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Chaperonins are multisubunit protein-folding
assemblies. They are composed of two distinct
structural classes, which also have a characteris-
tic phylogenetic distribution. Group I chaper-
onins (called GroEL/cpn60/hsp60) are present in
Bacteria and eukaryotic organelles while group II
chaperonins are found in Archaea (called the
thermosome or TF55) and the cytoplasm of eu-
karyotes (called CCT or TriC). Gene duplication
has been an important force in the evolution of
group II chaperonins: Archaea possess one, two,
or three homologous chaperonin subunit-encod-
ing genes, and eight distinct CCT gene families
(paralogs) have been described in eukaryotes.
Phylogenetic analyses indicate that while the du-
plications in archaeal chaperonin genes have oc-
curred numerous times independently in a lin-
eage-specific fashion, the eight different CCT
subunits found in eukaryotes are the products of
duplications that occurred early and very likely
only once in the evolution of the eukaryotic nu-
clear genome. Analyses of CCT sequences from
diverse eukaryotic species reveal that each of the
CCT subunits possesses a suite of invariant sub-
unit-specific amino acid residues (“signatures”).
When mapped onto the crystal structure of the ar-
chaeal chaperonin from Thermoplasma acidophi-
um, these signatures are located in the apical, in-
ermediate, and equatorial domains. Regions that
ere found to be variable in length and/or amino
cid sequence were localized primarily to the exte-
ior of the molecule and, significantly, to the ex-
reme tip of the apical domain (the “helical protru-
ion”). In light of recent biochemical and electron
icroscopic data describing specific CCT–substrate

nteractions, our results have implications for the
volution of subunit-specific functions in CCT.
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INTRODUCTION

The chaperonins are a ubiquitous class of molec-
ular chaperone involved in the folding of nonnative
proteins (reviewed by Bukau and Horwich, 1998;
Ranson et al., 1998; Sigler et al., 1998). Individual
chaperonin monomers assemble to form multisub-
unit complexes that harbor substrates within a cen-
tral cavity and facilitate protein folding through the
hydrolysis of ATP. On the basis of protein sequence
similarity, two distantly related types of chaper-
onins are apparent, and these have distinctive phy-
logenetic distributions. Group I chaperonins are
found in Bacteria and their eukaryotic organellar
derivatives, while group II chaperonins are present
in Archaea (Archaebacteria) and the eukaryotic cy-
tosol (Willison and Horwich, 1996; Willison and
Kubota, 1994). Despite sharing only 20–25% amino
acid sequence identity, the basic architecture of
group I and group II chaperonins is very similar,
and both assemble to form multisubunit oligomers
with double-ring quaternary structures (Braig et al.,
1994; Ditzel et al., 1998). Both chaperonin types

ossess equatorial and apical domains linked by a
exible intermediate domain. The equatorial do-
ain is involved in the binding and hydrolysis of
TP and provides most of the intra- and interring
ontacts, while the apical domain is involved pri-
arily in the binding of substrate (Sigler et al.,

998).
There are also, however, important structural and

unctional differences between group I and group II
haperonins. In bacteria, chaperonin monomers as-
emble to form seven-membered rings (Braig et al.,
994), while archaeal and eukaryotic cytosolic chap-
ronin complexes are composed of eight- or nine-
embered rings (reviewed in Gutsche et al., 1999;
lumpp and Baumeister, 1998; Willison and Hor-
ich, 1996). Second, while the cochaperonin GroES/

pn10 serves as a “lid” for the group I chaperonin

omplex, no such cochaperonin functions in the
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158 ARCHIBALD, BLOUIN, AND DOOLITTLE
group II chaperonin system. Instead, group II chap-
eronins possess a built-in lid—an extension of the
apical domain called the helical protrusion—that is
absent in group I chaperonins. The helical protru-
sions are thought to seal off the central cavity of the
chaperonin oligomer in a fashion analogous to
GroES/cpn10 and have also been suggested to play a
role in substrate recognition (Horwich and Saibil,
1998; Klumpp and Baumeister, 1998; Klumpp et al.,
1997). Finally, group II chaperonins are known to
interact with protein cofactors that have no appar-
ent homologs in the bacterial system (Gebauer et al.,
1998; Geissler et al., 1998; Siegers et al., 1999; Sieg-
rt et al., 2000; Vainberg et al., 1998). The precise
ole of these cofactors in the protein folding process,
nd how they interact with the group II chaper-
nins, is as yet unclear.
Group I and group II chaperonins may also differ

