputer for the
MD simulations performed as part of this work.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Brock, T.D.; Brock, K.M.; Belly, R.T.; Weiss, R.L. Sulfolobus: A New Genus of Sulfur-Oxidizing Bacteria Living at Low pH and
High Temperature. Arch. Mikrobiol. 1972, 84, 54–68. [CrossRef] [PubMed]

2. Mosser, J.L.; Mosser, A.G.; Brock, T.D. Population Ecology of Sulfolobus acidocaldarius: I. Temperature strains. Arch. Microbiol. 1974,
97, 169–179. [CrossRef] [PubMed]

3. Segerer, A.; Neuner, A.; Kristjansson, J.K.; Stetter, K.O. Acidianus infernus Gen. Nov., Sp. Nov., and Acidianus brierleyi Comb. Nov.:
Facultatively Aerobic, Extremely Acidophilic Thermophilic Sulfur-Metabolizing Archaebacteria. Int. J. Syst. Bacteriol. 1986, 36,
559–564. [CrossRef]

4. Grogan, D.W. Phenotypic Characterization of the Archaebacterial Genus Sulfolobus: Comparison of Five Wild-Type Strains. J.
Bacteriol. 1989, 171, 6710–6719. [CrossRef]

5. Segerer, A.H.; Trincone, A.; Gahrtz, M.; Stetter, K.O. Stygiolobus azoricus Gen. Nov., Sp. Nov. Represents a Novel Genus of
Anaerobic, Extremely Thermoacidophilic Archaebacteria of the Order Suvolobales. Int. J. Syst. Evol. Microbiol. 1991, 41, 495–501.
[CrossRef]

6. Takayanagi, S.; Kawasaki, H.; Sugimori, K.; Yamada, T.; Sugai, A.; Ito, T.; Yamasato, K.; Shioda, M. Sulfolobus hakonensis Sp. Nov.,
a Novel Species of Acidothermophilic Archaeon. Int. J. Syst. Bacteriol. 1996, 46, 377–382. [CrossRef]

7. Kurosawa, N.; Itoh, Y.H.; Iwai, T.; Sugai, A.; Uda, I.; Kimura, N.; Horiuchi, T.; Itoh, T. Sulfurisphaera ohwakuensis Gen. Nov., Sp.
Nov., a Novel Extremely Thermophilic Acidophile of the Order Sulfolobales. Int. J. Syst. Bacteriol. 1998, 48, 451–456. [CrossRef]

8. Suzuki, T.; Iwasaki, T.; Uzawa, T.; Hara, K.; Nemoto, N.; Kon, T.; Ueki, T.; Yamagishi, A.; Oshima, T. Sulfolobus tokodaii Sp. Nov. (f.
Sulfolobus Sp. Strain 7), a New Member of the Genus Sulfolobus Isolated from Beppu Hot Springs, Japan. Extremophiles 2002, 6,
39–44. [CrossRef]

9. Ceballos, R.M.; Marceau, C.D.; Marceau, J.O.; Morris, S.; Clore, A.J.; Stedman, K.M. Differential Virus Host-Ranges of the
Fuselloviridae of Hyperthermophilic Archaea: Implications for Evolution in Extreme Environments. Front. Microbiol. 2012, 3,
26572. [CrossRef]

10. Servín-Garcidueñas, L.E.; Martínez-Romero, E. Draft Genome Sequence of the Sulfolobales Archaeon AZ1, Obtained through
Metagenomic Analysis of a Mexican Hot Spring. Genome Announc. 2014, 2, e00164-14. [CrossRef]



Microorganisms 2024, 12, 2348 21 of 23

11. Dai, X.; Wang, H.; Zhang, Z.; Li, K.; Zhang, X.; Mora-López, M.; Jiang, C.; Liu, C.; Wang, L.; Zhu, Y.; et al. Genome Sequencing
of Sulfolobus Sp. A20 from Costa Rica and Comparative Analyses of the Putative Pathways of Carbon, Nitrogen, and Sulfur
Metabolism in Various Sulfolobus Strains. Front. Microbiol. 2016, 7, 1902. [CrossRef] [PubMed]

12. Zhang, J.; Zheng, X.; Wang, H.; Jiang, H.; Dong, H.; Huang, L. Novel Sulfolobus fuselloviruses with Extensive Genomic Variations. J.
Virol. 2020, 94, e01624-19. [CrossRef] [PubMed]

