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ABSTRACT

Group Il chaperonins, which assemble as double-ring
complexes, assist in the refolding of nascent peptides or
denatured proteins in an ATP-dependent manner. The mo-
lecular mechanism of group Il chaperonin assembly and
thermal stability is yet to be elucidated. Here, we selected
the group Il chaperonins (cpn-a and cpn-B), also called
thermosomes, from Acidianus tengchongensis and in-
vestigated their assembly and thermal stability. We found
that the binding of ATP or its analogs contributed to the
successful assembly of thermosomes and enhanced their
thermal stabilities. Cpn-f3 is more thermally stable than
cpn-a, while the thermal stability of the hetero thermo-
some cpn-af is intermediate. Cryo-electron microscopy
reconstructions of cpn-a and cpn-§ revealed the interwo-
ven densities of their non-conserved flexible N/C-termini
around the equatorial planes. The deletion or swapping of
their termini and pH-dependent thermal stability assays
revealed the key role of the termini electrostatic interac-
tions in the assembly and thermal stability of the ther-
mosomes.

KEYWORDS group Il chaperonin, thermosome, thermal
stability, self-assembly, flexible terminus

INTRODUCTION

Chaperonins are homo- or hetero-oligomeric double-ring com-
plexes that use an ATP-dependent mechanism to sequester
non-native proteins in their central cavity and mediate folding
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of the substrate protein into its biologically active state (Ellis,
2006). Each subunit of chaperonin contains a globular apical
domain to which unfolded substrate protein binds, an interme-
diate domain, and an equatorial domain that binds nucleotide
and forms the interface between the two rings (Ditzel et al.,
1998; Xu et al., 1997). Based on the structures and sequenc-
es, chaperonins are conventionally divided into two subfamilies
(Kim et al., 1994). Group | chaperonins exist in eubacteria and
endosymbiotic organelles (mitochondria and chloroplasts), as
typified by the well-studied E. coli chaperonin GroEL (Bukau
and Horwich, 1998; Ranson et al., 2001; Ranson et al., 2006;
Clare et al., 2009; Clare et al., 2012;), and generally consist of
double homo-heptameric ring arrangements. Group Il chaper-
onins are found in archaea (Phipps et al., 1991) and eukaryotic
cytosol (Frydman et al., 1992; Gao et al., 1992) and consist of
a double hetero (or homo)-octameric or nonameric ring. Unlike
group | chaperonins, which require the cofactor GroES (Tilly
et al., 1981) to enclose the cage, a subunit of group Il chaper-
onins contains an additional helical protrusion domain that acts
as a built-in lid to seal off the central cavity, in which the folding
of the substrate takes place (Ditzel et al., 1998; Klumpp et al.,
1997).

Archaeal group Il chaperonins are also referred as ther-
mosomes due to their extreme thermal stability (Bigotti and
Clarke, 2008). The subunit composition of thermosomes varies
at different growth temperatures (Izumi et al., 2001; Yoshida
et al., 2001; Kagawa et al., 2003), a result that has been sug-
gested to be correlated with the various thermal stabilities of
the subunits (Yoshida et al., 2002; Sahlan et al., 2009). The
thermal stability of the thermosome cpn-8 in Thermococcus sp.
strain KS-1 (T. KS-1) was found to be higher than that of cpn-a
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(Yoshida et al., 2002). It has been suggested that the C-terminal
residues play an important role in maintaining the thermal sta-
bility of thermosomes (Yoshida et al., 2006). A recent study of
the thermosome from Pyrococcus furiosus (Pf) revealed that
its C-terminal EK-rich motif may be responsible for its extreme
thermal stability at ~100°C (Luo and Robb, 2011). Despite
the above biochemical observations, it is not clear how the C-
terminal charged residues dominantly determine the thermal
stability of thermosomes.

Here, we used the thermosomes from Acidianus tengchon-
gensis (AT) strain S5 as a model system to investigate the
origin of its thermal stability using biochemical and structural
assays. The archaea AT grows in the Tengchong acidothermal
springs in Southwestern China at an optimal growth tempera-
ture of 70°C and a pH of 2.5 (He et al., 2004). Previously,
we discovered two types of thermosomes (cpn-a and cpn-B)
from this archaea that share 51% sequence identity. We also
showed that recombinant cpn-a predominately assembles
into an eight-fold double-ring structure and that recombinant
cpn-f assembles into a nine-fold structure (Wang et al., 2010).
In the current study, we further investigated the assembly and
thermal stability of these two thermosomes. We found that
the structurally flexible N- and C-termini interweave together
through electrostatic interactions in the center of the chamber
and that such interwoven termini are required for the success-
ful assembly of thermosomes and predominately determine
their thermal stability. Furthermore, we also addressed the
important role of nucleotide binding in the assembly and ther-
mal stability of the thermosomes. Our study provides essential
examples for the importance of termini residues for protein as-
sembly and thermal stability.

