SCIENTIFIC REPLIRTS

Internal (His)s-tagging delivers a
fully functional hetero-oligomeric
_class Il chaperonin in high yield

. Danielle M. Paul®, Fabienne Beuron?, Richard B. Sessions?, Andrea Brancaccio®* &
Accepted: 11 January 2016 Maria Giulia Bigotti3
Published: 09 February 2016

Received: 07 October 2015

Group Il chaperonins are ATP-ases indispensable for the folding of many proteins that play a crucial

role in Archaea and Eukarya. They display a conserved two-ringed assembly enclosing an internal

chamber where newly translated or misfolded polypeptides can fold to their native structure. They

are mainly hexadecamers, with each eight-membered ring composed of one or two (in Archaea) or

eight (in Eukarya) different subunits. A major recurring problem within group Il chaperonin research,

especially with the hetero-oligomeric forms, is to establish an efficient recombinant system for the

expression of large amounts of wild-type as well as mutated variants. Herein we show how we can

. produce, in E. coli cells, unprecedented amounts of correctly assembled and active a3-thermosome,

. the class Il chaperonin from Thermoplasma acidophilum, by introducing a (His)e-tag within a loop in the

. o subunit of the complex. The specific location was identified via a rational approach and proved not to
disturb the structure of the chaperonin, as demonstrated by size-exclusion chromatography, native gel
electrophoresis and electron microscopy. Likewise, the tagged protein showed an ATP-ase activity and

- an ability to refold substrates identical to the wild type. This tagging strategy might be employed for

. the overexpression of other recombinant chaperonins.

Chaperonins are large oligomeric protein complexes that play a crucial role in intracellular assisted protein fold-
ing. Ubiquitous in nature and indispensable for life, they are well conserved through all phyla!, wherein they are
. classified into two groups: type I chaperonins are those found in eubacteria and in eukaryotic organelles, while
. type Il are typically found in Archaea and in the eukaryotic cytosol**. Chaperonins from the two groups share
. the same overall structure, in which 2 rings, composed of 7 (group I) or 8-9 (group II) subunits, are stacked
: back to back to form a toroidal cylinder enclosing a central cavity that provides a protected environment for
© non-native protein to fold in an ATP-dependent fashion without becoming enmeshed with other unfolded chains
in the cell**. While the type I chaperonins, exemplified by the E. coli GroE system (GroEL and its co-chaperonin
. GroES), are reasonably well understood, the group II complexes are more complicated and more challenging
© to study, mainly due to their higher degree of structural complexity, which has been and still is the object of
. extensive investigation by electron microscopy and X-ray crystallography>”. The composition in subunits of
¢ group II chaperonins does indeed range from that of the homo-oligomers and o3 hetero-oligomers found in
. Archaebacteria to that of the hetero-oligomers of 8 different subunits (catalogued from o to § or 1 to 8) found in
. Eukarya, where the complex is defined as CCT/TriC (for chaperonin containing TCP-1/TCP-1 ring complex).
: Such heterogeneity in subunits makes the recombinant expression of correctly assembled, fully functional
. hetero-oligomeric complexes particularly challenging. A great deal of work has been already dedicated to devise
. original recombinant strategies for tagging group II subunits in order to efficiently recover quantitative amounts
of the entire complex from yeast cells or upon recombinant expression in bacterial and, more recently, mam-
© malian cells®~1%. In S. cerevisiae, an internal tag was introduced (within a loop) in the apical domain of CCT3/~,
- which allowed the recovery of the whole complex through affinity purification®, whereas the CCT4 and CCT5
. human subunits have also been tagged and expressed recombinantly in E. coli, and shown to be able to form active
: hexadecamers, although in a homo-oligomeric form®. On the other hand, fully assembled hetero-oligomeric

1School of Physiology, Pharmacology and Neuroscience, University of Bristol, Bristol BS8 1TD, UK. 2Division of
Structural Biology, The Institute of Cancer Research, London SW7 3RP, UK. 3School of Biochemistry, University of
Bristol, Bristol BS8 1TD, UK. “Istituto di Chimica del Riconoscimento Molecolare, CNR c/o Istituto di Biochimica
e Biochimica Clinica, Universita Cattolica del Sacro Cuore, 00168 Roma, Italy. Correspondence and requests for
materials should be addressed to M.G.B. (email: g.bigotti@bristol.ac.uk)

SCIENTIFICREPORTS | 6:20696 | DOI: 10.1038/srep20696 1


mailto:g.bigotti@bristol.ac.uk

www.nature.com/scientificreports/

complexes have been obtained in mammalian cells by expressing human CCT with an affinity tag on subunit 1,
but the protein yield has proved to be very low™.