n their degree of substrate specificity. While the
scherichia coli chaperonin GroEL is known to me-
iate the folding of a wide range of proteins (Houry
t al., 1999), the diversity of characterized sub-
trates that interact with the eukaryotic cytosolic
haperonin CCT (chaperonin containing TCP-1; also
nown as TriC (TCP-1 ring complex)) seems more
imited. The abundant cytoskeletal proteins actin
nd tubulin are the predominant substrates of CCT
Willison and Horwich, 1996). However, others do
ontinue to be identified (Farr et al., 1997; Feldman
t al., 1999; Melki et al., 1997; Won et al., 1998), and
he full range of in vivo CCT substrates is in fact
nknown (Leroux and Hartl, 2000; Willison, 1999).
A striking feature of the group II chaperonins is

heir hetero-oligomeric composition. While bacterial
haperonins (e.g., GroEL in E. coli) are generally
omo-oligomeric (constructed from seven identical
ubunits), the CCT complex in eukaryotes is com-
letely hetero-oligomeric, possessing eight distinct
but clearly homologous) subunits (CCTa, b, g, d, e,

z, h, and u) whose genes evolved from a common
ancestor by gene duplication (Kubota et al., 1994;
Willison and Kubota, 1994). Each subunit species is
thought to occupy a unique position in each of the
eight-membered CCT rings (Liou and Willison,
1997), and recent biochemical and electron micro-
scopic studies have revealed that the binding of ac-
tin and tubulin to CCT is both subunit-specific and
geometry dependent (i.e., a unique arrangement of
CCT subunits is required (Llorca et al., 1999, 2000)).

he transition from homo-oligomeric chaperonin
ings like those in E. coli to completely hetero-oligo-
eric ones like CCT was therefore an important

tep in chaperonin evolution.
We have previously attempted to shed light on

his transition by studying the evolution of archaeal
haperonins, which exhibit an intermediate degree
f complexity. Chaperonins in archaea were first
described, as heat shock proteins, in two hyperther-
mophilic organisms, Sulfolobus shibatae and Pyrod-
ictium occultum (Phipps et al., 1991, 1993; Trent et

l., 1991). The Sulfolobus chaperonin showed re-
arkable amino acid sequence similarity with t-

omplex polypeptide-1 (TCP-1) (Willison et al.,
986), now known to be the a subunit of CCT (Fryd-

man et al., 1992; Lewis et al., 1992). The chaperonin
complex from another archaeon, Thermoplasma aci-
dophilum, has been crystallized and is composed of
two homologous subunits, a and b (Ditzel et al.,
1998). Archaea that possess a single chaperonin
gene or three distinct subunit genes have also been
identified (Archibald et al., 1999; Gutsche et al.,
1999).

From phylogenetic analysis of archaeal and eu-
karyotic chaperonin protein sequences, we have con-
cluded that (1) hetero-oligomeric chaperonin com-
plexes have arisen multiple times independently in
archaea; (2) a completely hetero-oligomeric chapero-
nin particle (consisting of eight distinct subunit spe-
cies) evolved very early in eukaryotic evolution,
likely in the common ancestor of all eukaryotic cells;
and (3) the transition from homo-oligomerism to
hetero-oligomerism in eukaryotes and that in vari-
ous archaeal lineages likely occurred independently
of one another (Archibald et al., 1999, 2000). Here
we further examine the molecular evolution of ar-
chaeal and eukaryotic chaperonins and present new
data describing the distribution of slowly evolving
subunit-specific “signatures” and variable regions
among the different CCT subunits, mapped onto the
crystal structure of the T. acidophilum chaperonin
(Ditzel et al., 1998). These signatures are found in
the equatorial, intermediate, and apical domains of
the protein. Within the apical domain, a distinct
cluster of subunit-specific signatures is located in
the putative substrate-binding region of several of
the CCTs: these signatures likely mediate the sub-
unit-specific functions described for the binding of
actin (Llorca et al., 1999), tubulin (Llorca et al.,
2000), and perhaps other CCT substrates.

METHODS

Protein sequence alignments. New archaeal chaperonin pro-
tein sequences were identified in the public databases by BLAST
(Altschul et al., 1997) and were added manually to an alignment
onstructed previously (Archibald et al., 1999) based on univer-
ally conserved regions. Chaperonin sequences from the crenar-
haeote Pyrobaculum aerophilum were obtained from the Py-
obaculum project homepage (http://www.doe-mbi.ucla.edu/PA/).
he final alignment used for phylogenetic analyses contained 40
equences and, after the removal of ambiguous regions, contained
52 amino acid positions. For CCT, an alignment containing 10
epresentative archaeal sequences, 5 sequences from each of
CTa, b, g, d, e, h, and u, and 8 CCT z sequences was used (53

sequences in total). The alignment contained 355 unambiguously
aligned amino acid positions. Both alignments are available from
J.M.A. (e-mail: johna@hades.biochem.dal.ca).
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159GENE DUPLICATION AND CHAPERONIN EVOLUTION
Phylogenetic analysis. Phylogenetic trees were inferred using
istance-based and maximum-likelihood (ML) methods of tree
econstruction. For distance analyses, the programs PROTDIST
PAM matrices) and FITCH were used in the PHYLIP 3.57 pack-
ge (Felsenstein, 1995). Statistical support for distance trees was
btained by bootstrapping with 100 resampling replicates, and
he majority-rule consensus tree was constructed using CON-
ENSE (Felsenstein, 1995). For ML analyses, protML was used