13. Ceballos, R.M.; Drummond, C.G.; Stacy, C.L.; Padilla-Crespo, E.; Stedman, K.M. Host-Dependent Differences in Replication
Strategy of the Sulfolobus Spindle-Shaped Virus Strain SSV9 (a.k.a., SSVK1): Infection Profiles in Hosts of the Family Sulfolobaceae.
Front. Microbiol. 2020, 11, 1218. [CrossRef] [PubMed]

14. Liu, L.-J.; Jiang, Z.; Wang, P.; Qin, Y.-L.; Xu, W.; Wang, Y.; Liu, S.-J.; Jiang, C.-Y. Physiology, Taxonomy, and Sulfur Metabolism of
the Sulfolobales, an Order of Thermoacidophilic Archaea. Front. Microbiol. 2021, 12, 768283. [CrossRef] [PubMed]

15. Counts, J.A.; Willard, D.J.; Kelly, R.M. Life in Hot Acid: A Genome-based Reassessment of the Archaeal Order Sulfolobales. Environ.
Microbiol. 2021, 23, 3568–3584. [CrossRef]

16. Zillig, W.; Stetter, K.O.; Wunderl, S.; Schulz, W.; Priess, H.; Scholz, I. The Sulfolobus-“Caldariella” Group: Taxonomy on the Basis
of the Structure of DNA-Dependent RNA Polymerases. Arch. Microbiol. 1980, 125, 259–269. [CrossRef]

17. She, Q.; Singh, R.K.; Confalonieri, F.; Zivanovic, Y.; Allard, G.; Awayez, M.J.; Chan-Weiher, C.C.-Y.; Clausen, I.G.; Curtis, B.A.;
De Moors, A.; et al. The Complete Genome of the Crenarchaeon Sulfolobus solfataricus P2. Proc. Natl. Acad. Sci. USA 2001, 98,
7835–7840. [CrossRef]

18. Ceballos, R.M.; Stacy, C.L. Quantifying Relative Virulence: When µ Max Fails and AUC Alone Just Is Not Enough. J. Gen. Virol.
2021, 102, 001515. [CrossRef]

19. De Lise, F.; Iacono, R.; Moracci, M.; Strazzulli, A.; Cobucci-Ponzano, B. Archaea as a Model System for Molecular Biology and
Biotechnology. Biomolecules 2023, 13, 114. [CrossRef]

20. Trent, J.D.; Osipiuk, J.; Pinkau, T. Acquired Thermotolerance and Heat Shock in the Extremely Thermophilic Archaebacterium
Sulfolobus Sp. Strain B12. J. Bacteriol. 1990, 172, 1478–1484. [CrossRef]

21. Trent, J.D.; Nimmesgern, E.; Wall, J.S.; Hartl, F.-U.; Horwich, A.L. A Molecular Chaperone from a Thermophilic Archaebacterium
Is Related to the Eukaryotic Protein T-Complex Polypeptide-1. Nature 1991, 354, 490–493. [CrossRef] [PubMed]

22. Kagawa, H.K.; Osipiuk, J.; Maltsev, N.; Overbeek, R.; Quaite-Randall, E.; Joachimiak, A.; Trent, J.D. The 60 kDa Heat Shock
Proteins in the Hyperthermophilic Archaeon Sulfolobus shibatae. J. Mol. Biol. 1995, 253, 712–725. [CrossRef] [PubMed]

23. Kagawa, H.K.; Yaoi, T.; Brocchieri, L.; McMillan, R.A.; Alton, T.; Trent, J.D. The Composition, Structure and Stability of a Group
II Chaperonin Are Temperature Regulated in a Hyperthermophilic Archaeon. Mol. Microbiol. 2003, 48, 143–156. [CrossRef]
[PubMed]

24. Ceballos, R.M.; Jr, R.M.C.; Rani, A.; Morales, C.T.; Batchenkova, N.A. Improved Hydrolysis of Pretreated Lignocellulosic Biomass
Using Mobile Enzyme Sequestration Platforms. In Recent Advances in Energy, Environment and Materials; INASE: London, UK,
2014; p. 47.