RESULTS

Nucleotide binding is necessary and sufficient to induce
thermosome assembly

We incubated purified recombinant AT cpn-a and cpn-3 mono-
mers with different nucleotides (ATP, ADP, ADP-AIF;, AMP-
PNP and GTP), sulfate salt or phosphate salt at 37°C for 8 h.
Then, we utilized native polyacrylamide gel electrophoresis
(PAGE) to determine whether the monomers assemble into
thermosomes. We found that all nucleotides could efficiently
induce the assembly of thermosomes for both cpn-a (Fig. 1A)
and cpn-B (Fig. 1B). However, without added nucleotides,
both cpn-a and cpn-f failed to assemble into thermosomes
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(Fig. 1). These results indicate that nucleotide binding is nec-
essary for the thermosome monomers to adopt the appropriate
conformation and oligomerize. Previous work has shown that
free sulfate acid or phosphate acid could bind to the P-loop
of the thermosome subunit (Shomura et al., 2004). However,
such binding may not induce sufficient conformational changes
for thermosome assembly. Our results showed that AT cpn-a
and cpn-B still remain as monomers after incubation with am-
monium sulfate or sodium dihydrogen phosphate (Fig. 1). Fur-
thermore, not only ATP but also non-hydrolyzed ATP analogs
(ADP, ADP-AIF; and AMP-PNP) and even GTP could induce
the assembly of thermosomes, indicating that ATP hydrolysis is
not required for thermosome assembly. Based on our results,
we postulate that it is not the binding of ATP’s phosphate head
but the binding of ATP’s adenosine tail that induces the suc-
cessful assembly of thermosomes.

Distinct thermal stability of the thermosomes cpn-a and
cpn-f

Thermo-shift assays showed that cpn-a and cpn- monomers
are thermally stable at high temperatures, with similar denatur-
ing temperatures of 88.7°C and 87.4°C, respectively (Fig. 2A),
which are higher than the growth temperature (55°C-80°C)
of their natural host, AT (He et al., 2004). However, the as-
sembled thermosomes also need sufficient thermal stability to
survive in the natural environment. We utilized a native PAGE
approach to study the dissociation of the thermosomes cpn-a
and cpn-f at different temperatures.

We heated cpn-a for 1090 min at 45°C, 50°C, 55°C, and
60°C before subjecting the protein to native PAGE. We found
that cpn-a is relatively stable at 45°C and begins to dissociate
at higher temperatures (Fig. S1). Thirty minutes of heating was
sufficient to reach an equilibrium between the oligomers and
monomers at different temperatures (Fig. 2B). Therefore, we
heated all the thermosomes for 30 min before investigating
their dissociations at different temperatures (Fig. 2C-E). The
cpn-a protein exhibits two major bands representing its 8-fold
and 9-fold assemblies, which have been previously reported
(Huo et al., 2010). Without ATP, the 8-fold cpn-a thermosome
dissociated completely when heated to 65.8°C (the critical
dissociation temperature T,4), and the 9-fold assembly is a
bit more stable than the 8-fold assembly, with a T, of 68.8°C
(Fig. 2C). The cpn-B is more thermally stable than cpn-a, with
a T4 of up to 85.1°C (Fig. 2D). The hetero thermosome cpn-af3,
which is assembled from both cpn-a and cpn- (Wang et al.,
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2010), has a T4 of 74.4°C, which is between that of cpn-a and the 8-fold assembly became more stable than the 9-fold one.

cpn-B (Fig. 2E).

Furthermore, we found that the thermo-stabilities of ther-
mosomes are greatly enhanced by adding ATP. In the pres-
ence of ATP, the T4 of 8-fold and 9-fold cpn-a increased to
88.2°C and 85.1°C, respectively (Fig. 2C), and interestingly,
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The T4 of both cpn-f and cpn-af3 also increased to over 90°C
in the ATP binding state (Fig. 2D and 2E). It should be noted
that both the cpn-a and cpn-8 monomers became unfolded
and aggregated at 88.2°C (the monomer bands disappeared
above this temperature), which is in accordance with the above
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Figure 3. Quantified comparisons of thermal stabilities for wild-type and D400A mutant thermosomes and for the ATP-binding
and the ADP-binding states. (A) Sequence alignment of thermosomes around the residue D400. AT, Acidianus tengchongensis; TKS-1,
Thermococcus sp. strain KS-1; TA, Thermoplasma acidophilum; Pf, Pyrococcus furiosus; Mm, Methanococcus maripaludis. (B) Thermal
stability comparison between the wild-type AT cpn-a and its D400A mutant in both the apo and ATP-binding state. (C) Thermal stability
comparison between the wild-type AT cpn-3 and its D400A mutant in both the apo and ATP-binding state. (D) Thermal stability compari-
son between the ATP- and ADP-binding states of both AT cpn-a and cpn-B. All the data for the wild type AT cpn-a and cpn -8 in apo and

ATP-binding states are the same as Fig. 2F. See also Fig. S2.

thermo-shift experiments (Fig. 2A). The results indicate that
in an ATP binding state, the interactions between subunits not
only significantly stabilize the thermosome assembly but also
stabilize the ternary structure within each subunit.

