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Abstract The cytoplasmic chaperonin containing TCP-1
(CCT) plays a critically important role in the folding and
biogenesis of many cytoskeletal proteins, including
tubulin and actin. For marine ectotherms, the chronically
cold Southern Ocean (—2 to +2°C) poses energetic
challenges to protein folding, both at the level of sub-
strate proteins and with respect to the chaperonin/
chaperone folding system. Here we report the partial
functional and structural characterization of CCT from
an Antarctic notothenioid fish, Notothenia coriiceps. We
find that the mechanism of folding by the Antarctic fish
CCT differed from that of mammalian CCT: (1) the
former complex was able to bind denatured f-tubulin but
(2) when reconstituted with rabbit Cofactor A, failed to
release the protein to yield the tubulin/cofactor inter-
mediate. Moreover, the amino acid sequences of the N.
coriiceps CCT f§ and 0 chains contained residue substi-
tutions in the equatorial, apical, and intermediate do-
mains that would be expected to increase the flexibility of
the subunits, thus facilitating function of the chaperonin
in an energy poor environment. Our work contributes to
the growing realization that protein function in cold-
adapted organisms reflects a delicate balance between the
necessity of structural flexibility for catalytic activity and
the concomitant hazard of cold-induced denaturation.
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Abbreviation
CCT: Cytoplasmic chaperonin containing tcp-1 -

TCP1:  Tcomplex protein 1 -

CofA:  Cofactor A -

MES: 2-Morpholinoethanesulfonic acid, monohydrate

EGTA: Ethylene glycol bis(2-aminoethyl ether)-
N,N,N’N’-tetraacetic acid -

DTT: Dithiothreitol -

SDS: Sodium dodecyl sulfate -

PAGE: Polyacrylamide gel electrophoresis -

EST: Expressed sequence tags

Introduction

Since the advent of continental glaciation and the
cooling of the Southern Ocean ~38 million years ago
(Mya) (Eastman 1993; Peck et al. 2004), evolution of the
Antarctic marine biota has been driven by the develop-
ment of extreme cold temperatures. Although the cold
climatic conditions have been interrupted by periods of
modest warming, many temperate groups of marine
organisms, including most taxa of fishes, became extinct.
Together, the environmental and geographic isolation of
Antarctic coastal waters and selection driven by cold
temperatures have produced an endemic, highly cold-
adapted fish fauna, which is dominated by species of a
single suborder of perciform fishes, the Notothenioidei.
This group, which has undergone a rapid radiation, now
constitutes more than 50% of the species and 90% of the
biomass of the Antarctic coastal fish fauna (DeWitt
1971).

Living in a stable and extremely cold habitat (-2 to
+2°C), the notothenioid fishes have evolved numerous
adaptations in their biochemical and physiological sys-
tems that compensate, at least in part, for the deleterious
effects of low temperatures on reaction rates and equi-
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libria. Many enzymes show temperature compensation
of the catalytic rate constant, k.., such that metabolic
flux through biochemical pathways is maintained at
levels near or equal to those observed in temperate
(mesophilic) organisms. Fields and Somero (1998) have
shown that the k., of the skeletal muscle isoform of
LDH from Antarctic notothenioid fishes is 4- to 5-fold
greater than those of mammalian, avian, and thermo-
philic reptilian orthologues, when each is measured at
0°C. Since the active site chemistry of LDH (and of
enzymes in general) is highly conserved evolutionarily,
the most plausible explanation to account for cold
adaptation is the evolution of greater flexibility in re-
gions outside the active site that enable the true rate-
limiting steps, the conformational changes necessary for
binding of substrate and release of product, to occur at
lower activation energies (NRC 2003). Similarly, tem-
perature compensation of the polymerization of cyto-
skeletal proteins from Antarctic fishes, such as actins
(Swezey and Somero 1982) and tubulins (Billger et al.
1994; Detrich et al. 2000), appears to be based, at least in
part, on structural changes that increase the flexibility of
these proteins.

Recent research on protein metabolism in cold-living
organisms, from synthesis to folding, and ultimately to
degradation, has revealed some startling departures
from the eukaryotic norm. The translational machinery
of Antarctic fishes, for example, shows clear evidence of
cold adaptation (Haschemeyer 1983), with a rate of
polypeptide chain elongation more than 10-fold greater
than those measured in temperate fishes cooled to
comparable temperatures. Protein synthesis and turn-
over by embryos of an Antarctic sea urchin, Sterechinus
neumayeri, appear to be fully temperature compensated
with respect to those of temperate urchins (Marsh et al.
2001). Surprisingly, the highly conserved eukaryotic heat
shock response [i.e., the cellular induction of the family
of heat-shock proteins (hsps) to prevent the aggregation
of heat-damaged proteins and assist the refolding of
misfolded proteins to their native states] is absent in at
least one Antarctic notothenioid yet retained by two
closely related, temperate species from New Zealand
(Place et al. 2004). Place et al. (2004) propose that the
low temperatures experienced by Antarctic nototheni-
oids perturb native protein structure (cf. Privalov 1990),
leading to high levels of denatured or misfolded pro-
teins. In the absence of the selective pressure of rapid
temperature change in Antarctic marine ecosystems, the
“inducible’ hsp70 gene apparently has been co-opted to a
constitutive role to provide for the increased require-
ment for molecular chaperones under in vivo environ-
mental conditions. Motivated by these novel
observations, we have chosen to investigate the func-
tional and structural properties of the chaperonin CCT
obtained from the cold-living Antarctic notothenioid
Notothenia coriiceps.