In general, a system for the efficient expression and purification of type II hetero-oligomeric chaperonins in
E. coli giving large amounts of genetically modifiable complexes, would provide an invaluable contribution to the
study and comprehension of these fascinating molecular motors. Hence, there is a strong interest in developing
such recombinant expression systems, both in terms of the final protein yield achieved and of the rapidity of the
process.

In previous work we presented the first expression system for the production in E. coli of homogeneous, fully
functional a3-hecadecamers of the thermosome from Thermoplasma acidophilum'!, an archaeal chaperonin
composed of two rings of alternating o and 3 subunits whose structure has been solved at high resolution®. We
were able to clone in tandem and express in E. coli the genes encoding for the two subunits, obtaining reasonable
amounts of correctly assembled and active complex. Here we report the introduction of six histidines ((His),-tag)
within a loop of the a-subunit, whose suitability was designed and modelled on the basis of structural and func-
tional considerations, allowing the production of unprecedented amounts of functional o3-thermosome hexa-
decamers. The structural and functional similarity of this recombinant product to the wild type a3-thermosome
is demonstrated by analytical methods, negative staining and cryo-electron microscopy and by the analysis of the
refolding of endogenous substrates.

Results

(His)¢-tagging of the o subunit.  While the expression and purification process described in Bigotti and
Clarke (2005) (giving 2-4 mgs of pure /B4 thermosome/liter of culture) is efficient, it is still rather time-con-
suming and prone to variability in the yield of pure protein. Hence we sought to optimize the process by inserting
a tag in one of the subunits for affinity purification. We chose the « subunit based on two pieces of evidence!!.
Firstly, the 3 subunit is more unstable and prone to the action of proteases. Secondly, unlike the 3 subunit alone,
the a subunit alone can self-assemble in stable o4 complexes, allowing the isolation of the homo-oligomeric
complex from cells expressing only the o subunit. Unfortunately both the C- and N-termini of the subunit are
located internally, in a region of the equatorial domain facing the inner chamber of the thermosome, so that tags
attached to the chain termini are poorly accessible and result in inefficient affinity purification'?. By analyzing
the structure of the thermosome (PDB id: 1A6D), a series of surface-exposed loops were identified that could
accommodate an internal tag, possibly without interfering either with the assembly of the complex or with its
strongly allosteric behavior. Figure 1 shows the locations of loops that are candidates for insertion of a (His)4-tag
mapped onto a sequence alignment of the o and 3 subunits annotated with the secondary structure. It is worth
mentioning that the loop between beta sheets 35-36 has already been chosen for a (His),-tag insertion used in the
production of the ;s complex" for structural studies. We judged this location to be too close to the a/3 subunit
interface to be optimally placed. Our first-choice location is between beta sheet 34 and alpha helix a6 since this
appeared to be an ideal position just at the base of the intermediate, hinge domain that follows the equatorial, ATP
binding domain. Panel a of Fig. 2 is a superimposition of the thermosome o subunit without (brilliant blue) and
with (light blue) (His),-tag inserted in this loop after Lys144 and highlighted by the arrow; the fully assembled
thermosome thus presents eight His-tags on its surface, four on each ring (Fig. 2b), providing protruding anchors
for immobilization on Ni**resin.