n MOLPHY (Adachi and Hasegawa, 1996), with the Jones, Tay-
or, and Thornton amino acid substitution matrix, adjusted to
ccount for the amino acid frequencies observed in the dataset
JTT-F). RELL (resampling estimated log likelihoods) bootstrap
alues were obtained by quick-add OTU (-q) ML searches of 1000
rees in protML and were used as measures of statistical support
or branches in ML trees.

Structural analyses. The crystal structure of the a subunit of
the T. acidophilum chaperonin (Ditzel et al., 1998) (PDB ID:
1A6D) was visualized using Insight II (MSI, San Diego, CA).
Individual amino acid residues as well as specific regions of the
structure were highlighted using a script written by C. Blouin
(Dalhousie University, Halifax, Nova Scotia, Canada).

RESULTS AND DISCUSSION

Archaeal Chaperonin Evolution: Recurrent
Paralogy

The chaperonin complex in T. acidophilum (called
the thermosome) is composed of two homologous
subunits, a and b, that alternate in each of its eight-
membered rings (Ditzel et al., 1998; Nitsch et al.,
997). The two subunits share ;60% amino acid

sequence identity (Waldmann et al., 1995a,b) and
evolved from a common ancestral chaperonin by
gene duplication. When compared to chaperonin
protein sequences from other archaea, the two sub-
units are more closely related to each other than to
other archaeal chaperonin sequences, suggesting
that the gene duplication that produced them oc-
curred after this lineage diverged from other ar-
chaea (Archibald et al., 1999). In fact, “lineage-spe-
cific” gene duplication (paralogy) is a recurring
theme in the evolution of archaeal chaperonins. In
light of several newly sequenced archaeal genomes,
we reinvestigated the phylogeny of archaeal chaper-
onins with a more complete dataset than was avail-
able previously.

Figure 1 shows the results of a phylogenetic anal-
ysis performed with all available chaperonin protein
sequences (January 2001). The domain Archaea is
composed of two evolutionarily distinct lineages, eu-
ryarchaeotes (e.g., Thermoplasma) and crenarchae-
otes (e.g., Sulfolobus). Within euryarchaeotes, lin-
eage-specific duplications of chaperonin genes have
occurred in Methanobacterium thermoautotrophi-
cum, Archaeoglobus fulgidus, and the Thermococ-
cus/Pyrococcus clade, in addition to the duplication
in the Thermoplasma lineage. Recently, the genome
of Thermoplasma volcanium, an organism closely
related to T. acidophilum, was completely se-
quenced (Kawashima et al., 2000). T. volcanium also
possesses genes encoding two subunits very similar
to those in T. acidophilum; this indicates that the
duplications producing the subunits occurred in
their common ancestor, but distinct from duplica-
tions in other archaea (Fig. 1). Two separate gene
duplications have also occurred within the halo-
philic archaea (e.g., Haloferax). It should be under-
stood that, for the most part, the designation of
duplicate subunits as a and b (or a and b) in eur-
yarchaeotes is completely arbitrary. For example,
there is no sense in which the a subunit in T. aci-
dophilum is more similar to the a subunit of Ar.
fulgidus than it is to the T. acidophilum b subunit.

FIG. 1. Phylogenetic analysis of archaeal chaperonins. The
tree shown is a ML tree (lnL 215614.72) inferred from a chap-
eronin protein sequence alignment containing 40 sequences and
452 unambiguously aligned amino acid positions. The two recog-
nized kingdoms within Archaea (euryarchaeotes and crenarchae-
otes) are labeled, and inferred gene duplications and gene losses
are indicated (see text). Within euryarchaeotes, regions of the
tree in which lineage-specific gene duplications have occurred are
shaded. For crenarchaeotes, the three different gene/subunit fam-
ilies (a, b, and g) are indicated. Asterisks appear next to se-
uences from organisms whose genomes have been completely
equenced. Statistical support values for significant nodes appear
bove the branches (ML RELL bootstrap values; inferred from a
euristic search of 1000 trees in protML) (Adachi and Hasegawa,
996) (see text). The scale bar represents the estimated number of
mino acid substitutions per site.
As is the case for euryarchaeotes, chaperonin se-
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160 ARCHIBALD, BLOUIN, AND DOOLITTLE
quences are available from a wide diversity of cren-
archaeotes, and recently, the complete sequences
of three crenarchaeal genomes were released
(Aeropyrum pernix (Kawarabayasi et al., 1999); Py-
rob. aerophilum (http://www.doe-mbi.ucla.edu/PA/);
and Sulfolobus solfataricus (http://www.cbr.nrc.ca/
sulfhome/)). The phylogenetic tree in Fig. 1 shows
that a gene duplication producing a and b subunits
occurred in the common ancestor of the Sulfolobus,
Pyrodictium, Desulfurococcus, Aeropyrum, and Py-
obaculum lineages. This can be inferred because
he a sequences from these organisms cluster to-

