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 The human chaperonin TRiC consists of eight non-identical subunits, and its protein-folding activity
© is critical for cellular health. Misfolded proteins are associated with many human diseases, such as
amyloid diseases, cancer, and neuropathies, making TRiC a potential therapeutic target. A detailed
. structural understanding of its ATP-dependent folding mechanism and substrate recognition is
. therefore of great importance. Of particular health-related interest is the mutation Histidine 147 to
: Arginine (H147R) in human TRiC subunit 5 (CCT5), which has been associated with hereditary sensory
. neuropathy. In this paper, we describe the crystal structures of CCT5 and the CCT5-H147R mutant,
. which provide important structural information for this vital protein-folding machine in humans. This
. first X-ray crystallographic study of a single human CCT subunit in the context of a hexadecameric
: complex can be expanded in the future to the other 7 subunits that form the TRiC complex.

. The eukaryotic chaperonin TRiC (T-complex protein-1 Ring Complex, also known as CCT: Chaperonin
 Containing T-complex protein-1) plays an important role in ensuring efficient folding of nascent or
stress-denatured proteins'. TRiC interacts with approximately 10% of the entire proteome and its function is

. absolutely essential for viability of the cell®. The cellular accumulation of misfolded protein has been associated

: with several human diseases, including Alzheimer’s disease, Huntington’s disease, and cancer, making TRiC a

: potential therapeutic target®*.

: The overall structural arrangement of chaperonins is of two rings of seven to nine subunits each stacked

© back-to-back, creating a large cylindrical protein complex of approximately 1 MDa. Chaperonins can be classified
into two major groups. Group I chaperonins, such as GroEL from Escherichia coli, are found in prokaryotes and
eukaryotic organelles, and generally consist of double homo-heptameric ring arrangements®. In contrast, group
II chaperonins exist in the archaeal and eukaryotic cytosol and consist of double hetero (or homo)-octameric
or nonameric rings®. Group I chaperonins use a homo-heptameric ring-shaped cofactor (GroES in the case of

. GroEL) to fully close the protein folding chamber, whereas group II chaperonins contain a “built-in” lid formed

. by an extended a-helix at the tip of the apical domains’.

: Human TRiC belongs to the group II chaperonin family and consists of two hetero-octameric rings containing
eight distinct subunits (CCT1-8)%°. For more than 2 decades, group II chaperonins have been studied structurally
in order to better understand the ATP-dependent folding mechanism of this class of proteins. The majority of the
crystal structures available are of the simpler TRiC-like complexes consisting of rings that have one to three dif-
ferent subunits from archaeal organisms® '°-'°>. More recently, low-resolution structures of the hetero-oligomeric

. complex of TRiC from bovine!® 7 and yeast systems'’-2* have been solved showing large asymmetric features

: when comparing the subunits. However, to date no crystallographic data have been available for the full human

. TRiC complex or even a single subunit. In this paper, we describe the crystal structure of the human CCT5 sub-
unit. The sequence similarity between CCT5 and others TRiC subunits (from 32 to 40% identity) allows us to
understand important structural regions such as the nucleotide-binding site and substrate-recognition sites of the
different subunits. In addition, the CCT5 subunit is of special interest because the mutation of histidine-147 to
arginine (H147R) in the human CCTS5 gene is associated with autosomal recessive mutilating sensory neuropathy
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Figure 1. (a) Cartoon representation of human CCT5 subunit architecture in complex with ADP nucleotide.
The N-terminal and C-terminal regions of the subunit form the equatorial domain, which includes the
nucleotide-binding site and sensor loop. The intermediate domain that connects the equatorial and apical
domains via the lower hinge is composed of a6, a7 and a12, and the upper hinge represented by the 3-sheet
(33/34/312. The apical domain is associated with the substrate binding recognition and with the substrate-
folding process though the apical loop region. In addition, the extended a9 serves as a lid to close the TRiC ring
chamber. (b) The substrate-binding interface has been identified between the 10 helix in and the proximal
loop (PL) region?. In CCTS5, the «10 is formed by the residues 5, EANHLLLQ; ¢ and the proximal loop by the
residues ,3,FSHPQMPK,,,, with surface-exposed residues represented in sticks. (c) A mF,-DF, electron density
map omitting the ADP nucleotide molecule contoured at 3.0 ¢ is shown in blue. The nucleotide-binding site
shows the loop-A and the loop-B surrounding the phosphate groups of ADP. The ATP hydrolysis occurs by a
water nucleophilic attack, and the water molecule is held in place by the represented residues D73 and D404.

with a spastic paraplegia disease?!. The crystal structure of human CCT5 reveals a classical chaperonin complex
arrangement with two back-to-back rings of eight subunits each, similar to the organization of the full TRiC
complex'®. Moreover, the human CCT5 homo-oligomeric complex is able to hydrolyze ATP and refold mis-
folded protein substrates®?. Interestingly, this CCT5 homo-oligomeric complex is also able to suppress the mutant
huntingtin (mHTT) protein aggregation associated with Huntington neurodegenerative disease?. Therefore, the
crystal structure of human CCT5 subunit provides information not only about the structural features of TRiC but
also advances our knowledge that will be valuable for therapeutic design.