Cloning, expression and purification of the His-tagged og/3; thermosome. A synthetic gene for
the o subunit with a (His),-tag downstream Lys144 (o K144Ht) was used to replace the wild-type o gene in
the pETTherm /8 construct previously described!! for expression of the tagged thermosome in E. coli cells.
Similarly to the wild-type construct, the overall expression level for both subunits was 15-20% of the soluble pro-
teins, but a much higher percentage of those (about 50%) were found correctly assembled in o/ hexadecamers
at the end of the two-step purification, as opposed to the relatively small fraction of subunits that were found to
form the un-tagged og/33 thermosome after a multi-step purification procedure (<15% of the initial population).
Figure 3 illustrates the purification process, with a first step of affinity chromatography (panel a) that selects the
(His)e-tag containing species, and a second one that isolates the ~960kDa complex (panel b) by size-exclusion
chromatography (SEC). The purity and identity of the high molecular weight species eluted as a single, sharp peak
from SEC were checked by native gel electrophoresis (panel ¢), which resulted in a single, high molecular weight
band running slightly slower than the un-tagged thermosome, and by SDS-PAGE (panel d), that shows two
clear bands corresponding to the o and 3 subunits, in a 1:1 ratio, with no detectable impurities. Taken together,
these results are strongly indicative of a population of ag/34 thermosome purified to homogeneity. It is worth
noting that a further, high resolution SEC on a medium for the separation of lower molecular weight species (i.e.
Sephadex 200) run in the presence of 20% methanol, allowed for the isolation of small hydrophobic contami-
nants, but only in traces amounts, thus revealing this further step to be unnecessary. The average time required
for the whole purification procedure is 48 hours, the final yield of the protein obtained is =10 mg/liter of bacterial
culture and the product remains stable for days at a time when kept at 4°C.

Negative staining and cryo-electron microscopy. The identity and assembly state of the tagged com-
plex was confirmed by electron microscopy. The initial appearance of the negatively stained particles on the grid
(Fig. 4a) indicated that there was a predominance of side-on views of the complex. Only ~7% of the ~13,000
particle data set were top views. Side-on views provide a higher degree of structural information in 2D projection
and aid in the identification of the conformation of the complex. Upon inspection of the 2D class averages, a
large population is identifiable in which one of the rings is closed, while the other appears more open, with clear
gaps between the apical domains (Fig. 4b). We would describe this as a ‘partially open-closed’ conformation. The
2D averages are asymmetric and resemble the closed-open (bullet) form described for the ;s thermosome'4,
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Figure 1. Planned locations for the insertion of an internal (His)4-tag in the thermosome from

T. acidophilum. The candidate loops, identified from the 3D-structure, are highlighted by the blue boxes over
the sequence of the o subunit aligned with the 3-subunit. Red boxes identify the regions of sequence identity
and the open boxes those of sequence similarity. The arrow shows the loop chosen and the low sequence
similarity between the two subunits in this loop is evident. The elements of secondary structure are also
reported on top of the corresponding amino acid sequence.

SCIENTIFICREPORTS | 6:20696 | DOI: 10.1038/srep20696 3



www.nature.com/scientificreports/

Figure 2. General architecture of the (His)4-tagged thermosome. (a) Schematic drawing of the secondary
structural elements of the thermosome a-subunit in the absence (blue) and in the presence (cyan) of a
(His)s-tag (gold, and indicated by the arrow) inserted in an exposed loop between the equatorial and the
intermediate domain. (b) Side view (left) and top view (right) of the hexadecameric thermosome based on the
crystallographic structure®, with the (His),-tags (gold) modelled in the 8 a-subunits (cyan), exposed on the
surface of the complex. The un-tagged 3-subunits are shown in magenta.

but appear to be more closed than the typical ‘bullet’ shape described for the partially-closed state found in
the archaeal group II chaperonin from Methanococcus maripaludis®. Class averages of the fully closed complex
(Fig. 4¢) could be identified by their more square shape when viewed from the side (upper panel). The top view
average (Fig. 4c, lower panel) shows that the rings are formed of 8 subunits and exhibits a diameter of 160 A, in
agreement with the crystal structure®. The complex observed in an apo-state (i.e. in the absence of nucleotides)
by cryo-electron microscopy also displayed the same conformations described in the negatively stained data
(Fig. 4d).