From the native PAGE results, we calculated the percent-
age of remaining oligomers at different temperatures for each
thermosome in their apo and ATP binding states (Fig. 2F). It is
obvious that the thermosome cpn-f is thermally more stable
than cpn-a in both the apo and the ATP binding state.

ATP hydrolysis is not required for the stability of
thermosomes

The thermo-stabilities of all thermosomes, including cpn-a,
cpn-B, and cpn-af, were significantly enhanced by the pres-
ence of ATP. It is possible that ATP hydrolysis but not ATP bind-
ing stabilizes the thermosomes. To rule out this possibility, we
mutated residue Asp400 to Ala in both cpn-a and cpn-f. This
residue is conserved in all group Il chaperonins (Fig. 3A) and
has been reported to play a key role in deprotonation during
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ATP hydrolysis (Ditzel et al., 1998). The mutant D400A inhibits
ATP hydrolysis. In the presence or absence of ATP, the D400A
mutants of both cpn-a and cpn-f exhibited the same thermo-
stabilities as their wild-type counterparts (Fig. 3B and 3C,
Fig. S2A and S2B). Furthermore, ADP binding also increased
the thermal stability of cpn-a and cpn-f to the same extent as
ATP binding (Figs. 3D and S2C). We conclude that the binding
of ATP or its analogs is sufficient to stabilize the thermosome,
while ATP hydrolysis is not required.

Cryo-electron microscopy of the cpn-a and cpn-8
thermosomes

To understand the mechanism of the thermo-stabilities of cpn-a
and cpn-3, we determined their 3D structures by cryo-electron
microscopy (cryoEM) (Fig. 4A-D and Table S1). According
to the Fourier shell correlation (FSC) threshold at cutoffs of
0.5/0.143, the reconstruction resolutions of 8-fold and 9-fold
cpn-a are 4.9/4.1 A and 9.1/7.5 A, respectively. The high-
resolution reconstruction of 8-fold cpn-a enabled us to build a
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Figure 4. CryoEM reconstructions of AT thermosomes. (A and B) apo AT cpn-a in 8-fold and 9-fold symmetries. (C and D) AT cpn-( in
apo and ATP-bound states. The end-views of 8-fold apo cpn-a and ATP-bound cpn- show the maps that are low-pass filtered to a resolu-
tion of 8.0 A. The atomic models are shown in cartoons and fitted into the cryoEM maps with the apo 8-fold cpn-a in magenta, the apo 9-fold
cpn-a in red, the apo cpn-B in green, and the ATP-bound cpn- in blue. The central densities of these thermosomes are not displayed
here due to the small depth of the view. Scale bars for (A-D) are 10 nm. (E) High resolution cryoEM map of apo cpn-a. The equatorial
cryoEM map is fitted with the backbone of apo cpn-a (left), and the enlarged view from the green rectangle shows that side chains could
be discriminated in the density (right). An amplitude correction was applied to 4.3 A on the final cryoEM map (right). (F) Comparison of the
compact structure of apo AT cpn-a (middle, low passed to 8 A) with structures of Mm-cpn in the fully closed (left, EMDB code: EMD-1398)
and open (right, EMDB code: EMD-1396) states. See also Figs. S3 and S4.

reliable atomic model of cpn-a using the symmetry-restrained
molecular dynamics flexible fitting (MDFF) approach (Trabuco
et al., 2008; Chan et al., 2011) (Fig. 4E and Fig. S3A-C).
Moreover, we obtained the cryoEM reconstructions of cpn-
in the apo or ATP-binding state at a resolution of 8.3/6.7 A and
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6.2/5.0 A at FSC = 0.5/0.143, respectively (Fig. 4C and 4D),
which was a higher resolution than was used in our previous
study (Huo et al., 2010). Atomic structural models of cpn-§ in
both the apo and ATP-binding state were also obtained using
symmetry-restrained MDFF (Trabuco et al., 2008; Chan et al., 2011).
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Similar to our previous study (Huo et al., 2010), both apo
and ATP-bound cpn-B present an open conformation in a cy-
lindrical shape (Fig. 4C and 4D). Only the equatorial domains
are involved in the inter-ring and intra-ring contacts, while the
intermediate domains and lid-apical domains are disconnected
between subunits. In contrast to cpn-B, the overall structure
of cpn-a exhibits a relatively compact conformation that is
different from all reported structures of group Il chaperonins
(Fig. 4A and 4B). Both the equatorial and lid domains of cpn-a
contribute to the intra-ring interactions, and the overall shape
is intermediate between the fully closed and open structures.
The height and width of the 8-fold/9-fold cpn-a are 172/171
A and 159/172 A, respectively, with the entrance diameter of
the chamber only ~38/45 A, which is much smaller than any
reported open structures. Compared to the structures of 8-fold
Mm-cpn in the open and fully closed states (Clare et al., 2008;
Zhang et al., 2010; Douglas et al., 2011), AT cpn-a has a simi-
lar equatorial domain stacking to the open Mm-cpn, but its
intermediate and apical domains have obviously different con-
formations than both closed and open Mm-cpn (Fig. 4F). The
same intra-ring interactions among lids and among equatorial
domains are observed in both the 8-fold and 9-fold structures
of cpn-a (Fig. 4A and 4B). The structural differences between
the subunits in 8-fold and 9-fold cpn-a are minor (Fig. S3D).
The only difference between the 8-fold and 9-fold structures of
cpn-a is a 5 degree rotation of the adjacent subunit in the 9-fold
cpn-a with respect to that in the 8-fold one (Fig. S3D). There-
fore, the relatively compact structure of the 8-fold cpn-a is an
intrinsic characteristic and is not due to its unique symmetry.