Results and Discussion

Human CCT5 Subunit Architecture. The general subunit architecture of the CCTs subunits comprise
three distinct domains: an equatorial domain that includes the nucleotide-binding site, an apical domain involved
in substrate binding, and an intermediate domain that connects the equatorial and apical domains via two hinge
regions (Fig. 1a). The CCT5 equatorial domain is formed of the N-terminal (residues 1-154) and the C-terminal
(residues 418-541) regions. This domain contains two nucleotide-binding loops that interact with phosphate
groups and the adenine ring of ADP. The loop-A residues Gly-53 and Pro-54 interact with the a-phosphate group
and adenine ring of ADP, respectively. Loop-B - 1;;GDGT TG, - contains the classical P-loop motif, where thre-
onine residues coordinate the 3-phosphate group of ADP (Fig. 1c). The proposed mechanism of ATP hydrolysis
occurs through water nucleophilic attack, in which the water molecule is held in place by residues Asp-73 and
Asp-404 in CCT5 based on structural studies of the Thermosome!?. The intermediate domain contains two hinges
formed by residues 155-226 and 381-417. The lower hinge contains exclusively a-helices, in which helix-6 and
helix-12 make contact with the equatorial domain, and helix-7 contacts the upper hinge, which is composed of
the 3-sheet 33/34/312. Experiments in the group II chaperonin Mm-Cpn from Methanococcus maripaludis** and
the group I chaperonin GroEL?» % show that ATPase activity is abolished when mutations are made to the residue
equivalent to Asp-404 in CCT5, located in helix-12 of intermediate domain. The apical domain is composed of
residues 227 to 378 and shows the most sequence divergence between the human TRiC subunits and is associated
with the substrate recognition®” 2%, The hetero-octameric ring formed by eight specialized subunits may lead to
a large diversification of proteome targets in eukaryote evolution>?. The substrate-binding interface has been
identified in mouse and yeast CCT as being between helix-11 (equivalent to helix-10 in CCT5) and the proximal
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Data collection

Wavelength (A) 1.000 1.000
Resolution range (A) 75.7-3.5(3.59-3.5) | 65.0-3.6 (3.66-3.6)
Detector Distance (mm) 400 450

® (deg.) collected/ A (deg.) 180/0.5 200/0.2
Exposure time (seconds) 3 3

Temperature of collect (Kelvin) 100 100
Data statistics

Space group P4212 P4212

a=204.71, a=205.57,
Unit-Cell parameters (A) b=204.71and b=205.57 and
c=162.95 c=163.55

Total reflections 584723 (54296) 606725 (60364)
Unique reflections 44068 (4305) 41130 (4031)
Multiplicity 13.3 (12.6) 14.7 (14.6)
Data completeness (%) 100 (99.0) 100 (100)
I/o(I) 13.7(1.2) 10.9 (1.3)
Ryt 0.223 (2.32) 0.297 (2.41)
CC1/2 0.998 (0.355) 0.997 (0.357)
Structure Refinement

Ryaeror” (%) 26.1 27.5

Rpee” (%) 31.7 32.7

RMS from ideal geometry

Bond lengths (4) 0.003 0.003

Bond angles (°) 0.885 0.779

Protein residues per AU¢ 2064 (4 subunits) 1934 (4 subunits)
ADP 4 4
Ramachandran Plot

Favored region (%) 83.7 82.7

Outliers region (%) 2.9 3.7

Clashscore 6.5 7.67
Molprobity Score 2.3 2.6

Percentile 99 97

Rotamer outliers 2.1 4.4

Table 1. Statistics for data collection and refinement of CCT5 and CCT5-H147R structures. °R,,, = ¥,y Si|I;
(hkl) — (I (hkD)) |/ X, I; (hkl), where X, denotes the sum over all reflections and ¥, is the sum over all
equivalent and symmetry-related reflections. bemor: % |Fobs — Fcalc|/% Fobs. “Rye = Ry for 5% of the data
were not included during crystallographic refinement. AU = Asymmetric unit.

loop (PL) region?® (Fig. 1b). In CCT5, helix-10 consists of the residues ;,0EANHLLLQj;,¢ and the proximal loop of
the residues ,3,FSHPQMPK,,, (Supplementary Fig. 1). Above the region of the substrate-binding site, the apical
domain possesses an extended a-helix (helix-9), which serves as a built-in lid to close the TRiC folding cavity.