Steady-state ATPase activity and refolding of endogenous substrates. The hydrolytic activity of
the (His)4-tagged thermosome as a function of ATP concentration is shown in Fig. 5a. These data were measured
at the physiological temperature of 55 °C using the coupled enzymatic essay described in Materials and Methods.
The curve shape is indistinguishable from that of the un-tagged recombinant system (also reported on the plot)
and of the native chaperonin'® and shows two phases, indicating the presence of two different binding sites,
with Ky;; = 15pM ATP for the tighter and Ky, = 370 uM ATP for the weaker site. As already discussed for the
un-tagged complex'!, this could depend either on negative cooperativity between rings (so that at low ATP con-
centrations only one ring is active, as also shown for mammalian CCT"’) or on a different behaviour of the o and
B subunits, that would mirror the case of eukaryotic chaperonins'®, or on both. As expected based on the striking
similarity with the un-tagged thermosome, the rates of ATP turnover are slow, with values of 2.15 moles/(mol
ring) per minute for the tighter sites and of 3.2 moles/(mol ring) per minute for the weaker.

In order to measure the effect of the tagged thermosome on protein folding, we first identified a series of
enzymes from T. acidophilum whose activity could be easily recorded spectrophotometrically to use as possible
substrates in refolding experiments and, where not available otherwise, we cloned and expressed them in E.coli
(see Materials and Methods for details). In particular, two dehydrogenases with peak activities at 55 °C have been
used in the experiments described herein: aldohexose dehydrogenase (AldT)'?, catalysing the NAD* dependent
oxidation of D-mannose, and rhamnose dehydrogenase (RhaD)?, which catalyses the oxidation of L-rhamnose
in the presence of NADP™*. The proteins were chemically denatured in 6 M guanidine hydrochloride and the
refolding reaction was started by massive dilution into buffer either in the presence or absence of untagged ther-
mosome, with or without ATP added. The regain in activity of the unfolded enzymes upon dilution at 55°C was
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Figure 3. Two-step purification and electrophoretic analysis of the og/3, (His)s-tagged complex. (a) First
purification step: chromatogram of the E. coli cell lysate run on a Nickel affinity column. The arrow indicates the
sharp peak of eluate containing the tagged thermosome. (b) Second purification step: the peak eluted from the
affinity column is subjected to size exclusion chromatography (SEC) on a Superose 6 column, which results in
the separation of a peak, highlighted by the arrow, with a retention time indicative of a molecular mass ~1 MDa,
characteristic of a hexadecameric complex. Further analysis of this peak via native gel (panel c, left) reveals the
presence of a single band of the expected molecular mass, with an electrophoretic mobility slightly slower than
that of the un-tagged thermosome, as expected given the contribution of 8 x (His), per complex. Finally, SDS-
PAGE of the same sample (panel ¢, right) clearly separates two bands of ~60kDA, corresponding to the a- and
(-subunits, in a 1:1 ratio, confirming that the species isolated by SEC is the s/ (His),-tagged complex. Ht:
(His),-tagged thermosome, WT: untagged recombinant thermosome, M: molecular weight marker.

monitored by the rate of increase in absorbance at 340 nm corresponding to the formation of NADH/NADPH.
This assay was used as a direct indicator of the refolding yield in the different conditions by comparison with the
activity of the pure enzymes. The results obtained with the two substrates were comparable and the refolding
yields are summarised in Table 1, and data for RhaD are shown graphically in Fig. 5b. The substrate shows a
certain degree of spontaneous refolding, and when an excess of thermosome is added to the dilution mixture
the refolding yield doubles, with a recovery of ~35% of the original activity, reaching values around 50% in the
presence of ATP. Negative controls in which the thermosome was substituted by a thermophilic protein (pyruvate
kinase from B. stearothermophilus) did not exhibit any effect on the refolding yield (see Table 1). These results
show that the tagged thermosome strongly promotes folding of endogenous substrates, even in the absence of
ATP. It should be noted that this latter behaviour does not depend on the His-tagging of the chaperonin, as
confirmed by identical (within the experimental error) results obtained performing these experiments with the
un-tagged thermosome (data not shown). The lag phase of the recovery in activity (not reported in the graph for
clarity) is typically between 1 and 3 minutes and was not significantly affected by the presence of thermosome,
either with or without ATP.