The eukaryotic class-II chaperonin CCT (cytosolic
chaperonin containing TCP-1) plays a critically impor-
tant role in the folding and biogenesis of cytoskeletal

proteins, including tubulin and actin (Hartl 1996), and
many other proteins (Spiess et al. 2004). CCT (also
known as TCP-1 complex or TriC) (Gao et al. 1992;
Kubota et al. 1995; Frydman et al. 1992) is a cylindrical,
16-subunit double toroid composed of eight distinct
polypeptides (designated o through 0) that are organized
into two eight-subunit back-to-back rings (Kubota et al.
1995; Valpuesta et al. 2002). Three domains can be dis-
tinguished in each chaperonin subunit: (1) an equatorial
domain that possesses ATPase activity; (2) an apical do-
main that is involved in the binding of target proteins and
(3) an intermediate domain that functions as a flexible
hinge connecting the equatorial and the apical domains
(Kusmierczyk and Martin 2001). Misfolded actin and
tubulin appear to bind to the apical domain of the CCT
ring (Llorca et al. 1999; 2000) in a quasi-native confor-
mation (Llorca et al. 2000; 2001a; b). Substrate binding is
accompanied by a change in the conformation of CCT
(Llorca et al. 1999; 2000; Melki et al. 1997). Subsequent
nucleotide exchange and hydrolysis induce a further
conformational change such that the affinity of CCT for
misfolded target proteins (Melki 2001) is increased.
Three-dimensional reconstructions of actin- and tubulin-
CCT complexes show that CCT contributes actively to
the folding of bound target proteins (Llorca et al. 2000)
but its mechanism of action is not well understood. Upon
release from CCT, the o- and f-tubulin chains interact
with five additional cofactors (A—E) as they mature to
yield the native tubulin heterodimer, the functional sub-
unit of microtubules (Gao et al. 1994; Melki et al. 1996;
Tian et al. 1999). Previously, we have described the
folding of -tubulin by the cold-adapted Antarctic ciliate
Euplotes focardii (Pucciarelli et al. 2002). Our results
demonstrated that this primitive eukaryote requires both
CCT and Cofactor A (Cof A) to fold p-tubulin. However,
further characterization of a psychrophilic CCT at the
biochemical level necessitated that we examine a more
tractable model. Here we describe the partial purification
of CCT from the Antarctic yellowbelly rockcod N. co-
riiceps, investigate its functional properties, and report
the amino acid sequences of two of its subunits. Our re-
sults indicate that either the energetics or mechanism of
N. coriiceps CCT differ from that of mammalian CCT
(Melki et al. 1997) and reveal important sequence changes
in two CCT subunits that, by increasing their flexibility,
are likely to adapt the complex to function at the chron-
ically cold temperatures of the Southern Ocean.

Materials and methods
Collection of Notothenia coriiceps

Specimens of the yellowbelly rockcod, N. coriiceps, were
caught by bottom trawling from the R/V Polar Duke or
the ARSV Laurence M. Gould near Brabant and Low
Islands in the Palmer Archipelago. The fish were trans-
ported alive to Palmer Station, Antarctica, where they
were maintained in seawater aquaria at —1.5 to +1°C.



Preparation of tissue extracts

Muscle, testis (from gravid fishes), spleen, and pro-
nephric (head) kidney from N. coriiceps were homoge-
nized in buffer A containing 20 mM Tris (pH 7.5),
20 mM KCIl, 1 mM EGTA, 1 mM MgCl,, | mM DTT,
and a protease inhibitor cocktail (2 mM PMSF, 10 pg/
ml pepstatin A, 10 pg/ml leupeptin, 1 pg/ml aprotinin,
0.25 pg/ml TAME) at 4°C (100 g tissue per 120 ml of
buffer A). Following centrifugation at 200,000g for
30 min (Beckman T45 rotor, 48,000 rpm, 4°C), the
supernatant was clarified by filtration on Millipore
membranes (47 mm, or 0.45 um), or treated with cell
debris remover (5 g/50 ml supernatant; Whatman).
Reticulocyte extract was prepared as previously de-
scribed (Melki et al., 1997).

CCT purification from testis

Testis extracts were loaded on a Q-Sepharose column
(100 ml bed volume) equilibrated with buffer A. The
column was washed with 300 ml of buffer A and eluted
by application of a linear MgCl, gradient at 8°C (1-
500 mM, 500 ml). Magnesium was chosen among the
possible counter-ions in Q-Sepharose separation because
it is the only one that reserves the folding activity of
CCT. Fractions (4 ml) were analyzed for the presence of
CCT by immunoblotting (see next section). All CCT-
positive fractions were combined, diluted 2-fold with
buffer B [20 mM Tris (pH 7.5), 20 mM KCI, 1 mM
EGTA, 1 mM DTT], and applied to a 5-ml ATP-aga-
rose column equilibrated in buffer C [20 mM Tris (pH
7.5) 20 mM KCI, 10 mM MgCl,, | mM EGTA, 1 mM
DTT] at 8°C. The resin was washed with 10 column
volumes of buffer C, and CCT was eluted by application
of buffer C supplemented with 15 mM ATP. Fractions
containing CCT (determined by immunoblotting) were
pooled, concentrated by ultrafiltration (Centricon 30,
Amicon Inc., Beverly, MA, USA), and then applied to a
Superose 6 column (HR 10/30, Pharmacia) equilibrated
in buffer D [80 mM MES (pH 6.8) | mM EGTA, | mM
MgCl,, 1 mM DTT] at 4°C. Fractions with apparent
molecular weights of 500-600 kDa, designated Nc CCT,
were pooled and concentrated by ultrafiltration for
subsequent study. The yield of CCT obtained was
~10 pg/ml extract, starting from 100 g of tissue (corre-
sponding to about two testis) ground in 120 ml of buffer
A. Other purification procedures were also tested to
improve the yield of purified CCT without success.