Large protein complexes composed of several subunits, which are organized into distinct domains, are not
expected to necessarily form well diffracting crystals because of their intrinsic flexibility. The group II chaper-
onin protein family is no exception, with the highest resolution of crystallographic data collected to date for a
eukaryotic group II chaperonin being 3.8 A for yeast TRiC'7-2° and 5.5 A resolution for bovine TRiC'® 7. The
human CCT5 and CCT5-H147R subunits were solved at 3.5 A and 3.6 A resolution, respectively (Table 1). In
order to compare the human CCT5 single subunit with other eukaryotic chaperonins, we selected the highest
resolution structure with the lowest Ry, value deposited in the Protein Data Bank. The human CCT5 subunit
was superposed with chain E of the yeast TRiC structure, which corresponds to the CCT5 subunit in yeast (PDB
ID 4V8R)'8. The sequence identity between the human CCT5 and yeast CCT5 subunits is 60%, which leads to
a similar overall subunit structural architecture. Superposition of the human CCT5 and yeast CCT5 structures
using Co coordinates has a RMSD in coordinate position of 2.5 A. This is a result of the rotation of the individual
domains rather than large local conformation differences within the individual domains (Fig. 2a). Rotations of
the intermediate and apical domains are associated with protein folding cycle related to nucleotide states!® -,
Individual superposition of the Cax coordinates of the equatorial, intermediate and apical domains from human
CCTS5 with yeast CCT5 have RMSDs of 1.2 A, 1.2 A and 1.8 A, respectively, confirming the structural similarity
between the individual domains of the eukaryotic group II chaperonins. The highest RMSD observed for api-
cal domain between human CCT5 and yeast CCTS5 is related the local conformation change in the built-in lid
(c-helix9) used to close the TRiC folding cavity (Fig. 2b).
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Figure 2. (a) Cartoon representation of the single subunits of human CCT5 and yeast CCT5 (PDB ID 4V8R)!#
and a superposition between human CCT5 and yeast CCT5. (b) Individual superposition of the equatorial,
intermediate and apical domains from human CCT5 and yeast CCT5 showing that the structural similarity
between them. The highest RMSD for the individual domains was observed for the apical domain because of the
local conformation change in the built-in lid region (a9) involved in closing the TRiC folding cavity.

Human CCT5 Subunit shows a TRiC-like arrangement. The CCT5 homo-oligomeric complex has the
two back-to-back rings of eight subunits similar to the full human TRiC complex (Fig. 3a and Supplementary
Fig. 2a-e). A previous cryo-electron microscopy (cryo-EM) study had shown that subunits CCT4 and CCT5
each retain the ability to form active homo-octameric double ring oligomers?> 23!, Evolutionary tree analysis
of the CCT subunits has shown that the human CCT4 and CCT5 subunits are most closely related to the more
primitive TRiC-like chaperonins from the archaea Thermoplasma acidophilum and Sulfolobus solfataricus®> *.
This sequence similarity could be the reason why out of the eight subunits only CCT4 and CCT5 retain the ability
to form rings from a single subunit. However, there is no evidence that these CCT4 and CCT5 homo-oligomeric
complexes are present in human cells. Despite the fact of that some studies have suggested that human TRiC
could have a variable subunit composition and this may be related to chaperonin function® *, a precisely ordered
arrangement within the rings has become more generally accepted for all eight TRiC subunits!”2 %,

The arrangement of the subunits in the TRiC complex has been a source of much debate and study'®*"-%. The
latest TRiC subunit arrangement from two independent cross-linking studies, using yeast and bovine chaperon-
ins, proposed that the subunits order anti-clockwise 1-3-6-8-7-5-2-4 for the upper ring, contacting the lower ring
subunits 7-8-6-3-1-4-2-5, respectively'”?°. This proposed arrangement places the equatorial domain of the CCT5
subunit in direct contact with the equatorial domain of the CCT4 subunit of the opposite ring. This, combined
with the observation that both CCT4 and CCT5 subunits are able to spontaneously form double homo-octameric
ring complexes when recombinantly expressed in E. coli*» 3!, suggests that they share similar ring-ring inter-
faces, which form stable ring interface interactions. It is possible that the structure of the CCT5 homo-oligomeric
complex is representative of an ancestral TRiC chaperonin. Over time, the subunits have become specialized,
with accumulated mutations in the substrate binding regions defining the potential substrates, and mutations in
the subunit-subunit interfaces defining the key interactions that dictate the ordering of subunits around the ring.
Thus the sequence diversity between the subunits of the hetero-octameric TRiC is not only important for the
increase in the range of substrates in eukaryotes?, but also critical to defining the specific inter-ring and intra-ring
subunit interactions that form a stable complex.

Human CCT5 in a complex with ADP nucleotide in a closed state conformation. The binding and
hydrolysis of ATP has been shown to promote the transition from a substrate-binding acceptor state (open state)
to a folding-capable state (closed state)**. We have solved the CCT5 homo-oligomeric complex in the closed con-
formation, which shows intra-ring contacts between the equatorial, intermediate and apical domains (Fig. 3a).
In contrast, in the open conformation of the Mm-Cpn chaperonin, only the equatorial domain shows intra-ring
contacts (Supplementary Fig. 3). The equatorial domain is the largest domain and is involved in contacts between
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Figure 3. (a) Side and top view using a cartoon and surface representation for each of the human CCT5
subunits forming the double-rings homo-octameric shape similar to TRiC-like arrangement. The CCT5
complex was observed in the closed state of group II chaperonin characterized by intra-ring contacts between
all the three domains; equatorial, intermediate and apical. Apical domains serve as a lid of the rings creating
a protected environment for protein folding. (b) Intra-rings contacts at the equatorial domain form a 3-sheet
element by 31 and 32 of one subunit and 313 from the adjacent subunit. This 3-sheet element is conserved in
all group II chaperonin structures in both closed and open states indicating these intra-ring interactions are
important for maintain the ring assemble. (c) Position of the sensor loop and the apical loop in the context
of the CCT5 homo-octameric rings. The sensor loop residues (;DKDGDj; and the apical loop residues
250KPKTKHK,; are point into to cavities creating highly charged regions. These loops have been associated
with substrate interaction from bovine TRiC structure'.