Discussion

Since their discovery in the mid 90’ s, much effort has been invested in producing efficient recombinant systems
for structural and functional studies on class II chaperonins®'?, one of the main challenges being the difficulty in
obtaining homogeneous populations of correctly assembled complexes, a difficulty that increases proportionally
with the degree of subunit heterogeneity. The possibility of expressing isolated subunits recombinantly in E. coli
cells and reconstituting them into structurally and functionally viable complexes in vitro is certainly very appeal-
ing, but this approach has mainly been successful in obtaining homo-oligomeric variants. We tackled the problem
and produced the first recombinant hetero-oligomeric model system by cloning in tandem in a single construct
the o and 8 subunits of the thermosome from T. acidophilum and expressing them in E.coli in a correct hexa-
decameric form!!. However, as reported for other recombinant systems, our typical recurring problem has been
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Figure 4. Electron microscopy analysis. (a) Micrograph of negatively stained thermosome. The particles
appear randomly oriented on the grid with a predominance of side views (=93%); top views are highlighted
by black circles. An example of a more open conformation is identifiable in the sample (black square).

(b) Selection of 2D class averages from the negative stain EM data set which indicate that the complex adopts
a predominantly ‘partially open-closed’ conformation (dashed boxes). Each class average is composed of
10-20 particle images. (c) The closed conformation is also visible in the 2D class averages from cryo-EM data
(side and top view). (d) Cryo-EM experiments led to randomly oriented particles with a similar proportion
of side-views to the negatively stained data set. The black circles and squares identify top views and side
views, respectively.

the low yield of pure active protein after a time-consuming purification protocol requiring the use of multiple
chromatographic steps over a period of several days, with an ensuing loss of protein in an unpredictable fashion
due to the complexity of the overall procedure.

This issue prompted us to explore improving the efficiency of the recombinant expression system by introduc-
ing a short linear tag into one of the subunits to facilitate the purification procedure and increase the final yield
of protein. We used a rational approach based on the known 3D-structure to identify surface loops in which the
shortest possible affinity tag, a (His),-tag, could be introduced without interfering with the local tertiary structure
of the subunit, the overall assembly of the double-ringed structure and without adversely affecting the com-
plex network of interactions underlying the chaperonin’s allosteric behaviour. The first choice among the loops
identified was based on low sequence similarity between the - and 3-subunits and on its location between the
equatorial and the intermediate domains as well as remoteness from the o and 3 subunit interface. Inserting the
(His),-tag into this loop proved to be ideal for our purposes, allowing us to shorten and improve the purification
protocol, with a final yield of intact ag/34 thermosome about 2.5 times higher than that previously reported'!.
The insertion of 4 x (His)s-tags per ring does not interfere with the assembly and the overall structure of the ther-
mosome, as shown by analytical techniques such as SEC and gel electrophoresis, both in native and denaturing
conditions, and by negative staining and cryo- EM, whose 2D class averages (Fig. 4b,c) reveal the presence of par-
ticles with a clear 8-fold symmetry, composed of two rings with an estimated size which is typical of the thermo-
some. The apo-form presents a certain degree of conformational heterogeneity under the experimental setup here
described, and the preponderant species is the partially open-closed complex. This is confirmed by the cryo-EM
data collected (see raw images in Fig. 4d). It has to be noted that the resolution of the EM results presented here
does not allow the determination of the specific arrangement of subunits in the complex, but there are two obser-
vations that strongly indicate it to be composed of 2x (af3), rings. First of all, the assembled complex behaves
like the native thermosome with respect to the binding and hydrolysis of ATP at the physiological temperature of
T. acidophilum. Second, before cloning them in tandem in the same vector, we have expressed the o and 3 sub-
units separately. Although the o species is stable, the 3 subunit cannot assemble into single or double-ring
structures, making it unlikely that an og ring would associate very effectively with a 34 ring to produce an ag/34
structure in which each ring is homo-oligomeric.