The minor role of the lid domain in the thermal stability of
thermosomes

The structures of cpn-a show that in addition to the equatorial
domains, the lids are also involved in intra-ring contacts, which
might contribute to the stability of the thermosome. We there-
fore investigated the role of the lid domain in the thermal stabil-
ity of cpn-a. We constructed a lidless cpn-a mutant by truncat-
ing the lid (residues 253-282) and found that in the absence
of ATP, this deletion mutant forms fewer oligomers (Fig. S4A).
The T4 of apo lidless cpn-a slightly decreased to 61.9°C, while
the T of the ATP-binding lidless cpn-a stayed unchanged. The
denaturing temperature of the lidless monomer was slightly
decreased, from 88°C to 85°C. These results show that the
lid domain can affect the assembly and stability of cpn-a. In
contrast, the deletion of the lid domain from cpn-f8 did not
change its thermal stability (Fig. S4B), although the denaturing
temperature of the monomer was also slightly decreased from
88°C to 85°C. Therefore, we can conclude that it is not the lid
domain but other structural components that account for the
high thermal stability of cpn-f3.

The non-conserved flexible N/C-termini are interwoven in
the center of the thermosome chamber

With 51% sequence identity and more than 70% sequence ho-
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mology, the most distinct sequences between cpn-a and cpn-3
are their non-conserved N- and C-termini (Fig. 5A). Recent
studies have suggested that the thermo-stabilities of group
Il chaperonins are closely related to their non-conserved C-
terminal charged residues (Luo and Robb, 2011). Comparing
the C-terminal residues between cpn-a and cpn-f3, there are
more charged residues in cpn-$ (8 charged residues between
residues 534 and 553, net charge 0) than in cpn-a (5 charged
residues from 534 to 563, net charge -1), which might explain
cpn-f’s higher thermal stability. By mapping these terminal
residues onto the cryoEM maps of cpn-a and cpn-B, it is pos-
sible to understand how the non-conserved terminal residues
affect the thermal stabilities of the thermosomes.

It is well known that both the N- and C-termini of group I
chaperonins contribute to intra-ring interactions by forming
anti-parallel stands with the equatorial domain of the adjacent
subunit (Ditzel et al., 1998; Shomura et al., 2004). The N-
terminus contributes to the first strand, and the C-terminus
contributes to the last strand. However, the non-conserved
N- and C-terminal residues before the first strand and after
the last strand cannot be traced due to lack of clear densities
(Ditzel et al., 1998; Shomura et al., 2004). In a high-resolution
cryoEM map of cpn-a, we found that the N-terminal residues
14—-17 of AT cpn-a form the first stand (Fig. 5B) before the first
helix a1, the C-terminal residues 528-532 form the last strand,
and there are no traceable densities for the N-terminal first 13
residues and the C-terminal last 31 residues. However, for AT
cpn-B, the residues 23-26 did not form a strand before the first
helix (Fig. 5B), and its N-terminal did not show clear densities;
its C-terminal residues did form the last strand from 528 to 532,
and the densities of the last 21 residues were untraceable.
Thus, both the N- and C-termini of thermosomes have flexible
residues that do not form stable conformations and cannot be
resolved either by our cryoEM study or by previous crystallo-
graphic studies (Ditzel et al., 1998; Shomura et al., 2004).

However, when we filtered the cryoEM map of cpn-a to a
resolution of 8 A and computed the difference map by subtract-
ing the fitted MDFF model from the cryoEM map, we observed
two pieces of plug-like densities in the middle of the chamber
(Fig. 5C). For cpn-B, the difference map revealed that there is
one piece of ring-like density in the central position of the ther-
mosome (Fig. 5D). The following analyses revealed that these
difference maps account exactly for the un-traced terminal
residues of all subunits in both cpn-a or cpn-B.