the upper and lower rings and contacts between adjacent subunits in the same ring. A region of particular interest
in the equatorial domain is the sensor loop, which makes contact with the substrate tubulin in the bovine CCT
structure!®. The sensor loop (also called stem-loop)***! is located between 31 and 32 in CCT5 and it is composed
of residues ;;DKDGDg;, where the DXXGD motif is observed for all 8 human CCT subunits (Supplementary
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Figure 4. (a) Mutant CCT5-H147R shows the same double homo-octameric ring arrangement as CCT5-WT.
The CCT5-H147R structure demonstrated the Arg147 residue does not point into the inter-rings or intra-ring
(between subunits) interfaces. (b) A 2mF-DF, electron density map for CCT5-H147R around the side chain of
Arg147 and Ser428. The broken line represent the hydrogen bond distance between NE atom of Argl47 located
at helix-5 and the main carbonyl group of Ser428 located at helix-13 of equatorial domain.

Fig. 1). The sensor loop residues side-chains point into the folding cavity and present a negatively charged
surface for interaction with the potential encapsulated unfolded or partially folded substrate (Fig. 3¢). In the
homo-octameric CCTS5 ring, the stem loop (3-strands, 31 and 32, interact with the C-terminal 3-strand, 313, of an
adjacent subunit (Fig. 3b). A similar (3-sheet formation between adjacent subunits has been previously observed
in archaeal chaperonin structures!® > 42 The formation of this 3-sheet between adjacent subunits suggests that
these contacts are essential for the intra-ring interface observed for the group II chaperonins. However, the adja-
cent subunit of the archaeal chaperonin involves both N-terminal and C-terminal 3-strands, whereas for CCT5
only the C-terminal 3-strand, 313, was observed to be involved.

In addition to the sensor loop region located at the equatorial domain, a region in the apical domain has been
implicated in substrate binding inside the TRiC cavity. The tubulin substrate is seen to make contact with an
apical loop region'®. In CCTS5 this loop consists of the residues ,5]KPKTKHK 45, which is highly basic because of
the large number of lysine residues (Fig. 3c). The charged and hydrophilic nature of the interior of the chaperonin
cavity, such as observed for the CCT5 sensor loop and apical loop, have been linked to the mechanism of folding
substrate in GroEL*.

As mentioned previously, the substrate-binding interface has been identified as lying between helix-10 in
CCT5 and the proximal loop region?. ATP hydrolysis closes the ring bringing this substrate-binding interface
in the apical domain into contact with a loop region of the adjacent subunit. This intra-ring contact between
the apical domains of adjacent subunits has been proposed to displace the substrate from its binding-site and
release it inside the cavity to be folded. Thus the loop from the adjacent subunit was called “release loop of sub-
strate or rls loop”"3°. Analyzing the CCT5 sequence and the ring arrangement, the rls loop corresponds to
residues 3,3PRFSELT};,9 and indeed makes contact with the substrate-binding interface from the adjacent subunit
(Supplementary Fig. 4).

CCT5-H147R mutant structure. A mutation in human CCT5 subunit at position 147 that replaces a his-
tidine with an arginine residue has been implicated in hereditary sensory neuropathy, which is a class of disorder
marked by degeneration of the nerve fibers in the sensory periphery neurons?'. However, how this mutation leads
to the disease phenotype is still unknown*!. Sergeeva and collaborators showed the CCT5-H147R mutant has
reduced folding activity compared to CCT5-WT against human D-crystallin and actin substrates. It has been
hypothesized that decreased protein-folding activity by TRiC complexes containing the CCT5-H147R mutant
subunit compared to TRiC-WT could have an impact on many protein substrates, such as tubulin and actin,
which seems very plausible®. Since neurons have a large abundance of microtubules, tubulin is a good candi-
date for a substrate that is adversely affected by the CCT5-H147R mutation and therefore leads to the disease
phenotype®.

A structural study using an archaeal chaperonin as a model to understand the His147Arg mutant pro-
posed that the mutation impaired oligomeric assembly and ATPase activity*’. However, biochemical analysis
of CCT5-H147R showed that it was still able to hydrolyze ATP and also refold protein substrates®'. Our crystal
structure of the CCT5-H147R mutant shows the same double homo-octameric ring arrangement as CCT5-WT
indicating that the mutation does not affect the oligomeric assembly capability of the homo-octameric ring of
the CCT5-H147R subunit (Fig. 4a). The structure also shows that the Arg147 residue is not positioned in a way
that would disrupt the inter-ring or intra-ring interfaces, therefore it is unlikely that the mutation would impair
the oligomeric assembly of the full TRiC complex containing the CCT5-H147R subunit (Fig. 4a). In addition,
the CCT5-H147R structure was solved in complex with the nucleotide ADP showing the mutant still can bind
nucleotide like the wild-type CCTS5. This is consistent with the observation that the CCT5-H147R and CCT5-WT
subunits have similar ATP hydrolysis rates®!.
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The electron density map for CCT5-H147R demonstrates clear density for the side chain of Arg147, and shows
that it is positioned to make a hydrogen bond between the NE atom of Arg147 located on helix-5 and the main
carbonyl group of Ser428 located at helix-13 of the equatorial domain (Fig. 4b). Significant conformation changes,
such as rotation and local movement of the equatorial domain are associated with ATP hydrolysis and the folding
mechanism!®!"1¢. Changes in contacts between structural elements in the complex could have an impact on the
flexibility within the equatorial domain, thus modulating the function of a particular subunit. Since TRiC is a
highly allosteric molecular machine?* #~#°, the CCT5-H147R point mutation could have an impact on the func-
tion of the entire complex by changing cooperativity within the complex.