Moreover, the (His), tags protruding on the surface of this recombinant chaperonin could represent an impor-
tant advantage for the alignment of the particles and the discrimination of the different subunits, which is one of
the main problems in the structure determination of hetero-oligomeric chaperonins by EM. Indeed, one of the
ways to overcome such difficulties in the eukaryotic chaperonin has been to bind antibodies to the complex raised
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Figure 5. ATP hydrolysis and substrate refolding activities of the os/35 His-tagged thermosome at 55 °C.
(a) The ATPase activity of the ag/B34 (His)e-tagged complex as a function of ATP concentration is reported

for the tagged thermosome (closed triangles) and for the un-tagged one (open circles); the fits of the two sets

of data to a sum of tight and weak binding sites (see both Results and Materials and Methods for details) are
represented by the dashed and the continuous lines, respectively. (b) Substrate refolding activity of the (His),-
tagged thermosome. The recovery in activity (indicating the refolding yield) of chemically denatured Rhamnose
dehydrogenase from T. acidophilum upon 50x dilution in buffer in the different conditions reported, was
measured as an increase in absorbance at 340 nm (see Materials and Methods). The lag times do not change
significantly in the different conditions, and have been removed. The tagged thermosome increases the refolding
yield of the endogenous substrate to ~50% in the presence of ATP (see Table 1). Each data point shown is the
average of at least three independent experiments.

Native sub. 984+ 1.6 97.8+2.2 98.1+1.9 99+2.3
Unfolded sub. 14.8+£0.9 14.3£0.8 13.2+1.7 13.5+£2.1
Unfolded

sub+ PK 142+ 1.1 15+1.6 13.8+1.8 143+1.6
Unfolded

sub + Ht th, 352428 49.5+1.3 34424 47.6+1.9

Table 1. Effect of the (His),-tagged thermosome on the refolding of Thermoplasma acidophilum rhamnose
dehydrogenase (RhaD) and aldohexose dehydrogenase (AldT) at 55 °C. The refolding yield is expressed as
recovery in steady state activity, relative to the activity of the native dehydrogenases, of the unfolded substrate
after a 50 x dilution in buffer in the conditions indicated. sub.: substrate, Ht th.: (His)-tagged thermosome, PK:
pyruvate kinase from B. stearothermophilus, used as control to exclude any non-specific effect of a thermophilic
protein on the refolding yield.
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against two specific subunits?!, and a similar approach could be applied to the tagged thermosome, where the
a-subunit could be labelled with anti-His antibodies®” or with their Fabs?, as to reduce the size of the protruding
molecules. This would allow in the first instance to determine by cryo-EM the arrangement of the o and 8 subu-
nits in each ring, and exclude any formally possible arrangements other than 2x («3),. In a more general picture,
the decoration with external His-tags may become a powerful tool for several applications, not necessarily limited
to EM analysis.

The activity of the recombinant thermosome is unaffected by the insertion of the (His)q-tag. The ATPase
behaviour of the tagged complex is indistinguishable from the un-tagged one (Fig. 5a), and it is active in refolding
unfolded polypeptides. The refolding activity has been demonstrated here for the first time on endogenous puta-
tive substrates. All these characteristics lead us to believe we have finally established a state-of-the-art system for
the study of the thermosome. The fast and efficient production of specific variants will allow the characterisation
of the mechanism of action of this protein and give us the opportunity to shed light onto the differential behaviour
of the two subunits. This will not only reveal how this complex machinery works, but would be a fundamental
step in understanding why the structural heterogeneity of class II chaperonins has evolved from archaea (homo-
and hetero-oligomeric complexes) to eukaryotes (oligomers of eight different subunits with different affinities for
both ATP and substrates!'®?*). In this respect, the recombinant system hereby described could also be used in the
construction of ‘synthetic’ chaperonins using different eukaryotic subunits, alone and in well determined couples,
as a mean for studying their specific characteristics and behaviour and analysing their reciprocal interactions.

Furthermore, a neurological disorder has recently been found to depend on a point-mutation in the mam-
malian chaperonin®. The effect of this mutation has been assessed by introducing it into the framework of a
homo-oligomeric chaperonin from Pyrococcus furiosus, where it reduces the stability of the double-ringed com-
plex?. In light of these results, our system may also represent an interesting venue to study the mechanisms
behind the pathological consequences caused by deleterious point mutations found in eukaryotic group II
chaperonins.

Methods
(His)¢-tagging of the o subunit.  The exposed loops for internal (His), tagging were located analyzing the
a-subunit in the context of the high resolution structure available® (PDB code: 1A6D).