First, the total number of untraced residues of the N/C-ter-
mini in the entire thermosome is 704 residues for 8-fold cpn-a,
792 residues for 9-fold cpn-a and 864 residues for cpn-f. The
molecular weight of the total untraced residues is over 100 kDa
and is much larger than one entire thermosome subunit (60
kDa). Such a large mass should contribute to the contrast of
each particle projection and cannot be ignored in the final 3D
reconstruction. Therefore, the averaging of a large number of
particles during reconstruction will yield a mean summation of
all possible termini densities that should be positive rather than
zero.
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AT cpn-a and cpn-f around the equatorial regions. The built models are fitted into the maps. The first strand (14-18) in cpn-a is indicated
within a black dashed ellipse, and its equivalent position in cpn-f, where the first strand is missing, is also indicated. (C and D) CryoEM
densities of the N/C-termini in apo cpn-a and cpn-B at 1.0 o counter level. All the structural elements are depicted. See also Fig. S5 and

Movies S1 and S2.

Second, one may argue that such extra densities would
just be reconstruction noises. However, when we visualize the
cryoEM reconstruction of cpn-f in a volume rendering manner
(Fig. S5A and Movie S1), we can observe all of the density at
the same time, including the noise. It is obvious that the central
density of cpn-f is much stronger than the noise. Furthermore,
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by masking out the central density, the final refined model of
cpn-B was filtered to a 25 A map and then was used to perform
the asymmetric reconstruction against the same particle set.
As a result, the reconstructed asymmetric map shows clear
high density in the central region that cannot be accounted for
by noise (Fig. S5B and Movie S2). Further cryoEM analysis of
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the N/C-termini truncated form of cpn-f in ATP binding state,
showing no extra densities in the central chamber (Figure
S5C), also ruled out the possibility of the reconstruction noise.

Third, as described previously (Nitsch et al., 1997; Dekker
et al., 2011; Munoz et al., 2011), one might consider that the
extra densities existing in the center of the chamber could rep-
resent a substrate trapped by the thermosome during purifica-
tion. However, unlike previous studies in which group Il chap-
eronins were purified directly from intact cells, we purified the
monomers of AT cpn-a and cpn-3 and then assembled them
into thermosomes. By adopting such a protocol, we avoided
any chance of trapping substrate inside the chaperonins.

Finally, the difference maps are located in the center of the
thermosome, between the two rings (not in either ring) and in
proximity to the subunit terminus. Therefore, we concluded
that the extra density in the center of the thermosome is a real
signal rather than noise and accounts for the N- and C-termini
of cpn-a and cpn-f.

Clearly, the termini of the cpn-a upper ring and lower ring
interweave separately and form two separated densities. Each
plug-like density sits just on the bottom of each folding cage.
We refer to this type of interacting termini as A-style termini.
However, all the un-traced terminal residues in cpn-8 gather to-
gether and interact with each other to form a ring-like structure
between two folding cages. We refer to this type of interacting
termini as B-style termini. Whether the termini are of the A-style
or the B-style type, they are all interwoven together and form
a ring-like structure in the center of the thermosome chamber;
thus, we suggested that these interwoven termini are responsi-
ble for the assembly and thermal stability of the thermosomes.

The interwoven N/C-termini predominately determine the
assembly and thermal stability of the thermosomes

Our cryoEM studies suggested that not only the C-terminal
residues but also the N-terminal residues form an interwoven
structure in the center and are involved in the determinants of
the thermal stability of thermosomes. To confirm this hypothe-
sis, we performed mutagenesis studies by deleting the flexible
N/C-termini or exchanging them between cpn-a and cpn-. All
the mutants are described in detail in Table S2. The thermal
stabilities of each mutant were measured in both the apo and
ATP-binding states (Fig. S6A and S6B). Notably, in compari-
son to the wild-type cpn-a and cpn-B, the N/C-termini dele-
tion mutants exhibited greatly reduced self-assembly ability
(Fig. S6C). Markedly, the N/C-termini deletion mutant of cpn-a
did not assemble at all.

In comparison with the report that the thermal stability of the
thermosome Pf-cpn is related to its C-terminus (Luo and Robb,
2011), our results reveal that the deletion of either the N- or the
C-terminus will reduce the thermal stability of both cpn-a and
cpn-B and that both the N- and C-termini contribute to increas-
ing the overall thermal stability of the thermosomes in either the
apo or ATP binding state (Fig. 6A-D). Furthermore, we found
that both the N- and C-termini of cpn-$ contribute more to the
thermal stability of the thermosome than do the cpn-a termini
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(Fig. 6A and 6B). Consistent with the above experiments, ATP
binding increases the thermal stability of all the mutants com-
pared to their corresponding apo states without changing their
relative thermo-stabilities (Fig. 6C and 6D).