Conclusion

The CCTS5 subunit structure reveals, in the highest resolution to date for a eukaryotic chaperonin, important
regions in the human TRiC complex, such as the nucleotide-binding site, substrate-binding site, sensor loop,
apical loop and the release-loop of the substrate. The structures of the single CCT5 and CCT5-H147R subunits
show the ability to form the double ring octameric arrangement similar to the human TRiC. In agreement with
previous biochemical studies using the CCT5 homo-oligomeric complex?!, both structures of the CCT5 and
CCT5-H147R homo-oligomeric in complex with nucleotide show that the catalytic residues Asp73 and Asp404
are positioned to participate in ATP hydrolysis.

The therapeutic properties of these homo-oligomeric recombinantly expressed human CCT4 and CCT5 sub-
units can be explored more broadly. Previous studies have demonstrated that CCT1, CCT3 and CCT4 show spe-
cific interactions with the Q/N-rich huntingtin protein that is implicated in Huntington’s disease®”*'. Similarly,
the CCT5 homo-oligomeric complex was also able to suppress mutant Huntingtin protein aggregation demon-
strating a different phenotype when compared to the monomeric CCT5 subunit*> 3. The knowledge derived
from the CCT5 structure described here can be extended based on sequence homology to the other subunits.
Bioengineering experiments based on the CCT5 structure, such as shuftling substrate-binding sites, sensor loops
and apical loops, are under investigation in order to understand the unique properties of each TRiC subunit.
Switching stretches of amino acids or whole domains between the eight human CCT subunits in order to create
a specific chaperone function for a health related target while keeping the equatorial and intermediate domains
from CCTS5 as a scaffold may generate a suite of synthetic protein-folding machines optimized for therapeutic
purposes.

Methods

Cloning, expression, and purification of human CCT5. Cloning, expression, and purification of
human CCT5 were as described previously?’. The CCT5 plasmid was used to create the CCT5-H147R mutant. The
CCT5-H147R mutant was generated using Biozilla Inc. mutagenesis service (South Francisco, CA, USA). Briefly,
the pET21a-CCT5 and pET21a-CCT5-H147R constructs were transferred into BL21(DE3)RIL Escherichia coli
expression cells. A single bacterial colony, grown on Luria-Bertani (LB) agar containing 100 ug/mL ampicillin
was used to inoculate 5mL of LB liquid culture supplemented with the same antibiotic concentrations and grown
overnight at 37 °C. The overnight culture was used to inoculate a 1L Terrific Broth culture grown at 37°C until it
reached an ODy, of 1.0. Expression was induced by the addition of 0.5 mM IPTG, and the culture was transferred
at 20°C and grown for 24 hours. Cell paste was lysed in 25 mM Hepes pH 7.5, 100 mM NaCl, 5mM MgCl, and
1 mM DTT and loaded onto a 5mL Histrap column on an AKTA HPLC. The column was washed to baseline
prior to elution with a gradient of 0-100% buffer 25 mM Hepes pH 7.5, 100 mM NaCl, 5mM MgCl,, I mM DTT
and 500 mM imidazole in 20 column volumes. The cleanest elution fractions were pooled and dialyzed back into
the lysis buffer and applied onto a 5mL HiTrap Q column. The cleanest elution fractions were concentrated and
applied to a Size Exclusion Sephacryl S-200 column. The purified human CCT5 was concentrated to 12 mg/ml
for crystallographic studies.

Crystallization, X-ray data collection, and Structure determination. The human CCT5 and
CCT5-H147R were crystallized in complex with 5.0 mM Adenosine 5'-diphosphate (ADP). The human CCT5
was screened using the sparse matrix method? and the following crystallization screens: Crystal Screen, SaltRx,
PEG/Ion, Index and PEGRx (Hampton Research, Aliso Viejo, CA) and Berkeley Screen (Lawrence Berkeley
National Laboratory, Berkeley, CA). Crystals of CCT5 were found in 0.1 M Sodium acetate, 0.04 M Citric acid,
0.06 M Bis-Tris propane pH 6.4 and 25% (w/v) Polyethylene glycol 400. The crystals of the mutant CCT5-H147R
were grown using similar crystallization conditions as the CCT5 crystals. Crystals of CCT5 and CCT5-H147R
were obtained after 2 days by the sitting-drop vapor-diffusion method with the drops consisting of a mixture of
0.2 pL of protein solution and 0.2 pL of reservoir solution. Crystals of CCT5 and CCT5-H147R were soaked in
a reservoir solution containing 5% (v/v) of glycerol as the cryo-protector solution. The X-ray data sets for the
CCTS5 and the CCT5-H147R were collected at the Berkeley Center for Structural Biology beamline 5.0.2 of the
Advanced Light Source at Lawrence Berkeley National Laboratory (LBNL). The diffraction data were recorded
using a Pilatus 6M detector. The data sets were processed using the program Xia2%. The high-resolution cutoff
was set according to the methods described by Karplus and Diederichs™.