The sequence alignment of the thermosome subunits (accession codes: o, P48424 and 3, P48425) was per-
formed in MUSCLE 3.8% via the resources of EMBL/EBI (http://www.ebi.ac.uk/Tools/msa). The illustration of
multiple sequence alignment including the secondary structure elements was generated via ESPript 3.0 (http://
espript.ibcp.fr/ESPript/ESPript/)*, using the PDB accession code 1A6D.

The structural model of the a-subunit with a (His), inserted downstream Lys144 was constructed using the
loop building module of InsightII (2005, Accelrys).

Cloning, expression and purification of the His-tagged ag/3s thermosome.  The synthetic gene of
the K144-(His), o-subunit, «K144Ht (Invitrogen), was used to replace by ‘cut and paste’ (5" ends: Ndel, 3’ ends:
EcoRI) the wild-type gene in the construct pETTherm o/ for the expression of the un-tagged a,/3, thermosome
as elsewhere described!!. The new construct thus obtained, «K144HTTherm, was used to transform chemically
competent E. coli BL21(DE3) Codon Plus-RIL cells; a single transformed colony was grown in LB medium plus
kanamycin (Km, 30 pg/ml) in an orbital shaker at 37 °C overnight and, after refreshing by a 100x dilution in LB
plus Km, when the culture reached an ODg, 0.8 expression was induced by adding 0.7 mM IPTG. Cells were
collected after 5hours by centrifugation, and the pellet was resuspended in binding buffer (20 mM NaPho, 0.5M
NaCl, 20 mM imidazole, pH 7.2) with added benzonase and EDTA-free inhibitors cocktail (both from Sigma).
The cells were lysed in a cell disruptor (Constant Systems, model Z plus 1.1 KW), the cell debris was spin down by
centrifugation and the supernatant was loaded onto a 5ml HisTrap FF column (GE Healthcare) equilibrated in
binding buffer. This and the following chromatographic purification step were carried out at room temperature
on an AKTA purifier 900 system, run by the UNICORN 4.0 software (Amersham). After extensive washing with
binding buffer, elution with an imidazole gradient between 20 and 500 mM resulted in a single sharp peak elut-
ing at an imidazole concentration ~100 mM. Fractions corresponding to this peak were run on SDS-PAGE and
those resulted to contain the bands corresponding to the «- and 3-subunits in a 1:1 ratio were pooled, extensively
dialysed in buffer A (25 mM TrisHCI, 150 mM NaCl, 5mM EDTA pH 7.5), concentrated by ultrafiltration in
Vivaspin20 filter units (Vivascience) if necessary and loaded on a gel filtration column (depending on the volume
to be loaded, either on a HiLoad 26/600 Superdex 200 or on a Superose 6 Increase 10/300 GL, both from GE
Healthcare). The high molecular weight fractions found by SDS-PAGE to contain only the a- and 3-subunits in
a 1:1 ratio with no detectable contaminants were pooled, concentrated by ultrafiltration in Vivaspin20 filter units
(Vivascience) and, after the addition of 15% glycerol, snap frozen for conservation at - 80°C. The pure protein
after thawing was shown to be stable at 4 °C for at least one week. Protein concentration was determined spectro-
photometrically as described!".

All the enzymes used for nucleic acid manipulation were either from New England Biolabs or Roche, and the
kits used for DNA prepping and extraction/purification where from Qiagen.

Negative staining and cryo-electron mycroscopy. Sample preparation. Negative staining: The sam-
ple was applied onto a carbon film supported by R2/2 Quantifoil electron microscope grids previously rendered
hydrophilic by glow discharging in air. The sample was then negatively stained using 2% Uranyl acetate. Images
were collected on a FEI Tecnai F20 electron microscope operated at an accelerating voltage of 200kV and with a
4K x 4K F416 TVIPS CMOS detector at a nominal magnification of 29 K, resulting in a sampling of 2.892A per
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pixel. The grids were imaged under low-dose conditions and 132 frames were recorded with EM-Tools automated
image acquisition software.

Cryo-EM: The sample was applied onto a thin layer of carbon freshly floated from mica and supported by
R1.2/1.3 Quantifoil grids and flash frozen in ethane using an FEI vitrobot Mark III, at 95% humidity and 19°C,
and imaged as above.