In addition to the interwoven N/C-termini and ATP binding,
we sought to determine whether the main structural body (with-
out the N/C-termini) of the thermosome subunit affects its ther-
mal stability. To answer this question, we plotted the thermal
stabilities of all variants of cpn-a (Fig. 6E) against the thermal
stabilities of all variants of cpn-p (Fig. 6E). For each spot, its X-
value represents the thermal stability of one cpn-a variant, and
its Y-value represents the thermal stability of the cpn-B variant
that has the same N/C-termini as the cpn-a variant. We found
that all the data points appear slightly above the line y = x and
are correlated in a linear form with a normalized correlation
coefficient of 0.93 (Fig. 6E). Therefore, whether the main body
of the thermosome derives from cpn-a or cpn-B, their thermal
stabilities are exactly related to their N/C-termini. Although the
averaged 3°C discrepancy of the thermal stabilities between
the cpn-a variant and the corresponding cpn-f variant (Fig. 6E)
represents the slightly higher thermal stability that is contribut-
ed by the main body of cpn-B, this discrepancy is much smaller
than what is affected by the different N/C-termini, further em-
phasizing the important role of the N/C-termini for the thermal
stability of thermosomes. In summary, swapping the N/C-termini
exactly swaps the thermal stability.

The electrostatic interactions within the interwoven
N/C-termini are important for the thermal stability

To verify that the charged residues of the termini contribute
to the thermal stability of the thermosome (Luo and Robb,
2011), we performed pH-dependent thermal stability assays
(Figs. 6F and S7). We found that both cpn-a and cpn-§ have
optimal thermal stabilities at pH values of 7.0-8.0 in either the
apo or ATP-binding state and that their thermal stabilities signif-
icantly decrease when the pH value is higher than 9.0 or lower
than 6.0. These results can be explained by the electrostatic
interactions among the charged residues (Asp, Glu and Lys)
of the interwoven N/C-termini, which are responsible for deter-
mining the thermal stability of the thermosome. There are three
Glu residues and four Lys residues in the cpn-a N/C-termini
and five Glu residues, one Asp residue and five Lys residues
in the cpn-B N/C-termini (Fig. 5A). Both the net charges of the
overall N/C-termini are close to zero when the pH value is ap-
proximately 7.0-8.0, and the negatively charged residues can
interact with the positively charged residues using their com-
plementary charge. When the pH value is higher than 9.0 or
lower than 6.0, the net charges of the overall N/C-termini are
not zero, yielding the electrostatic repulsion within the interwo-
ven termini and thereby reducing the overall thermal stability.

In addition to explaining the pH-dependent thermal stabil-
ity, the N/C-termini of cpn- have more charged residues (11
in total) than that of cpn-a (7 in total), resulting in a stronger
electrostatic interaction within the interwoven termini; thereby,
cpn-B has a higher thermal stability compared to cpn-a.
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Figure 6. Thermal stabilities of AT thermosome variants created by deleting or swapping the N/C-termini. (A) Plot of T4 values of
cpn-a variants in the apo state. CA, Ca and CB in the horizontal axis represent the C-terminus deletion, the C-terminus from cpn-a and
the C-terminus from cpn-B, respectively. NA, Na and N in the vertical axis represent the N-terminus deletion, the N-terminus from cpn-a
and the N-terminus from cpn-B, respectively. The height of the conical represents the T value of each cpn-a variant. (B) Plot of T4 values
of cpn-B mutants in the apo state. (C and D) Plot of T, values of (C) cpn-a and (D) cpn-f variants in the ATP-binding state. (E) Plot for the
correlation between the thermal stabilities of all variants of cpn-a (X-axis) and the thermal stabilities of all variants of cpn-B (Y-axis). For
each spot, its X-value represents the thermal stability of one cpn-a variant, and its Y-value represents the thermal stability of the cpn-f
variant that has the same N/C-termini as the cpn-a variant. (F) The respective pH-dependent plots of the T, values of cpn-a and cpn-f in

the apo and ATP-binding states. See also Figs. S6 and S7.

DISCUSSION are necessary and sufficient to induce the assembly of ther-
mosomes. We found that the AT thermosome cpn-8 is more

In the current study, we demonstrated that ATP or its analogs thermally stable than AT cpn-a in both the apo and ATP-binding
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Figure 7. Comparison of the N/C-termini densities between apo cpn- and ATP-bound cpn- from end, tilt and side views at dif-

ferent counter levels. Scale bar is 5 nm.

states. The thermal stabilities of both thermosomes are signifi-
cantly enhanced by the addition of ATP, and this enhancement
is not dependent on ATP hydrolysis. CryoEM reconstructions
of cpn-a and cpn-f revealed central densities that account for
the interwoven flexible N/C-termini. By combining the structural
analysis and biochemical assays, we deduced two important
factors that are important for the assembly and thermal stabil-
ity of thermosomes: one factor is nucleotide binding, and the
second, more important, factor is the electrostatic interactions
of the interwoven non-conserved flexible N/C-termini.