The crystal structure of CCT5 was solved by the molecular-replacement method using as a search model
subunit 5 from the structure of yeast TRiC (PDB code 4V81)!8 with the program Phaser® within the Phenix
suite®. The crystal structure of CCT5-H147R was solved by the molecular-replacement method using the
CCTS5 structure as the search model. Structure refinement was carried out using the phenix. refine program®.
Translation-libration-screw (TLS) refinement was used, with each domain (equatorial, intermediate and apical)
of each subunit identified as a TLS group. Manual rebuilding using COOT?® and addition of ADP nucleotide
molecules allowed construction of the final models. The nucleotide-binding site was interpreted in the CCT5
and CCT5-H147R structures using cross-validated sigmaA weighted electron density maps (mFo-DFc Fourier
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synthesis) contoured at 3.0 0. Root-mean-square deviation differences from ideal geometries for bond lengths,
angles and dihedrals were calculated with Phenix>®. The overall stereochemical quality of the final model for
CCT5-ADP was assessed using the program MolProbity®. The overall statistics for X-ray data collection and
structures refinement are summarized in Table 1. The atomic coordinates and structure factors of human CCT5
and CCT5-H147R mutant have been deposited in the Protein Data Bank with accession codes 5UYX and 5UYZ,
respectively.

References

1.
2.

N U W W

10.
11.
. Ditzel, L. et al. Crystal structure of the thermosome, the archaeal chaperonin and homolog of CCT. Cell 93, 125-138 (1998).
M
15.
16.
17.
18.
19.
20.
. Bouhouche, A., Benomar, A., Bouslam, N., Chkili, T. & Yahyaoui, M. Mutation in the epsilon subunit of the cytosolic chaperonin-
22.
23.

24.

25.
. Koike-Takeshita, A., Yoshida, M. & Taguchi, H. Revisiting the GroEL-GroES reaction cycle via the symmetric intermediate implied

27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.

39.
40.

Frydman, J. Folding of newly translated proteins in vivo: the role of molecular chaperones. Annu. Rev. Biochem. 70, 603-647 (2001).
Yam, A. Y. et al. Defining the TRiC/CCT interactome links chaperonin function to stabilization of newly made proteins with
complex topologies. Nat. Struct. Mol. Biol. 15, 1255-1262 (2008).

. Taubes, G. Misfolding the way to disease. Science 271, 1493-1495 (1996).

. Dobson, C. M. Principles of protein folding, misfolding and aggregation. Semin. Cell Dev. Biol. 15, 3-16 (2004).

. Horwich, A. L,, Farr, G. W. & Fenton, W. A. GroEL-GroES-mediated protein folding. Chem. Rev. 106, 1917-1930 (2006).

. Shomura, Y. et al. Crystal structures of the group II chaperonin from Thermococcus strain KS-1: steric hindrance by the substituted

amino acid, and inter-subunit rearrangement between two crystal forms. J. Mol. Biol. 335, 1265-1278 (2004).

. Klumpp, M., Baumeister, W. & Essen, L. O. Structure of the substrate binding domain of the thermosome, an archeal group II

chaperonin. Cell 91, 263-270 (1997).

. Lewis, V. A,, Hynes, G. M., Zheng, D., Saibil, H. & Willison, K. T-complex polypeptide-1 is a subunit of a heteromeric particle in the

eukaryotic cytosol. Nature 358, 249-252 (1992).

. Kubota, H., Hynes, G., Carne, A., Ashworth, A. & Willison, K. Identification of six Tcp-1-related genes encoding divergent subunits

of the TCP-1-containing chaperonin. Curr. Biol. 4, 89-99 (1994).

Pereira, J. H. et al. Crystal structures of a group II chaperonin reveal the open and closed states associated with the protein folding
cycle. J. Biol. Chem. 285, 27958-27966 (2010).

Pereira, J. H. et al. Mechanism of nucleotide sensing in group II chaperonins. EMBO J. 31, 731-740 (2012).

Huo, Y. et al. Crystal structure of group II chaperonin in the open state. Structure 18, 1270-1279 (2010).

Pilak, O. et al. Chaperonins from an Antarctic archaeon are predominantly monomeric: crystal structure of an open state monomer.
Environ Microbiol. 13,2232-2249 (2011).

Chaston, J. J. et al. Structural and Functional Insights into the Evolution and Stress Adaptation of Type II Chaperonins. Structure 24,
364-374 (2016).

Muiioz, I. G. et al. Crystal structure of the open conformation of the mammalian chaperonin CCT in complex with tubulin. Nat
Struct Mol Biol. 18, 14-20 (2011).

Kalisman, N., Adams, C. M. & Levitt, M. Subunit order of eukaryotic TRiC/CCT chaperonin by cross-linking, mass spectrometry,
and combinatorial homology modeling. Proc. Natl. Acad. Sci. USA 109, 2884-2889 (2012).

Kalisman, N., Schroder, G. F. & Levitt, M. The crystal structures of the eukaryotic chaperonin CCT reveal its functional partitioning.
Structure 21, 540-549 (2013).

Dekker, C. et al. The crystal structure of yeast CCT reveals intrinsic asymmetry of eukaryotic cytosolic chaperonins. EMBO J. 30,
3078-3090 (2011).