Image processing.  Particles were picked using e2boxer.py as part of the EMAN2 single particle image processing
software suite?. The particles were extracted into 128 x 128 boxes normalised and band-pass filtered between 200
and 10 A using Spider routines®. The negative stain data set comprised of 213 K particles was submitted to the
ISAC classification procedure in SPARX?!.

Steady-state ATPase activity. All the experiments were conducted at 55 °C as described for the un-tagged
thermosome!!, as was the data fitting (see therein for the definition of the combined equation used).

Refolding of endogenous substrates. A series of possible substrates was identified in T. acidophilum
whose recovery in activity during refolding experiments could be assessed spectrophotometrically, and those not
available otherwise were cloned and expressed in E. coli. Of the two enzymes used for the refolding experiments
herein reported, the construct for AIdT recombinant expression in E. coli was a kind gift from Prof. Tomohiro
Tamura (AIST, Sapporo, Japan); the enzyme was overexpressed and purified as described®. Whereas the syn-
thetic gene for RhaD recombinant expression was obtained from Invitrogen and inserted in the polylinker of
PET15b, between the restriction sites for Xhol (5’end) and BamHI (3’end), for expression fused with a (His)4-tag
at the N-terminus. The construct pET15RhaD thus obtained was used to transform chemically competent E. coli
BL21(DE3) Codon Plus-RIL cells; a single transformed colony was grown in LB medium plus carbenicillin (Carb,
100 ug/ml) in an orbital shaker at 37 °C overnight and, after refreshing by a 100x dilution in LB plus Carb, when
the culture reached an ODgy, = 0.8 it was induced by adding 1 mM IPTG. Cells were collected after 3hours by
centrifugation, and the pellet was resuspended in binding buffer (20 mM NaPho, 0.5 M NaCl, 20 mM imidazole,
pH 7.2) with added benzonase and EDTA-free inhibitors cocktail (both from Sigma). The cells were lysed in a
cell disruptor (Constant Systems, model Z plus 1.1 KW), the cell debris was spin down by centrifugation and the
supernatant was loaded onto a 5ml HisTrap FF column (GE Healthcare) equilibrated in binding buffer. Affinity
chromatography was carried out at room temperature on an AKTA purifier 900 system, run by the UNICORN 4.0
software (Amersham). After extensive washing with binding buffer, elution with an imidazole gradient between
20 and 500 mM resulted in a single peak eluting between 150 and 300 mM imidazole. Fractions corresponding
to this peak were run on SDS-PAGE, and those migrating as a single band of ~35KDa (the molecular mass of
RhaD) with no detectable contaminants were pooled and extensively dialysed in 20 mM TrisHCI, 0.1 M NaCl,
2mM EDTA, 12% glycerol, pH7.7. The activity of the recombinant enzyme at 55°C was the same as that of native
RhaD?. Protein concentration was determined spectrophotometrically with extinction coefficients at 280 nm
estimated to be, based on the protein sequence, 26.000 M~'cm ™! for AldT and 17.420 M~'cm ™! for RhaD. All the
reagents used in the activity assays were of analytical grade and purchased from Sigma.

The renaturation assays were initiated by a 50-fold dilution of 1 uM denatured (in 6 M guanidinium hydro-
chloride) AIdT or RhaD in the standard chaperonin reaction buffer (25 mM TrisHCI, 50 mM KCl, 20 mM MgCl,
and 50 mM NaCl, pH 7.5.) containing 0.5 mM NAD™ and the substrate D-mannose (1 mM), or 1 mM NADP"and
the substrate L-rhamnose (1 mM), respectively. When required, the thermosome (1 pM complex) was added to
the refolding buffer before dilution of the substrate. The recovery in activity of the substrate enzymes was meas-
ured spectrophotometrically as an increase in the absorbance at 340 nm following the reduction of either NAD™*
or NADPT, resulting from the conversion of D-mannose or L-rhamnose (Sigma) to D-glucono-1,5-lactone and
L-rhamnono-1,4-lactone, respectively. NAD* and NADP* were purchased from Sigma and Roche.
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