SDS-polyacrylamide gel electrophoresis (PAGE) and
immunoblotting

SDS-PAGE was performed by the method of Laemmli
(1970). After electrophoresis, the gels (10% acrylamide)
were blotted electrophoretically to nitrocellulose sheets
(Scleicher and Schuell) as described previously (Pucc-
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iarelli et al. 1997). The blots were probed for the pres-
ence of the CCT o subunit using a rabbit polyclonal anti-
hamster TCP-1a primary antibody (Melki et al. 1997)
and peroxidase-conjugated goat anti-rabbit IgG sec-
ondary antibody (BioRad). Bound antibody was de-
tected by Enzyme-Coupled Luminescence (ECL™,
Amersham).

Characterization of N. coriiceps CCT by sedimentation
velocity

Sedimentation velocity experiments on Nc¢ CCT were
carried out with a Beckman Optima XLA ultracentri-
fuge equipped with an AN 60Ti four-hole rotor and cells
with two-channel 12 mm path length centerpieces.
Measurements were made at 40,000 rpm and 8°C. Data
were analyzed to provide the apparent distributions of
sedimentation coefficients by means of the program
DCDT (Stafford 1992).

Subcloning of the N. coriiceps p4-tubulin cDNA into the
expression vector pET 1la

The N. coriiceps NcTbf4-tubulin cDNA (Detrich et al.
2000) was transferred to the expression vector pET11a
by PCR amplification of the coding sequence using
primers that contained restriction sites for Ndel and
BamHI. The forward primer was 5-TTGCAGCTC-
CATATGAGGGAA-3’, and the reverse primer was 5
TAAAGGATCCTTTCACTCAAT-3". The primers
were designed to place an Ndel site immediately 5’ to the
initiation codon ATG and a BamHI site immediately 3
to the stop codon TGA. The resulting construct, desig-
nated pET-f4, was sequenced [ABI Prism sequence
analyzer Model 373A and Big Dye Terminator Meth-
odology (PE Applied Biosystems)] to confirm that the
NcTbp4 coding sequence was placed in the proper
reading frame for the heterologous expression in Esc-
herichia coli (BL21 strain).

Preparation of labeled target proteins and in vitro
folding assays

35S-labeled, unfolded proteins, (NcTbf34 tubulin, human
B5 tubulin, and human f-actin) were expressed in E. coli
and purified as inclusion bodies to perform folding
reactions according to the protocol of Gao et al. (1992,
1993). Folding assays were performed in folding buffer
(80 mM MES (pH 6.8), 1 mM EGTA, 1 mM MgCl,,
1 mM ATP and 1 mM GTP), and the reaction products
were analyzed on 4.5% non-denaturing polyacrylamide
gels (Gao et al. 1993). Briefly, denatured target proteins
(8 mg/ml) were diluted 100-fold in 20-pl folding buffer
alone or in folding buffer supplemented with 2.5 pg CCT
(N. coriiceps or rabbit). Rabbit Cof A was added to
some reactions at final concentrations of 0.6-1 mg/ml.
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The samples were incubated either at 30, at 20, or at 4°C
for 90 min, the products were electrophoresed, and the
gels were stained with Coomassie blue. After destaining,
the gels were soaked in Amplify solution (Amersham),
dried, and subjected to autoradiography. When present,
the yield of ‘native’ products was estimated from
radioactivity measurements to represent about 1% of
the input substrates.

Preparation and use of the -tubulin—chaperonin binary
complex

Complexes of Nc CCT and *°S-labeled NcTbp4-tubulin
were prepared by incubating a mixture of the former
(2.5-6 uM, the molarity of Nc CCT is determined
assuming a molecular weight of 400 kDa) and a 10-fold
molar excess of the latter, in nucleotide-free folding
buffer, for 30 min at 25°C. The NcTbp4/Nec CCT com-
plexes were then separated from unbound f4-tubulin
chains by gel filtration on a Superose 6 column. The
radioactive peak emerging at 670 kDa was concentrated
to 2 mg/ml (2.4 uM) by centrifugal filtration (Centricon
30 filter units; Amicon Inc.). To evaluate the capacity of
NcTbp4 bound to Nc CCT to exchange into other
empty chaperonins, NcTbp4/Nc CCT complexes were
incubated either with Cpn60 (5 mg/ml = 6 pM) or with
rabbit CCT (5 mg/ml = 6 uM), in the absence or the
presence of 1 mM ATP, at 30°C. Aliquots (16 ul) were
withdrawn from each reaction at intervals (0.2, 1, 5, 20,
and 45 min) and frozen on dry ice. The products formed
during these incubations were analyzed by non-dena-
turing polyacrylamide gel electrophoresis.

ATPase activity measurements

Rates of ATP hydrolysis by N. coriiceps or rabbit CCTs
(0.125 uM), either alone or after addition of denatured
p-tubulin targets (100-fold dilutions of 25 uM target in
7.5 M urea), were measured in folding buffer at 30°C.
Yields of acid-labile P; were measured as described by
Melki et al. (1990)

Cloning and sequencing of CCT f§ and 0 cDNAs from
N. coriiceps

CCT f and 0 cDNAs from N. coriiceps were isolated by
cross-hybridization to zebrafish CCT cDNAs/ESTs. The
p-subunit cDNA was obtained from an N. coriiceps
spleen cDNA library in Agtl0 by probing 300,000 pla-
ques with o *P-labeled zebrafish CCT § cDNA (gener-
ously provided by Dr. L.I. Zon, Childrens’ Hospital,
Boston) using methods described by Detrich et al.
(2000). N. coriiceps CCT 0 was purified from the same
library by probing 120,000 plaques with a **P-labeled
zebrafish CCT-0 clone (Open Biosystems I.M.A.G.E
EST library). Phage inserts were sequenced in situ by the

automated methods described above. The primary se-
quences of the encoded proteins were analyzed by use of
the Clustal method provided by DNASTAR MegAlign.
The sequences of the CCT f and 0 cDNAs have been
deposited in the GenBank™ database under the acces-
sion numbers AY823272 and AY823273, respectively.