gether with high support to the exclusion of the b
sequences (Fig. 1). An additional gene duplication
has also occurred within Sulfolobus evolution, as a
third chaperonin subunit (named g) clusters with
the a sequences from four different Sulfolobus spe-
cies to the exclusion of those in Pyrod. occultum, Ae.
pernix, and Pyrob. aerophilum.

Where complete genome sequences are available,
several instances of archaeal chaperonin subunit
loss can also be inferred. For example, each of the
Thermococcus strains KS-1 and KS-8 has two sub-
units, “a” and “b” (80.6% identical), whose genes
duplicated and diverged prior to the splitting of
these two lineages (Fig. 1). Significantly, three com-
pletely sequenced Pyrococcus genomes (Pyrococcus
furiosis, Pyrococcus abyssi, and Pyrococcus horiko-
shii) reveal the presence of a single chaperonin sub-
unit gene. When compared to the Thermococcus pro-
teins, the three Pyrococcus sequences appear most
similar to the b subunit from the Thermococcus
strains. This suggests that the duplication and di-
vergence of the a and b chaperonin subunit genes in
these lineages occurred in their common ancestor
and that subunit a was subsequently lost in the
Pyrococcus lineage. Chaperonin gene loss can also be
inferred for the halophilic euryarchaeote Halobacte-
rium sp. NRC-1. The genome of this organism has
recently been completely sequenced (Ng et al., 2000)
and possesses genes encoding two subunits. How-
ever, a closely related halophile, Haloferax volcanii,
has at least three chaperonin subunits, and the two
Halobacterium subunits cluster strongly with two of
the three H. volcanii sequences in phylogenetic
analyses (Fig. 1). Again, one can infer that the an-
cestor of these two organisms had three chaperonin
subunits and that in Halobacterium sp. NRC-1, the
third subunit was lost.

Taken as a whole, phylogenetic analysis of ar-
chaeal chaperonins reveals a complex evolutionary
pattern. In euryarchaeotes, multiple lineage-specific
gene duplications and divergences have occurred,
while in crenarchaeotes, a duplication into a and b
subunits occurred in their common ancestor. In Sul-
folobus species, an additional duplication and diver-
gence occurred; we have suggested that the evolu-
 p
tion of a third subunit (g) may have been involved in
the transition from eight- to nine-membered chap-
eronin rings in this lineage (Archibald et al., 1999).
Overall, the significance of our results in terms of
chaperonin structure and function is that archaeal
chaperonins have made the transition from homo-
oligomeric chaperonin complexes to hetero-oligo-
meric ones at least six times independently, and

uplicate subunits have been lost at least twice (re-
ulting in a reversion from hetero- to homo-oligom-
rism; Fig. 1).

ukaryotic Chaperonin Evolution: Deep Paralogy

The pattern of chaperonin subunit evolution in
ukaryotes is in stark contrast to that observed in
rchaea. Biochemical and gene sequence analyses
Frydman et al., 1992; Kubota et al., 1994, 1995b;
ewis et al., 1992; Rommelaere et al., 1993) initially
evealed the presence of eight distinct CCT subunits
n mammals, and orthologs of the genes encoding
hese subunits were also found in the yeast Saccha-
omyces cerevisiae (Kubota et al., 1994; Stoldt et al.,
996). Taking advantage of a more comprehensive
ataset, we recently showed that all eight CCT sub-
nits were already present in the common ancestor
f animals, fungi, plants, and many if not all protists
Archibald et al., 2000). We isolated genes encoding
CT subunits from Trichomonas vaginalis and Gi-
rdia lamblia, representative species of two amito-
hondriate protist lineages that have been suggested
o have diverged early in eukaryotic evolution
Cavalier-Smith, 1987; Hashimoto et al., 1994; Leipe
t al., 1993; Sogin et al., 1989; Stiller et al., 1998). At
resent, there is considerable controversy surround-
ng the precise nature of the relationships between
hese organisms and other eukaryotes (for compre-
ensive review, see Roger, 1999), but it is abun-
antly clear that they are as evolutionarily distant
rom animals and fungi as any eukaryotes currently
nown. Figure 2 shows the results of a phylogenetic
nalysis of the eight different CCT subunit se-
uences from a wide range of eukaryotes, rooted
ith a representative sample of archaeal chaper-
nins. Most obviously, sequences from Homo, the
ematode Caenorhabditis, Saccharomyces, the flow-
ring plant Arabidopsis, and the amitochondriate
rotists Giardia and Trichomonas cluster together
n the different CCT subunit families with ex-
remely high statistical support. This indicates that
he gene duplications took place in the common an-
estor of these organisms.
While it is thus clear that all the CCT subunits
ere present early in eukaryotic evolution, ordering