Leitner, A. et al. The molecular architecture of the eukaryotic chaperonin TRiC/CCT. Structure 20, 814-825 (2012).

containing t-complex peptide-1 (Cct5) gene causes autosomal recessive mutilating sensory neuropathy with spastic paraplegia. J.

Med. Genet. 43, 441-443 (2006).

Sergeeva, O. A. et al. Human CCT4 and CCT5 chaperonin subunits expressed in Escherichia coli form biologically active homo-
oligomers. J. Biol. Chem. 288, 17734-17744 (2013).

Darrow, M. C. et al. Structural mechanisms of mutant huntingtin aggregation suppression by the synthetic chaperonin-like CCT5
complex explained by cryoelectron tomography. J. Biol. Chem. 290, 17451-17461 (2015).

Reissmann, S., Parnot, C., Booth, C. R., Chiu, W. & Frydman, J. Essential function of the built-in lid in the allosteric regulation of
eukaryotic and archaeal chaperonins. Nat. Struct. Mol. Biol. 14, 432-440 (2007).

Rye, H. S. et al. Distinct actions of cis and trans ATP within the double ring of the chaperonin GroEL. Nature 388, 792-798 (1997).

by novel aspects of the GroEL(D398A) mutant. J. Biol. Chem. 283, 23774-81 (2008).

Spiess, C., Miller, E. J., McClellan, A. J. & Frydman, . Identification of the TRiC/CCT substrate binding sites uncovers the function
of subunit diversity in eukaryotic chaperonins. Mol. Cell 24, 25-37 (2006).

Joachimiak, L. A., Walzthoeni, T, Liu, C. W., Aebersold, R. & Frydman, J. The structural basis of substrate recognition by the
eukaryotic chaperonin TRiC/CCT. Cell 159, 1042-1055 (2014).

Archibald, J. M., Blouin, C. & Doolittle, W. E. Gene duplication and the evolution of group II chaperonins: implications for structure
and function. J. Struct. Biol. 135, 157-169 (2001).

Douglas, N. R. et al. Dual action of ATP hydrolysis couples lid closure to substrate release into the group II chaperonin chamber. Cell
144, 240-252 (2011).

Sergeeva, O. A., Tran, M. T., Haase-Pettingel, C. & King, J. A. Biochemical characterization of mutants in chaperonin proteins CCT4
and CCTS5 associated with hereditary sensory neuropathy. J. Biol. Chem. 289, 27470-27480 (2014).

Mukherjee, K., Macario, E. C., Macario, A. J. L. & Brocchieri, L. Chaperonin genes on the rise: new divergent classes and intense
duplication in human and other vertebrate genomes. BMC Evolutionary Biology 10, 64 (2010).

Macario, A. J. L., Macario, E. C. & Capello, F. The chaperonopathies diseases with defective molecular chaperones. Springer,
doi:10.1007/978-94-007-4667-1 (2013).

Roobol, A., Holmes, . E., Hayes, N. V., Baines, A. ]. & Carden, M. J. Cytoplasmic chaperonin complexes enter neuritis developing in
vitro and differ in subunit composition within single cells. J. Cell Sci. 108, 1477-1488 (1995).

Roobol, A. & Carden, M. J. Subunits of the eukaryotic cytosolic chaperonin CCT do not always behave as components of a uniform
hetero-oligomeric particle. Eur. J. Cell Biol. 78, 21-32 (1999).

Zang, Y. et al. Staggered ATP binding mechanism of eukaryotic chaperonin TRiC (CCT) revealed through high-resolution cryo-EM.
Nat. Struct. Mol. Biol. 23,1083-1091 (2016).

Cong, Y. et al. 4.0-A resolution cryo-EM structure of the mammalian chaperonin TRiC/CCT reveals its unique subunit arrangement.
Proc. Natl. Acad. Sci. USA 107, 4967-4972 (2010).

Liou, A. K. & Willison, K. R. Elucidation of the subunit orientation in CCT (chaperonin containing TCP1) from the subunit
composition of CCT micro-complexes. EMBO J. 16, 4311-4316 (1997).

Martin-Benito, J. et al. The inter-ring arrangement of the cytosolic chaperonin CCT. EMBO Rep. 8, 252-257 (2007).

Braig, K. et al. The crystal structure of the bacterial chaperonin GroEL at 2.8 A. Nature 371, 578-586 (1994).

SCIENTIFICREPORTS |7: 3673 | DOI:10.1038/s41598-017-03825-3 8


http://dx.doi.org/10.1007/978-94-007-4667-1

www.nature.com/scientificreports/

41. Boisvert, D. C., Wang, J., Otwinowski, Z., Horwich, A. L. & Sigler, P. B. The 2.4 A crystal structure of the bacterial chaperonin GroEL
complexed with ATP gamma S. Nat. Struct. Mol. Biol. 3,170-177 (1996).

42. Zhang, J. et al. Mechanism of folding chamber closure in a group II chaperonin. Nature 463, 379-383 (2010).

43. Xu, Z., Horwich, A. L. & Sigler, P. B. The crystal structure of the asymmetric GroEL-GroES-(ADP)7 chaperonin complex. Nature
388, 741-750 (1997).