Modeling of CCT subunit tertiary structures and other
computational methods

The three-dimensional structures of N. coriiceps CCT f§
and 0 subunits were modeled to the thermosome struc-
ture using the program SWISS-MODEL (Schwede et al.
2003; Guex and Peitsch 1997; Peitsch 1995). The iso-
electric points of f tubulins were determined using
WinPep (Hennig 1999).

Results
Distribution of CCT in N. coriiceps tissues

Figure 1 shows a Western blot of soluble proteins ex-
tracted from tissues of N. coriiceps after immunostaining
with a polyclonal antibody to detect TCP-1a, a subunit
proxy for the CCT complex. Muscle, testis, spleen,
pronephric (head) kidney, and reticulocyte extracts each
contained a single reactive protein of ~60 kDa, consis-
tent with the presence of the CCT « subunit. Brain, by
contrast, contained little TCP-1o. Because the testis of a
sexually mature male can constitute 20% or more of the
total body mass, we chose this tissue for the purification
of N. coriiceps CCT.
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Fig. 1 Immunodetection of CCT a-subunit in N. coriiceps tissue
extracts. N. coriiceps CCT was immunodetected by using a
polyclonal rabbit anti-hamster TCP-1o. primary antibody and a
peroxidase-conjugated goat anti-rabbit IgG secondary. Equivalent
amounts of each tissue (quantified by Bradford) were loaded. A
sample of purified CCT from rabbit reticulocyte lysate was run in
parallel as a control. The molecular weights of two protein
standards (in kDa) are indicated on the right



Purification of CCT from N. coriiceps testis
and estimation of its mass

Following chromatography on ion-exchange and ATP-
affinity columns, final purification of N. coriiceps CCT
was accomplished by gel filtration of a concentrated,
CCT-enriched sample on a Superose 6 column (4°C).
Figure 2a shows the elution profile and Fig. 2b the anti-
TCP1-o immunoblots of fractions from the two peaks:
the first peak eluted at an apparent molecular weight of
~400 kDa and the second at ~60 kDa. The additional
bands that are stained by the antibody in Fig. 2b may be
either degraded TCP-1ua subunit, or other polypeptides

Fig. 2 Size exclusion A
chromatography of Nc CCT.
Fractions containing CCT
emerging from the ATP-
agarose column were pooled,
concentrated by ultrafiltration
and then applied to a Superose
6 column at 4°C. a
Chromatogram. Arrowheads
show the positions of molecular
size markers (thyroglobulin,
670 kDa; immunoglobulin G,
158 kDa; ovalbumin, 44 kDa;
myoglobin, 17 kDa) run on the
same column under identical
conditions. b Immunoblot
analysis of fractions from the
Superose 6 column using the
anti-TCP1-o antibodies. A
sample of purified CCT from
rabbit reticulocyte lysate
(rCCT) was run in parallel as a
control. ¢ Protein composition
of fractions 23-27 from the
Superose 6 column (10% SDS-
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that cross-react with the polyclonal antibodies used here.
Fractions from the first peak (23-30) were pooled to
yield the purified complex, designated Nc CCT. Fig-
ure 2c illustrates the subunit composition of the N¢c CCT
preparation determined by SDS-PAGE. Three protein
bands with the molecular weights anticipated for CCT
subunits, ~55-60 kDa (arrow), were detected; one of
which is immunostained by anti-TCP1-a (Fig. 2d). By
contrast, rabbit reticulocyte CCT typically contains five
bands when examined by denaturing electrophoresis.
Two other proteins with molecular weights of 62 and
40 kDa were also present in the preparation. They may
correspond to contaminating proteins [the ~60 kDA

670kDa 158kDa 44kDa 17kDa

f”

polyacrylamide gel), pooled and
concentrated by ultrafiltration.

The bands in the gel were BB
revealed by silver staining.

Molecular mass markers (in

kDa) are shown on the left. d
Immunoblot analysis of B
purified N. coriiceps CCT
(shown in ¢), using a polyclonal
rabbit anti-hamster TCP-1¢ and
a peroxidase-conjugated goat ,
anti-rabbit IgG '
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probably corresponds to fish equivalent of hsc or hsp 70,
and/or Hop/p60 (Gebauer et al. 1998), which are known
to co-purify with CCT], to the unusual behavior of one
of CCT subunits, or to substrates that remained bound
to Nc¢ CCT during purification. Assuming that the 55—
60 kDa proteins constitute the subunits of N¢c CCT, we
estimate the purity of the preparation to be 275%.

Sedimentation velocity analysis

To determine the oligomeric state of Nc CCT, we per-
formed sedimentation velocity experiments to evaluate
the apparent distribution of sedimentation coefficients,
g*(s), of the preparation in the absence of free ATP (i.e.,
the ADP-bound CCT complex). Figure 3 shows that Nc
CCT resolved into two boundaries, designated fast and
slow, at 8°C. The experimental data were modeled to a
non-interacting, two-component system (solid lines),
yielding best-fit sedimentation coefficients of 14.4 and
26.6s in the proportions of 52 and 41%, respectively.
The sedimentation coefficient of the faster species is
similar to that of ADP-bound rabbit CCT (25.2 S
extrapolated to zero concentration), which corresponds
to the two-ring complex (Melki et al. 1997), whereas the
sedimentation coefficient of the slower species is con-
sistent with that expected for single ring particles (Viit-
anen et al. 1992). Although the boundaries were
modeled as non-interacting, the absence of a plateau
between them suggests that the double- and single-ring
particles of Nc CCT may be in rapid and reversible
equilibrium under these conditions. Confirmation of this
hypothesis would require examination the concentration
dependence of the g*(s) boundaries.