he duplication events that produced them has
roven difficult. On the basis of amino acid sequence
dentity, the eight CCT subunits appear to be ap-
roximately equally closely related (Kubota et al.,
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1994, 1995a). However, phylogenetic analysis re-
veals that some of the CCTs do appear to share more
recent common ancestry than others. The CCTd and
e subunits appear as a well-supported clade, as do
CCTa, h, and b, and were likely the product of more
“recent” gene duplications (Fig. 2). Beyond the res-
olution of these two groups, however, the phyloge-
netic signal contained in the molecules is insuffi-

FIG. 2. Phylogeny of eukaryotic CCTs. The tree shown was
onstructed using the Fitch–Margoliash distance algorithm
Felsenstein, 1995) from an alignment of 53 sequences and 355
nambiguously aligned amino acid sites. The eight different CCT
ubunit families found in eukaryotes are highlighted in gray. For
ach CCT subunit family, 5 representative sequences were cho-
en to represent the full spectrum of eukaryotic diversity: two
nimals (Homo and Caenorhabditis) and one from each of fungi

(Saccharomyces), plants (Arabidopsis), and protists (Giardia or
Trichomonas). For CCTz, the z-1 and z-2 subunits of Homo and
Mus were also analyzed. The tree is rooted with a representative
sample of archaeal chaperonin sequences. Support values for
important nodes on the tree are given above the branches and
were calculated by bootstrapping with 100 resampling replicates.
The scale bar represents the estimated number of substitutions
per amino acid site.
a

cient to resolve the exact pattern of subunit
diversification. The tree topology shown in Fig. 2
illustrates one possible scenario, but others are also
compatible with the data (see Fig. 4b in Archibald et
al., 2000). This may be due to the fact that numerous
gene duplications (and sequence divergences) oc-
curred in quick succession or that chromosome or
whole genome duplications produced a dramatic in-
crease in the number of CCT genes simultaneously.
Alternatively, the molecules themselves may simply
be “saturated,” having accumulated a sufficient
number of amino acid substitutions as to make ac-
curate reconstruction of their evolutionary history
impossible.

More recently, an additional gene duplication oc-
curred in the evolution of CCT. Two distinct CCTz
subunits (1 and 2) have been characterized in mouse
(Hynes et al., 1995; Kubota et al., 1997), and the two
equences share approximately 81% amino acid se-
uence identity (Kubota et al., 1997). Phylogenetic

analysis of these sequences and their human or-
thologs (Fig. 2) reveals that the CCTz-1 and CCTz-2
sequences in mouse and human are more closely
related to each other than to CCTz sequences from
other eukaryotes. This suggests that the gene dupli-
cation producing them occurred quite recently,
likely within mammalian evolution. Interestingly,
the CCTz-2 subunit gene is expressed only in testis,
unlike the expression pattern observed for other
CCTs, which are expressed in all tissues investi-
gated thus far, including testis (Kubota et al., 1995a,
997). A specific function for the CCTz-2 subunit has

not been identified, but Kubota et al. (1997) suggest
that it may mediate the folding of testis-specific
proteins, such as a-tubulin isoforms, by substituting
for the CCTz-1 subunit in the CCT complex. Inter-
estingly, genes encoding two different CCTz sub-
units are also present in the genome of the flowering
plant Arabidopsis thaliana, and duplicates of other
CCT subunits are also present in mammalian ge-
nomes (J. M. Archibald, unpublished results).

Regions of Variability among the Different CCT
Subunits

The phylogenetic tree of CCTs in Fig. 2 reveals
that, compared to the archaeal chaperonins, the
branches leading to the different CCT subunits are
remarkably long. In other words, an extreme degree
of amino acid sequence divergence has occurred in
each of the CCT subunit families. A close examina-
tion of the protein sequences shows that some re-
gions of the protein are variable in length as well as
sequence (Archibald et al., 2000; Ditzel et al., 1998;
Kim et al., 1994; Kubota et al., 1994; Waldmann et

l., 1995a). It is significant that these regions do not
ecessarily correspond to areas of variability within
particular CCT subunit family. In fact, many of
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the subunits possess insertions that are themselves
invariant in sequence across a wide range of eukary-
otic species but are not present in any of the other
subunits (Archibald et al., 2000; Kim et al., 1994). To
investigate what these observations might mean in
terms of CCT subunit structure and function, we
mapped the variable regions—areas that were
highly variable in length and/or amino acid se-

FIG. 4. Subunit-specific “signatures” in individual CCT subun
shown, one for each of the eight CCT subunits, a, b, g, d, e, z, h, a

atches that shown in Figs. 3a and 3b, and amino acid residues u
n yellow. As in Fig. 3, regions found to be variable among the
lements are labeled following Ditzel et al. (1998) (H, helix; S, sh

FIG. 3. Regions of variability among the different CCT subu
ighly variable in length and/or amino acid sequence between th

subunit of the Thermoplasma acidophilum thermosome, the arch
two homologous subunits, a and b; since the two subunits are es
rbitrarily used. (a) Side view. The apical, intermediate, and eq
olecules found to be variable among the CCT subunits are highl

entral cavity of the thermosome. Secondary structural elements
quence—onto the crystal structure of the a subunit
of the T. acidophilum thermosome.