The thermal stability of group Il chaperonins is eventually
determined by the summation of the interactions between
all the subunits. There are four types of subunit interactions
for the apo and ATP-binding states: intra-ring and inter-ring
interactions among equatorial domains, intra-ring interactions
among lid-apical domains, and interactions among the interwo-
ven termini. Because the intra-ring and inter-ring interactions
among equatorial domains are universal in all group Il chaper-
onins and because these two types of interactions involve all
conserved residues across chaperonins, they are likely not the
dominant factors for the different thermal stabilities between
cpn-a and cpn-B. The intra-ring interactions among lid-apical
domains enhance the stability of cpn-a but do not affect that
of cpn-B (Fig. S4). As a result, the significantly higher thermal
stability of cpn-f3 over cpn-a can only be accounted for by their
different termini interactions. Both the termini deletion and
swapping experiments (Fig. 6A—E) revealed that cpn-§ has
favorable N/C-termini that mediate the higher thermal stability
of cpn-B. The pH-dependent thermal stability assays further
suggested that it is the stronger electrostatic interactions of the
cpn-f N/C-termini, which contain more charged residues than
those of cpn-q, that contribute to cpn-B’s higher thermal stabil-
ity compared to cpn-a. Notably, the heteromeric thermosome
cpn-af has an intermediate thermal stability between cpn-a
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and cpn-B. The explanation for this is that the total number of
charged residues from the interwoven N/C-termini of cpn-af
is in between that of cpn-a and that of cpn-, yielding an inter-
mediate electrostatic interaction and, thereby, an intermediate
thermal stability.

From the assembly and thermal stability experiments, we
determined that it is the adenosine tail not the phosphate
head of ATP that is important for the assembly and stability of
thermosomes. Because the ATP-binding pocket is located be-
tween the equatorial and intermediate domains, we postulate
that the binding of ATP and, more importantly, its adenosine tail
will introduce more interactions between the two domains and
stabilize their relative motion. Such stabilization would make
the interwoven termini more allosterically stable and thereby
increase the thermal stability of the entire thermosome. We fur-
ther compared the central densities of cpn-3 termini in the apo
and ATP-binding states. Both the cryoEM maps of cpn-f in the
apo and ATP-binding states possess similar central ring-like
densities for their N/C-termini. However, after normalizing the
cryoEM maps, we found that at each equivalent contour level,
the central density in the ATP-bound cpn-8 was much higher
than that in the apo structure (Fig. 7). Such increased central
density implies a more stable complex, which is consistent with
the above thermal stability assays (Fig. 2F).

Overall, our study provides essential examples for the im-
portance of termini residues for protein assembly and thermal
stability.

MATERIALS AND METHODS

Preparation of AT thermosomes

Single point mutation D400A, the truncation from 253 to 282 and all
sixteen N- or C-termini deletion and swapping mutants (Table S2) were
performed by overlap extension PCR for both AT cpn-a and cpn-f3. For
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N-terminus deletion mutants, the first methionine was preserved due to
the needs of protein expression in E.coli. The monomers of AT cpn-a
and cpn-B as well as all their variants were expressed, purified and as-
sembled into thermosomes as previously reported (Wang et al., 2010).

Thermosome assembly assay

The monomers of AT cpn-a and cpn-f3 were concentrated and diluted
to a final concentration of 5 mg/mL in 20 mmol/L Tris-HCI pH 7.5,
20 mmol/L MgCl,. Thermosome assembly was performed respectively
in the incubation with 2 mmol/L ATP, ADP, ADP-AIFx, AMP-PNP, GTP,
KH,PO, and (NH,),SO, at 37°C for 8 h. After incubation, each sam-
ple was quickly diluted to 1 mg/mL and loaded to 4% native PAGE at
4°C. The electrophoresis buffer contained 250 mmol/L Glycine and
25 mmol/L Tris-HCI pH 8.5.

Thermo-shift assay

Thermo-shift experiments were performed according to published
methods (Ericsson et al., 2006). Briefly, 5 uL 10x Sypro Orange (Invit-
rogen) and 45 pL 0.5 mg/mL AT cpn monomers were mixed in 0.2 mL
thin-wall PCR tubes (Axygen). The tubes were heated from 25°C to
99°C in a Roter-Gene 6600 gPCR instrument (Corbett Research, Aus-
tralia) with an increment of 1°C. Fluorescence signals were recorded
using the green channel of the instrument. The melting temperature,
T, was estimated as the temperature corresponding to the minimum
of the first derivative of the denaturation curve.