Folding capacity of expressed NcTbp4 tubulin

The ability of NcTbf4 tubulin to fold, either autono-
mously or by a CCT-assisted pathway, was determined
by use of the components of the well-characterized

Fig. 3 Sedimentation behavior
of CCT from N. coriiceps.
Typical sedimentation velocity
data for Nc CCT (2.5 uM), at
20°C. The positions of the
moving boundaries were
recorded at 5 min intervals by
spectrophotometric scanning at
230 nm. The solid lines are best
fits of the experimental data to
a two-component model (see
Results)

Abs., 230 nm

rabbit reticulocyte CCT system. Labeled, denatured
protein was diluted into folding buffer alone or in the
presence of (1) purified rabbit CCT, (2) rabbit CCT in
combination with rabbit Cof A, and (3) rabbit reticu-
locyte lysate (Fig. 4) at 30°C. NcTbp4 alone did not fold
spontaneously, but rather generated a series of high
molecular weight oligomers (first lane, upper arrow), as
does f tubulin (Fig. 4, lane 4). The addition of CCT led
to the formation of an NcTbf4/CCT complex (second
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Fig. 4 NcTbp4 tubulin: capacity for folding by a heterologous
CCT. Folding of NcTbp4 by the rabbit chaperonin, at 30°C. In
vitro folding reactions of labeled denatured NcTbp4 tubulin in the
presence (+) or the absence (—) of purified rabbit CCT and Cof A,
and in rabbit reticulocyte lysate (lanes 1, 2, 3, and 7). For
comparison, a folding reaction containing human S5 (Hum f5)
tubulin and purified rabbit CCT and Cof A was run in parallel
(lanes 4, 5, and 6). The upper arrowhead indicates the location of the
series of high molecular weight f tubulins oligomers. The second
arrow from the top indicates the NcTbf4/CCT and Hum S5/CCT
complexes. The third arrowhead the position of the p4/Cof A
complex, and the lower arrowhead the location of the Hum f5/Cof
A complex. The asterisk indicates the position of hybrid tubulin
dimers composed of rabbit o chains and NcTbf4 tubulin. The
bracket on the right side of the gel indicates additional intermedi-
ates that probably correspond to NcTbp4 in association with other
cofactors (Tian et al. 1999)
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lane, second arrow from the top) in a manner similar to
what is observed in the case of 5 tubulin (Fig. 4, lane 5,
and Melki and Cowan 1994). When CCT was combined
with Cof A, NcTbf4 folded to a quasi-native state
bound to the cofactor (third lane, third arrow from the
top) (cf. Melki et al. 1996). Similarly, human 5 tubulin,
rabbit CCT, and Cof A formed a human S5/Cof A
product, but one of higher mobility (lane 6, lower ar-
row). The decreased mobility of the NcTbp4/Cof A
complex was most likely due to the more basic isoelectric
point of NcTbf4 tubulin (pI=4.71) relative to that of
human f5 tubulin (pI=3.91). In rabbit reticulocyte ly-
sate, NcTbf4 was able to mature to a native confor-
mation such that the folded subunits exchanged with
endogenous rabbit f chains to yield labeled, «f tubulin
heterodimers (Fig. 4, lane 7, asterisk). Additional inter-
mediates that probably corresponded to NcTbf4 in
association with other cofactors (Tian et al. 1999) were
also observed (indicated with the bracket on the right
side of the gel). Together, these observations demon-
strate that CCT and its co-factors are required to fold
NcTbf4 tubulin to a native tertiary structure that is
competent to form tubulin dimers with heterologous a-
chain partners.

Folding activity of Nc CCT: extracts and purified
complex

When folding reactions were performed with N. corii-
ceps testis supernatant extracts at 4 and 20°C, the CCT
and co-factors in situ were able to fold NcTbf4 and
human f5 tubulins to their native conformations
(Fig. 5a, middle and lower arrows, respectively). To
characterize the functional properties of purified Nc
CCT, we performed reconstituted in vitro folding reac-
tions at 4 and 20°C with denatured NcTbp4 and human
B5 tubulins as substrates. Control reactions with rabbit
CCT were run in parallel.