The results (Figs. 3a and 3b) show that while
regions of variability map to all three “functional”
domains, the intermediate and apical domains ap-
pear to possess proportionately more variable se-
quence than the equatorial domain. We found that
38.8, 38.9, and 28.8% of the total amino acid se-

olated apical (a), intermediate (b), and equatorial (c) domains are
he domain orientation is the same as in Fig. 3b. The color-coding
to a particular CCT subunit (signatures; see text) are highlighted
nt CCT subunits are highlighted in gray. Secondary structural

reas of the chaperonin protein sequence that were found to be
different CCTs were mapped onto the crystal structure of the a
omolog of CCT (Ditzel et al., 1998). The thermosome consists of
lly identical in structure (Ditzel et al., 1998), the a subunit was
al domains are labeled and color-coded, and the regions of the
in gray. (b) Same structure as in (a), but viewed from within the
beled according to Ditzel et al. (1998) (H, helix; S, sheet).
its. Is
nd u. T
nique
differe
eet).
nits. A
e eight
aeal h
sentia
uatori
ighted
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164 ARCHIBALD, BLOUIN, AND DOOLITTLE
quence in the apical, intermediate, and equatorial
domains were variable, and this difference was sig-
nificant at P , 0.05 in a x2 test (data not shown).
This observation is consistent with that of Kim et al.
(1994), who found that the equatorial domain, which
contains the ATP-binding site, appeared to be the
most highly conserved among the different CCT sub-
units and between the CCTs and E. coli GroEL. It is
also significant that the variable regions in these
domains map predominantly to the exterior of the
molecule. A cluster of variable sequence (shaded
gray) is clearly evident along most of the “backside”
of the molecule (e.g., helix H8; Fig. 4a), correspond-
ing to the outer face of the monomer as it sits in the
hetero-oligomer. Regions of variability also map to a
loop under helix H11 of the apical domain and to the
region surrounding helix H13 (Fig. 4b). In the ther-
mosome, helices H11 and H13 of adjacent subunits
contact one another (Ditzel et al., 1998; and see
below).

Most interesting is the patch of variability that
corresponds to the extreme tip of the apical domain
(the helical protrusion). In the T. acidophilum ther-
mosome, this region appears to be highly flexible:
the analysis of different crystal forms shows that the
protrusion has the potential to tilt more than 20°
relative to the rest of the apical domain (Klumpp
and Baumeister, 1998). Bosch et al. (2000) recently
crystallized the apical domain of the b subunit and
showed that this region adopts a different conforma-
tion than that found in the crystal structure of the a
subunit apical domain (Klumpp et al., 1997). These
uthors suggest that sequence variations in the cor-
esponding region of the CCT subunits could pro-
uce similar structural differences and that such
eterogeneity could mediate subunit-specific roles in
ubstrate recognition. The extreme sequence diver-
ence between the different CCT subunits in this
egion (Archibald et al., 2000) does make heteroge-
eity in secondary and tertiary structure particu-

arly likely. However, the exact role of the helical
rotrusion in the binding of substrate is unclear.
hile the electron microscopic data available for the
CT–actin complex (Llorca et al., 1999) show actin
inding well below the helical protrusions, tubulin
eems to interact with a much broader region of the
CT apical domains, including parts of the helical
rotrusions (Llorca et al., 2000; and see below).

ubunit-Specific Signatures in CCT

In a sequence- and structure-based comparison of
roup I and group II chaperonins, Kim et al. (1994)
oted that the different CCT subunits were remark-
bly divergent, particularly in their apical domains,
ut that these regions were nevertheless highly con-
erved within the different subunit classes. We re-
ently investigated this more closely by estimating
he rate of amino acid sequence evolution—site by
ite—across alignments of individual CCT subunits
hat contained broad taxonomic diversity (Archibald
t al., 2000). This method identified numerous resi-
ues as being invariant (or nearly so) within a par-
icular subunit family and, more importantly,
nique to that subunit.
Here we have mapped the positions of these resi-