44. Auer-Grumback, M. Hereditary sensory neuropathy type I. Orphanet J. Rare Dis. 3,7 (2008).

45. Lundin, V. E, Leroux, M. R. & Stirling, P. C. Quality control of cytoskeletal proteins and human diseases. Trends Biochem Sci. 35,
288-297 (2010).

46. Min, W. et al. A human CCT5 gene mutation causing distal neuropathy impairs hexadecamer assembly in an archaeal model. Sci.
Rep. 4, 6688 (2014).

47. Kafri, G., Willison, K. R. & Horovitz, A. Nested allosteric interactions in the cytoplasmic chaperonin containing TCP-1. Protein Sci.
10, 445-449 (2001).

48. Kafri, G. & Horovitz, A. Transient kinetic analysis of ATP-induced allosteric transitions in the eukaryotic chaperonin containing
TCP-1. J. Mol. Biol. 326, 981-987 (2003).

49. Bigotti, M. G., Bellamy, S. R. & Clarke, A. R. The asymmetric ATPase cycle of the Thermosome: elucidation of the binding, hydrolysis
and product-release steps. J. Mol. Biol. 362, 835-843 (2006).

50. Tam, S., Geller, R,, Spiess, C. & Frydman, J. The chaperonin TRiC controls polyglutamine aggregation and toxicity through subunit-
specific interactions. Nat. Cell Biol. 8, 1155-1162 (2006).

51. Nadler-Holly, M. et al. Interactions of subunit CCT3 in the yeast chaperonin CCT/TRiC with Q/N-rich proteins revealed by high-
throughput microscopy analysis. Proc. Natl. Acad. Sci. USA 109, 18833-18838 (2012).

52. Jancarik, J. & Kim, S.-H. Sparse matrix sampling: a screening method for crystallization of proteins. J. Appl. Cryst. 24, 409-411
(1991).

53. Winter, G. Xia2: an expert system for macromolecular crystallography data reduction. J. Appl. Cryst. 43, 186-190 (2010).

54. Karplus, P. A. & Diederichs, K. Linking crystallographic model and data quality. Science 336, 1030-1033 (2012).

55. McCoy, A.]. et al. Phaser crystallographic software. Journal of Applied Crystallography 40, 658-674 (2007).

56. Adams, P. D. et al. PHENIX: a comprehensive Python-based system for macromolecular structure solution. Acta Crystallogr. D 66,
213-221 (2010).

57. Afonine, P. V. et al. Towards automated crystallographic structure refinement with phenix.refine. Acta Crystallogr. D 68, 352-367
(2012).

58. Emsley, P. & Cowtan, K. Coot: model-building tools for molecular graphics. Acta Crystallogr. D 60, 2126-2132 (2004).

59. Davis, I. W. et al. MolProbity: all-atom contacts and structure validation for proteins and nucleic acids. Nucleic Acids Research 35,
W375-W383 (2007).

Acknowledgements

We are grateful to the staff of the Berkeley Center for Structural Biology at the Advanced Light Source at Lawrence
Berkeley National Laboratory. The Berkeley Center for Structural Biology is supported in part by the National
Institutes of Health and National Institute of General Medical Sciences, and the Howard Hughes Medical Institute.
The Advanced Light Source is supported by the Director, Office of Science, Office of Basic Energy Sciences, of
the U.S. Department of Energy under Contract No. DE-AC02-05CH11231. This work was performed as part of
the Center for Protein Folding Machinery; an NIH Roadmap-supported Nanomedicine Development Center,
through grant 2PN2EY016525.

Author Contributions

P.D.A. and J.A.K. lead the project. ].H.P. wrote the manuscript and lead the crystallography studies. J.H.P.,
R.PM,, and C.Y.R. carried out the X-ray crystallography experiments. ].H.P. and O.A.S. carried out the cloning,
expression, and purification of the proteins. All the authors made contributions to the final manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-03825-3

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 3673 | DOI:10.1038/s41598-017-03825-3 9


http://dx.doi.org/10.1038/s41598-017-03825-3
http://creativecommons.org/licenses/by/4.0/

	Structure of the human TRiC/CCT Subunit 5 associated with hereditary sensory neuropathy

	Results and Discussion

	Human CCT5 Subunit Architecture. 
	Human CCT5 Subunit shows a TRiC-like arrangement. 
	Human CCT5 in a complex with ADP nucleotide in a closed state conformation. 
	CCT5-H147R mutant structure. 

	Conclusion

	Methods

	Cloning, expression, and purification of human CCT5. 
	Crystallization, X-ray data collection, and Structure determination. 

	Acknowledgements

	Figure 1 (a) Cartoon representation of human CCT5 subunit architecture in complex with ADP nucleotide.
	Figure 2 (a) Cartoon representation of the single subunits of human CCT5 and yeast CCT5 (PDB ID 4V8R)18 and a superposition between human CCT5 and yeast CCT5.
	Figure 3 (a) Side and top view using a cartoon and surface representation for each of the human CCT5 subunits forming the double-rings homo-octameric shape similar to TRiC-like arrangement.
	Figure 4 (a) Mutant CCT5-H147R shows the same double homo-octameric ring arrangement as CCT5-WT.
	Table 1 Statistics for data collection and refinement of CCT5 and CCT5-H147R structures.