Figure 5b shows that Nc CCT bound each of the
tubulins at both temperatures (cf. bands labeled by up-
per arrow, lanes 3-12, and 15-24). However, Nc CCT
did not produce additional complexes corresponding to
quasi-native f-tubulin bound to Cof A, in striking
contrast to the results obtained with rabbit CCT
(Fig. 5b, bands labeled with arrow and bracket, lanes 7
vs. 8, and 9 vs. 10). The same result was obtained when
folding of fS-tubulins was performed in the absence of
Cof A (lanes 3-6), and when the reactions were incu-
bated at 4°C (lane 19 vs. 20 and 21 vs. 22). Two potential
explanations might account for these observations: (1)
Nc CCT binds the unfolded protein chains non-specifi-
cally and sequesters them; or (2) Nc CCT requires
homologous N. coriiceps Cof A or another factor to
produce the quasi-native fS-tubulin/Cof A complex. We
examined the specificity of binding by incubating Nc or
rabbit CCT with denatured human actin. In contrast to
the case for tubulins, Nc CCT bound human actin very
weakly, whereas rabbit CCT bound the heterologous
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Fig. 5 N. coriiceps CCT: Functional Properties. a In vitro folding
of denatured NcTbf4 and Hum S5 tubulins by clarified N. coriiceps
testis extracts, at 20 and 4°C. The upper arrowhead indicates the
location of NcTbf4/CCT and Hum S5/CCT complexes; the middle
and lower arrowheads show the locations of folded NcTbf4 and
Hum f5 (i.e., NcTbp4/a-tubulin and Hum f5/a-tubulin dimers),
respectively. b Folding activity of purified Nc CCT. In vitro folding
reactions containing labeled denatured actin (lanes 1, 2, 13, and 14),
NcTbp4 (Ncfp4, lanes 3,4, 7,8, 11, 15, 16, 19, 20, and 23) or human
pS (Hum pS, lanes 5, 6, 9, 10, 12, 17, 18, 21, 22, and 24) tubulins in
the presence (+) or the absence (—) of purified CCT from rabbit
(rCCT) or N. coriiceps (Nc CCT) at 20 and 4°C. Rabbit Cof A was
present as indicated. The upper, middle, and lower arrows indicate
the location of actin-CCT or f-tubulin-CCT complexes, folded
actin, and NcTbf4/Cof A or Hum f5/Cof A complexes, respec-
tively
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substrate strongly (compare the bands denoted by the
upper arrow in lanes 2 and 1, and 13 and 14, respec-
tively). We conclude that Nc CCT does not form non-
specific complexes with unfolded proteins but rather is
likely to require a factor that is absent from the recon-
stituted folding reactions to release folded products.
To test this hypothesis we supplemented the folding
assays in lanes 8, 10, 20 and 22 with testis extracts. The
results are presented in lanes 11, 12, 23 and 24 in Fig. 5b.
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In the reactions performed a 20°C, we obtained an
additional complex corresponding to quasi-native f-
tubulin bound to Cof A (lanes 11 and 12), as fishes such
as Danio rerio have in their genome a gene homologous
to mouse cofactor A (GenBankTM database accession
number BC046032, 75.9% of identity).

A trigger factor may be required to release folded
tubulin from the Nc CCT/f-tubulin complex

Clearly, folding reactions reconstituted in vitro from
purified Nc CCT and rabbit Cof A lacked some com-
ponent that is essential to release folded S-tubulin from
the chaperonin. In light of our understanding of the
mechanism of binding and release of proteins by CCT,
we propose that this “trigger” factor is either a nucleo-
tide exchange factor that facilitates target release by
conformational changes associated with ATP hydrolysis
and ADP exchange or a specific target protein release
factor that reduces target affinity for CCT. The first
possibility was tested by measurement of the ATPase
activity of Nc¢ CCT in the absence (A) or with the
presence of added unfolded tubulin (4) at 30°C
(Fig. 6a). In both cases, the kinetics of ATP hydrolysis

were identical and biphasic, with an initial burst of
ATPase activity (of unknown origin) followed by a
slower, steady-state rate that matched that of rabbit
CCT in the presence ([J) or absence (M) of unfolded
tubulin. The specific ATPase activity of Nc CCT is 1-
2 min—1, similar to the ATPase activity calculated for
rabbit CCT (Melki and Cowan 1994). The capacity of
Nc CCT to hydrolyze ATP indicates that the complex
retains activity and is unlikely to require an ATP/ADP
exchange factor to facilitate its folding activity.

The second possibility, that a release factor is re-
quired for Nc CCT function, was evaluated by chal-
lenging NcTbf4/Nc CCT complexes to exchange their
tubulin chains with other empty (i.e., target protein-free)
chaperonins at 20°C. The NcTbp4/Nc CCT complex
(2.4 uM) was incubated at intervals from 12 s to 45 min
in the presence of ATP (1 mM) and 2.5-fold molar ex-
cesses of either Cpn60 (6 uM), a GroEL-like chaperone,
or rabbit CCT (6 uM) (Fig. 6b, c). Although Cpn60 and
rabbit CCT were able to bind NcTbf4 tubulin under
these conditions (see control reactions), the Nc CCT-
bound Nc¢Tbp4 chain did not exchange with either of the
competitor chaperonins within the time period of the
experiment. The ability of Nc¢ CCT in testis extracts to
facilitate the formation of tubulin dimers containing
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Fig. 6 N. coriiceps CCT: ATPase activity and substrate exchange
reactions. a Measurement of the ATPase activity of Nc CCT, at
30°C. The kinetics of ATP hydrolysis by Nc¢ CCT in the presence
(4) or the absence (A) of unfolded f-tubulin and that of rabbit
CCT in the presence ([J) or absence (W) of fS5-tubulin were
measured by extraction of acid labile phosphate. b, ¢ Exchange
reactions. The NcTbp4/Nc CCT complex was incubated with
Cpn60 (6 uM) (b) and rabbit CCT (6 uM), 20°C (c). Aliquots were
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withdrawn from the reactions at the times indicated, frozen on dry
ice, and analyzed by non-denaturing SDS polyacrylamide gel
electrophoresis. Time 0 shows the NcTbp4/Nc CCT complex
before incubation with Cpn60 or rabbit CCT. Control reactions, in
which rabbit CCT or Cpn60 were incubated with denatured
NcTbp4, were electrophoresed in parallel to show the positions of
the NcTbp4/Cpn60 and NcTbp4/CCT complexes, respectively



NcTbp4 (Fig. 5a) and the inability of Nc CCT-bound
NcTbf4 tubulin to exchange into other chaperonins in
purified, reconstituted systems, taken together, support
the hypothesis that a target release factor is needed to
dissociate the NcTbp4 chain from Nc CCT. Determi-
nation of the nature of this release factor must await
further experimentation.