ues onto the structure of the a subunit of the ther-
mosome (Figs. 4a, 4b, and 4c). These slowly evolving
subunit-specific signatures (colored yellow) clearly
map to all three domains of the thermosome. As
noted previously, some of these signatures are lo-
cated in the ATP-binding and hydrolysis motifs
present in the equatorial domain (Archibald et al.,
000). For example, the CCTu subunit has the se-

quence GDGTN, a slight variation on the near-uni-
versally conserved motif GDGTT, which forms one of
the loops of the ATP-binding pocket (data not
shown). In CCTg, the highly conserved motif
NDGAT (found in almost all the CCT subunits) has
changed to NDGNA. Surprisingly, multiple alanine
replacements of highly conserved residues within
the ATP-binding pocket of CCTz (e.g., GDGTT to
AAAAA) had relatively mild effects on cell growth in
yeast (Lin et al., 1997), unlike the severe phenotypes
observed with mutations in the same region of CCTa
(Miklos et al., 1994; Ursic et al., 1994). When the
sequences from a wide diversity of eukaryotes are
considered, some parts of the ATP-binding domains
of the different subunits appear to be less conserved
than others (Archibald et al., 2000), suggesting that
their ATPase functions may in fact be redundant.

Within the conserved “core” region of the apical
domain, many of the CCT subunits possess a cluster
of highly conserved, subunit-specific residues on the
inside face of the apical domain, just below the he-
lical protrusion (Fig 4a). Significantly, this is pre-
cisely the region of the apical domain that appears to
be in direct contact with actin and tubulin in CCT-
substrate complexes (Llorca et al., 1999, 2000).
CCTb and e, two of the three subunits implicated in
the binding of actin (Llorca et al., 1999), have more
subunit-specific signatures in this region than the
other subunits, while CCTu has almost none (Fig.
4a). In addition, CCTa and CCTz have unique inser-
tions in this area, very near helix H11 (data not
shown; this region is not indicated as “variable” in
Figs. 3 and 4 due to the fact that the CCTa and z
insertion boundaries are highly conserved with re-
spect to the sequence of the other CCTs and the
archaeal chaperonins).

It is interesting that many of the highly conserved
subunit-specific amino acids present in the apical
domain are charged residues, not hydrophobic resi-
dues like those implicated in substrate binding in
the E. coli GroEL system (Archibald et al., 2000;
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Kim et al., 1994; Klumpp et al., 1997; Willison,
999). This could reflect a fundamentally different
echanism of substrate recognition for the group II

haperonins than that observed for GroEL, one
ased on hydrogen bonding and electrostatic inter-
ctions instead of hydrophobicity (Klumpp et al.,

1997; Willison, 1999). However, as noted by Klumpp
et al. (1997), the helical protrusions of the CCT sub-
units may contain a sufficient number of hydropho-
bic residues to mediate substrate binding through
hydrophobic interactions. As mentioned previously,
the nature of the CCT–tubulin interaction (Llorca et
al., 2000) appears consistent with this possibility.

Several areas of the equatorial domain also ap-
pear to be “hotspots” for unique amino acid substi-
tutions. For example, all eight subunits possess
unique residues in the vicinity of a small turn be-
tween helix H14 and strand S20 (Fig. 4b). In the
thermosome, this region (together with turn seg-
ments between helices H7 and H8, and strands S7
and S8) contacts the equatorial domain of the adja-
cent subunit (Ditzel et al., 1998). It is thus likely
hat subunit-specific motifs in these regions (as well
s those in the vicinity of helices H11 and H13 in the
pical domain; see above) are at least partly respon-
ible for the assembly of a CCT complex with a
nique arrangement of subunits. Interestingly, the
CTz subunit possessed a large number of unique

residues in these areas: a string of unique substitu-
tions map to the “outer” surface of helix H14 and to
strand S7 (Fig. 4b), both of which face the central
cavity in the thermosome structure (Ditzel et al.,
1998). The significance of this observation, in terms
of chaperonin structure and function, is unclear.

Coevolution of Chaperonin and Substrate?

Willison and co-workers have speculated that the
duplication and differentiation of the different CCT
subunits early in eukaryotic evolution were concur-
rent with and facilitated the evolution of the cy-
toskeleton (see Willison and Horwich, 1996; Willison
and Kubota, 1994). Given the overwhelming evi-
dence for subunit-specific interactions between CCT
and modern-day actins and tubulins (and perhaps a
host of additional cytosolic proteins), it is indeed
likely that the cytoskeletal proteins and the various
CCT subunits have coevolved with one another
(Hartl, 1996; Willison, 1999; Willison and Horwich,
1996). While it is clear that CCT went through in-
termediate stages of hetero-oligomerism, the process
by which such hetero-oligomerism initially arose,
and how CCT ultimately became completely hetero-
oligomeric, is still a mystery. There are theoretically
5040 possible combinations of subunits in CCT (Liou
and Willison, 1997), yet all the available data sug-

gest that a unique arrangement of subunits exists in s
vivo (Liou and Willison, 1997; Llorca et al., 1999,
2000).