25. Baes, R.; Lemmens, L.; Mignon, K.; Carlier, M.; Peeters, E. Defining Heat Shock Response for the Thermoacidophilic Model
Crenarchaeon Sulfolobus Acidocaldarius. Extremophiles 2020, 24, 681–692. [CrossRef]

26. Bhakta, K.; Roy, M.; Samanta, S.; Ghosh, A. Functional Diversity in Archaeal Hsp60: A Molecular Mosaic of Group I and Group II
Chaperonin. FEBS J. 2024, 291, 4323–4348. [CrossRef]

27. Malik, J.A.; Lone, R. Heat Shock Proteins with an Emphasis on HSP 60. Mol. Biol. Rep. 2021, 48, 6959–6969. [CrossRef]
28. Knapp, S.; Schmidt-Krey, I.; Hebert, H.; Bergman, T.; Jörnvall, H.; Ladenstein, R. The molecular chaperonin TF55 from the

thermophilic archaeon Sulfolobus solfataricus: A biochemical and structural characterization. J. Mol. Biol. 1994, 242, 397–407.
[CrossRef]

29. Zeng, Y.C.; Sobti, M.; Stewart, A.G. Structural Analysis of a Filamentous Chaperonin from Sulfolobus solfataricus. bioRxiv 2020.
[CrossRef]

30. Zeng, Y.C.; Sobti, M.; Stewart, A.G. Structural Analysis of the Sulfolobus Solfataricus TF55� Chaperonin by Cryo-Electron
Microscopy. Acta Crystallogr. Sect. F Struct. Biol. Commun. 2021, 77, 79–84. [CrossRef]

31. Guagliardi, A.; Cerchia, L.; Bartolucci, S.; Rossi, M. The Chaperonin from the Archaeon Sulfolobus solfataricus Promotes Correct
Refolding and Prevents Thermal Denaturation in Vitro. Protein Sci. 1994, 3, 1436–1443. [CrossRef]

32. Lopez, T.; Dalton, K.; Frydman, J. The Mechanism and Function of Group II Chaperonins. J. Mol. Biol. 2015, 427, 2919–2930.
[CrossRef] [PubMed]

33. Skjærven, L.; Cuellar, J.; Martinez, A.; Valpuesta, J.M. Dynamics, Flexibility, and Allostery in Molecular Chaperonins. FEBS Lett.
2015, 589, 2522–2532. [CrossRef]

34. Chatterjee, B.K.; Puri, S.; Sharma, A.; Pastor, A.; Chaudhuri, T.K. Molecular Chaperones: Structure-Function Relationship and Their
Role in Protein Folding; Springer: Cham, Switzerland, 2018; pp. 181–218. [CrossRef]

35. Pereira, J.H.; Ralston, C.Y.; Douglas, N.R.; Meyer, D.; Knee, K.M.; Goulet, D.R.; King, J.A.; Frydman, J.; Adams, P.D. Crystal
Structures of a Group II Chaperonin Reveal the Open and Closed States Associated with the Protein Folding Cycle. J. Biol. Chem.
2010, 285, 27958–27966. [CrossRef] [PubMed]

36. Chaston, J.J.; Smits, C.; Aragão, D.; Wong, A.S.W.; Ahsan, B.; Sandin, S.; Molugu, S.K.; Molugu, S.K.; Bernal, R.A.; Stock, D.; et al.
Structural and Functional Insights into the Evolution and Stress Adaptation of Type II Chaperonins. Structure 2016, 24, 364–374.
[CrossRef] [PubMed]



Microorganisms 2024, 12, 2348 22 of 23

37. Goncalves, K.O. Allosteric Communication, Assembly, and Nucleotide Hydrolysis in Group II Chaperonins. Ph.D. Thesis,
Stanford University, Stanford, CA, USA, January 2022. Available online: https://purl.stanford.edu/kv604nm1473 (accessed on
29 September 2024).

38. Saibil, H. Chaperone Machines for Protein Folding, Unfolding and Disaggregation. Nat. Rev. Mol. Cell Biol. 2013, 14, 630–642.
[CrossRef]

39. Ditzel, L.; Löwe, J.; Stock, D.; Stetter, K.-O.; Huber, H.; Huber, R.; Steinbacher, S. Crystal Structure of the Thermosome, the
Archaeal Chaperonin and Homolog of CCT. Cell 1998, 93, 125–138. [CrossRef]

40. Hartl, F.U.; Bracher, A.; Hayer-Hartl, M. Molecular Chaperones in Protein Folding and Proteostasis. Nature 2011, 475, 324–332.
[CrossRef] [PubMed]

41. Noi, K.; Hirai, H.; Hongo, K.; Mizobata, T.; Kawata, Y. A Potentially Versatile Nucleotide Hydrolysis Activity of Group II
Chaperonin Monomers from Thermoplasma acidophilum. Biochemistry 2009, 48, 9405–9415. [CrossRef]
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