Sequence analysis of N. coriiceps CCT f§ and 0 subunits

In addition to the putative release factor, the function-
ality of Nc¢ CCT at low temperature almost certainly
reflects the primary structures of its constituent subunits.
As a first step toward elucidation of the structure/func-
tion relationships of N. coriiceps CCT, we have cloned
and sequenced cDNAs that encode the f and 0 subunits.
A structure-based alignment of the two subunits from N.
coriiceps, two fishes that live at a different temperature,
e.g., zebrafish and Tetraodon nigroviridis, and mouse,
with thermosome subunits is presented in Fig. 7. Ther-
mosome is the archaeal chaperonin, homologous to the
eukaryotic CCT (Ditzel et al. 1998). Residue substitu-
tions unique to the N. coriiceps subunits are shown in
red. The sequence identity of the N. coriiceps f subunit
to these reference sequences was 89, 91, and 86%,
respectively, and the identity of the Antarctic fish 6 chain
to its referents was 87, 86, and 81%. Clearly, the N.
coriiceps CCT subunits have diverged substantially from
those of other vertebrates, including two representative
teleost fishes.

Four categories of residue substitutions were found in
the two N. coriiceps CCT subunits: (1) Pro — Ala
replacements (e.g., equatorial residue 429 and 144 of the
p and 6 subunit, respectively); (2) charged residue —
Ala substitutions (positions 154 and 177 of the f# subunit
and 141 of the 0 chain); (3) bulky/polar residues —
Gly/Ala [position 474 of f, and 201 of 0 (plus Gly
insertions at positions 475 and 538 of f and 6, respec-
tively)]; and (4) Leu/Ile — Val (positions 86, 448 and
508 of ). The first three categories would be expected to
increase intramolecular flexibility within the CCT com-
plex, as has been observed for cold-adapted variants of
several proteins (Fields and Somero 1998; Alimenti et al.
2003; Pucciarelli et al. 2005). Furthermore, these sub-
stitutions are similar to those that transform mesophilic
subtilisin-like proteases into cold-active variants (Win-
trode et al. 2000). The fourth group, Leu/lle — Val,
would decrease hydrophobicity within the equatorial
domain of the 6 subunit.

Figure 8 places the amino acid sequence changes of the
N. coriiceps f and 6 subunits in the context of their three-
dimensional structures, which have been modeled on the
thermosome subunits. Based on the structure of the
thermosome particle (Ditzel et al. 1998), f-chain substi-
tutions E/D58Q, T/A/S60L and D177A and 0-chain
replacements 184V (vertebrate residue(s)/position/Nc
subunit residue) were located in the regions involved in
intra-ring contacts, and the chemistry of these substitu-
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tions may reduce intrachain hydrogen bonding and salt-
bridge formation (Feller and Gerday 1997) while mod-
estly increasing hydrophobicity, with the net effect being
an increase in molecular flexibility. The substitutions
P429A, N/I/T474G, and (-)475G (Gly insertion) in CCT
f and A451S in CCT 0 were located in regions that are
directly involved in, or close to, inter-ring contacts be-
tween CCT subunits. These, too, would be expected to
introduce structural flexibility, possibly facilitating in-
tersubunit conformational adjustments associated with
the CCT folding cycle and/or decreasing the strength of
the inter-ring association. A potentially significant residue
change was found in the O-chain “flip loop,” which
occupies the triphosphate-binding site in the absence of
nucleotide: Val 86, may favor the conformational change
of the subunit’s “flip loop” from a relaxed structure to a
helical state upon ATP binding (Ditzel et al. 1998). When
compared to the tertiary structure of the apical domain of
the CCT 7y subunit (Pappenberger et al. 2002), the sub-
strate-binding surfaces of f and 0 contained substitutions
that would likely alter the non-covalent interactions be-
tween the chaperonin and target proteins. For example, 0-
chain Ile 231, located in the loop between strands S9 and
S10, increased the hydrophobicity of the substrate-bind-
ing cleft, and Asp 309 of the 0 subunit replaced a basic
residue. One may conjecture that these changes alter the
affinity of Nc CCT for target proteins such that binding is
facilitated at low temperature.

Discussion

In this report, we describe the purification of the chap-
eronin CCT from a cold-living Antarctic fish, N. corii-
ceps, and characterize partially its functional and
structural properties. We find that Nc CCT in testis
extracts was able to fold denatured fS-tubulins from
homologous (N. coriiceps) or heterologous (human)
sources to yield the protein in its native conformation.
Purified Nc CCT bound denatured f-tubulin but, when
reconstituted with rabbit Cof A, failed to release the
protein to yield the tubulin/cofactor intermediate.
Challenge of the NcTbp4/Nc CCT complex with 2.5-
fold greater concentrations of Cpn60 or rabbit CCT did
not yield target exchange to the empty chaperonins,
which suggests that the affinity of Nc CCT for its targets
is high. The most plausible explanations of these results
are that Nc CCT (1) either requires a novel release or
trigger factor, or (2) its homologous Cof A (either of
which were present in testis extracts but lost during
purification of CCT) to displace target proteins so they
may proceed through the remainder of the folding cycle.
Finally, we found that the amino acid sequences of the
CCT p and 0 chains contained residue substitutions in
the equatorial, apical, and intermediate domains that are
consistent with increased subunit flexibility, which is a
characteristic property of most cold-adapted proteins
(Fields and Somero 1998; Detrich et al. 2000; Feller and
Gerday 1997).
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Fig. 7 Sequences of CCT f§ and
0 from N. coriiceps. The amino
acid sequences of the CCT f
and 6 subunits of N. coriiceps
(Nc tepl f and Nc tepl 0) are
aligned relative to those of
Danio rerio (D.re tepl f and
D.re tcpl 0, acc. nos. AF506226
and AAHS50492, respectively),
Tetraodon nigroviridis (Tn tcpl
p and Tn tepl 0, acc. nos.
CAF90004 and CAG00493),
and mouse (m tepl fand m tepl
0, acc. nos. P80314 and
NP033970). Predicted
secondary structural elements
correspond to those of the
thermosome subunits (TTA «
and TTA p) (Ditzel et al. 1998),
and the colors indicate the three
domains of each subunit:
equatorial (red), intermediate
(green), and apical (yellow).
Residue substitutions of the Nc
CCT f and 6 subunits that
differ with respect to the
reference sequences are shown
in red. Sequence elements that
form the “flip loop” and the
helical protrusion of the lid
segment are highlighted in gray
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Fig. 8 Tertiary structures and residue substitutions of the Nc CCT
p and 0 subunits. The three structural domains of the f (left panel)
and the 0 (right panel) chains are colored according to the tertiary
structure of the thermosome subunits (Ditzel et al. 1998): red
corresponds to the equatorial domain, green the intermediate, and
yellow the apical. The helical protrusion of the apical domain is