Thermal stability assay

Thermal stability of all the AT cpns was examined by 4% native PAGE
at 4°C. The electrophoresis buffer contained 250 mmol/L Glycine
and 25 mmol/L Tris, pH 8.5. All samples were diluted to 1 mg/mL in
50 mmol/L Tris-HCI pH 7.5, 25 mmol/L MgCl, and 100 mmol/L KClI,
with or without 1 mmol/L ATP. In time-course experiments, each 10 uL
1 mg/mL sample of apo cpn-a was heated to 45°C, 50°C, 55°C, or
60°C for 10-90 min. In temperature gradient experiments, each sam-
ple was heated to a certain constant temperature by using PCR instru-
ment (Bio-Rad) for 30 min before native PAGE.

In each lane of native PAGE, the band for the assembly was quan-
tified using TotalLab (http://www.totallab.com/) as C. In the time-course
experiments, the relative amount of oligomers O[f] was calculated as
O[f] = C[f)/CIO] (t, time) by using the amount of the oligomer at 0 min as
the reference. Then the relative depolymerized ratio D[f] = (1-O[f])100%
were computed and plotted against heating time. In the temperature
gradient experiments, the relative amount of oligomer A[T] was calcu-
lated as A[T] = C[T)/C[RT] x 100% (T, temperature; RT, room tempera-
ture, 25°C) by setting the amount of the oligomer at room temperature
as 100%.

In the current study, all the data points regarding to the thermal sta-
bilities were from single experiments.

Cryo-electron microscopy and image processing

All chaperonins, with and without ATP, were diluted to a final concen-
tration of 3 mg/mL in 25 mmol/L Tris-HCI (pH 7.5), 12 mmol/L MgCl,,
50 mmol/L KCI. 3.5 uL of each sample was applied to a 400-mesh
GiG™ grid with holes of 2 pm diameter separated by 2 pm. Glow dis-
charge was performed using a JEOL ion sputter JFC-1100 at 0.5 kV, 5
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mA for 2 min. Cryo-samples were prepared using a FEI Vitrobot (1V) at
100% humidity, 25°C. Low-dose images were captured on a FEI Titan
Krios at 300 kV and recorded on a Gatan 4Kx4K CCD with a final
magnification of 160,770 (0.933 A/pixel), electron dose ~20 e/A? and
defocus between -1.5 ym and -3.0 ym. Images were taken manually or
using the package Leginon (Suloway et al., 2005).

All AT cpn particles were automatically picked using a GPU-
accelerated program GAutoMatch developed in our lab. The defocus
value of each micrograph was determined by CTFFIND3 (Mindell
and Grigorieff, 2003) and the CTF of each particle was corrected us-
ing “applyctf’” in EMAN (Ludtke et al., 1999). The reference-free two-
dimensional classification was performed using “refine2d.py” in EMAN.
Initial models were generated by filtering previous 9-fold cryoEM maps
of AT cpn-B (Huo et al., 2010) to 30 A resolution. Refinements or multi-
reference refinement were performed using “refine” or “multirefine” in
EMAN with SPIDER scripts embedded for correspondence analysis
(CORAN) of each image class (Frank et al., 1996; Shaikh et al., 2008).
The final reconstructed map was sharpened by an amplitude correc-
tion algorithm in BFACTOR (from Niko Grigorieff's lab). CryoEM maps
were segmented, displayed and fitted with atomic models using UCSF
Chimera (Pettersen et al., 2004).

The statistics of cryoEM reconstructions of all thermosomes are
summarized in Table S1.

Symmetry-restrained molecular dynamics flexible fitting

MDFF is a computational method to fit atomic models into cryo-EM
density maps by molecular dynamics simulations (Trabuco et al., 2008;
Trabuco et al., 2011). An extension of the method, namely symmetry-
restrained MDFF, is developed recently to incorporate structural sym-
metry information into the fitting procedure (Chan et al., 2011). The
initial atomic model of AT cpn-8 was obtained from its crystal structure
(Huo et al., 2010) (PDB code, 3KO1); the one of AT cpn-a was built
based on its high-resolution cryoEM density. After rigid body docking
into the cryoEM map, the proteins were solvated in a box of water mol-
ecules with 150 mmol/L NaCl in VMD (Humphrey et al., 1996), using
15 A of padding in all directions. Extra ions were added to neutralize
the systems. The simulations were performed with program NAMD
2.8 (Phillips et al., 2005), using the CHARMMZ27 force field with CMAP
corrections (MacKerell et al., 1998; Mackerell et al., 2004). All the fit-
ting procedure is the same as the application of symmetry-restrained
MDFF to chaperonin reported previously (Chan et al., 2011).

ACCESSION NUMBERS

All cryo-electron microscopy density maps in this paper are deposited
in the Electron Microscopy Data Bank (EMDB) and their correspond-
ing atomic models fitted by MDFF are deposited in the Protein Data
Bank (PDB). The entry numbers (EMDB/PDB) for 8-fold and 9-fold apo
cpn-a, and cpn-f in apo and ATP-binding state are EMD_5391/3J1B,
EMD_5392/3J1C, EMD_5395/3J1E, EMD_5396/3J1F, respectively.
See also Table S1.
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