Chaperonin-mediated protein folding in an extreme cold
environment

The suite of amino acid substitutions observed in the
CCT p and 6 chains are consistent with the evolution of
polypeptide flexibility to facilitate efficient folding
activity in the cold. For example, increased mobility in
the CCT equatorial domain, which contains the ATP
binding site and is involved in the intra- and inter-ring
contacts, may reduce the activation energy for the
structural rearrangements that underlie allosteric com-
munication between subunits during folding. Some of
these residue changes might also decrease the association
constant for ring-ring interaction, thus explaining the
observation of both single- and double-ring CCT parti-
cles. Greater flexibility in the apical domain, which is
involved in recognition of non-native substrates, may
facilitate the clockwise rotation of the helical protrusion
that closes the folding chamber around the target pro-
tein. Those substitutions present in the intermediate
domain may enhance its performance as the hinge that
connects the equatorial and apical domains. Why, then,
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shown in gray. Substitutions in the Nc CCT f and 60 subunits (see
Fig. 7) are labeled in black, where each number refers to the
sequence position that is interested by the substitution and the
letters that precede and follow the number stand for amino acids
present in the reference sequences and in Nc¢ CCT f and 0
respectively. The figure was prepared with DS ViewerPro5.0

is the apparent affinity of Nc CCT for NcTbp4 tubulin
in vitro so large and, with the exception of testis extracts,
the yield of folded product negligible? One possibility is
that the CCT apical domain/target interactions are quite
strong due to residue changes in the apical substrate-
binding cleft and perhaps in the target itself. (Only two
of the eight CCT subunits have been sequenced, so our
understanding of apical domain/target association in
this system is incomplete.) Thus, the presence of
homologous Cof A in the folding reaction may be crit-
ical to release a folded product. Alternatively, we pro-
pose that a critical cofactor, perhaps novel to cold-
adapted notothenioid fishes, may be necessary to release
the target protein from Nc CCT. Possible cofactor
candidates include (1) Hop/p60 (Gebauer et al. 1998),
which has been shown to interact with CCT and to in-
crease the rate of ATP dissociation from CCT; (2)
phosducin-like proteins, which in several recent papers
have been shown to act as bona fide CCT co-factor
proteins (McLaughlin et al. 2002; Martin-Benito et al.
2004; Stirling et al. 2006); (3) GimC/prefoldin (Vainberg
et al. 1998), which increases by 5-fold the rate of actin
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release from CCT and is essential for yeast cell growth at
low temperatures (Geissler et al. 1998; Siegert et al.
2000). It is worth noting that GimC/prefoldin is the
most likely candidate for facilitating the release of sub-
strates from NcCCT. Indeed, Siegert et al. 2000 have
shown in vivo that CCT-actin complexes are longer
lived in yeast lacking a functional prefoldin complex,
which support the notion that prefoldin facilitates the
efficient transit of substrate through the CCT system
into a folded state. Actually, fishes such as Danio rerio
have in their genome two genes homologous to mouse
prefoldin 2 and 5 (GenBank™ database accession
numbers NP_001003754 and XP_695628, respectively,
61.7 and 76.5% of identity, respectively)

A second possibility posits that the failure of Nc CCT
to release folded product results from binding of actin or
tubulin chains in a conformation that is not permissive
for further folding. In this case, a novel co-chaperone
may be necessary to convert the CCT-bound target to a
conformation conducive to folding by the chaperonin
complex. Fractionation of the N. coriiceps testis extract
and reconstitution of a folding-competent system in vi-
tro will be necessary to test these possibilities, thus
expanding our knowledge of assisted protein folding in
cold-living ectotherms.

Protein flexibility and function at low temperature:
a two-edged sword?

The importance of polypeptide flexibility to the efficient
function of psychrophilic proteins has emerged as a
consensus hypothesis among polar biochemists and
physiologists (NRC 2003). In general, increased flexi-
bility appears to be mediated by the substitution and/or
incorporation of structure-destabilizing amino acids and
by decreases in the number and strength of weak intra-
molecular bonds in these proteins. Yet flexibility also
increases the likelihood that the proteins of marine ec-
totherms may undergo denaturation in response to cold
as a stressor (cf. Place et al. 2004; Place and Hofmann
2005, and references therein). Thus, positive selection for
protein flexibility in the chronically cold-living Antarctic
notothenioid fishes and the concomitant threat of cold-
induced protein denaturation may have driven the evo-
lutionary conversion of the “inducible’ Asp70 gene to a
constitutive role in vivo. We propose that the CCT of
notothenioids has evolved its novel properties due to
similar countervailing evolutionary pressures. Might it
be possible that f-tubulin or other CCT targets have co-
evolved to bind tightly to Nc¢ CCT to sequester the lat-
ter, thus protecting it from cold denaturation and pro-
teosome-mediated degradation? If so, the concerted
evolution of a release factor or co-chaperone would be
necessary to maintain the functionality of the flexible,
cold-adapted CCT complex.
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