Our previous attempt to explain the phylogenetic
pattern of archaeal chaperonins led us to propose a
model for the origin of hetero-oligomerism in chap-
eronin complexes that emphasizes coevolution be-
tween duplicate subunits, as opposed to subunit and
substrate (Archibald et al., 1999). Simply put, a se-
ries of mutations in the regions of intraring contact
of one subunit followed by compensatory changes in
a newly evolved duplicate subunit could produce a
tendency toward the assembly of an ordered ar-
rangement of subunits within a chaperonin ring
(like that observed in the thermosome). Such a pro-
cess could eventually lead to obligatory hetero-oli-
gomerism, even in the absence of “specialized” roles
for the duplicate subunits in protein folding. An
important corollary of the fact that hetero-oligomer-
ism evolved multiple times independently in Ar-
chaea is that subunit-specific roles in protein fold-
ing, if they exist, must also have evolved multiple
times.

Unfortunately, few data are currently available
with which to test this hypothesis: next to nothing is
known about the substrates of archaeal chaper-
onins, and, apart from T. acidophilum, very little
iochemical and structural information is available
n chaperonin complexes from diverse archaeal lin-
ages (Gutsche et al., 1999). The fact that some

chaperonin complexes are homo-oligomers and oth-
ers hetero-oligomers suggests that, for Archaea as a
whole, the presence of two (or more) subunits is not
a strict requirement for chaperonin function. This is
further supported by the fact that duplicate chap-
eronin genes have occasionally been lost (see above).
As suggested previously (Archibald et al., 1999), the
xtent to which a given lineage can tolerate such
oss is likely a function of the degree of sequence
ivergence between duplicates. Interestingly, the
ange of similarity between duplicate subunits in
rchaeal genomes is quite high—between 80.6 and
3.2%.
With respect to the origin of hetero-oligomerism in
CT, the issue becomes a question of which evolved
rst: subunit-specific roles in protein folding or an
rdered arrangement of subunits within a chapero-
in ring? Given that CCT–actin and CCT–tubulin

nteractions are both subunit-specific and geometry-
ependent, the evolution of a unique arrangement of
he subunits relative to one another would at least
ave to have been concurrent with the “specializa-
ion” of the subunits themselves (Archibald et al.,
000). It is certainly clear that the different CCTs
ave diverged substantially from one another, not
nly in their substrate-binding apical domains, but
n regions involved in ATP binding and in subunit–

ubunit contacts (Figs. 3 and 4; Kim et al., 1994).
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Genetic studies in yeast support this notion. Lin et
l. (1997) performed a comprehensive mutational
nalysis of the CCTz subunit (CCT6p in Saccharo-
yces) and found this subunit to be sensitive to
utations in the equatorial, intermediate, and api-

al domains. Presumably, some of these mutations
ere deleterious, not because of deficiencies in sub-

trate recognition or folding, but because of an in-
bility of the CCTz subunit to interact with the other

subunits to properly assemble the hetero-oligomeric
complex.

Llorca et al. (1999) showed that actin sits in the
entral cavity of CCT in a 1,4 configuration. CCTd

interacts with the small domain of actin while either
CCTb or e contacts the large domain. Given this fact,
ne might expect CCTb and e to be quite similar.

However, if the actin–CCTd interaction is isomor-
phous in both arrangements, the CCTb- and e-bind-
ing sites on the large domain of actin would have to
be in different locations. Indeed, our phylogenetic
analyses show that CCTb and e are no more closely
related to one another than to any of the other
subunits (in fact, CCTd and e appear most closely
related; Fig. 2). Further, the two subunits do not
appear to share a great degree of sequence similar-
ity in their putative substrate-binding domains, no
more than is shared with any other subunit. It
therefore seems likely that the actin–CCTb and ac-
tin–CCTe interactions are very different. Similarly,
no detectable correlation was observed between the
various subunits implicated in binding the different
domains of tubulin. From the perspective of sub-
strate diversity, it is interesting that a- and b-tubu-
lin appear to interact with CCT in an identical fash-
ion (Llorca et al., 2000), despite the fact that they
hare only approximately 40% sequence identity
see Ritco-Vonsovici and Willison (2000) for discus-
ion; the diversification of the a-, b-, and g-tubulin

homologs occurred early in eukaryotic evolution
(Keeling and Doolittle, 1996; Roger, 1999), similar to
the pattern observed for the CCT subunits them-
selves). The exact nature of the specificity between
the apical domains of the CCT subunits and their
various substrates is thus likely to be extraordinar-
ily complex, perhaps involving a combination of hy-
drophobic and nonhydrophobic interactions (Leroux
and Hartl, 2000; Ritco-Vonsovici and Willison,
2000).

It is not clear to what extent changes in substrates
can affect the evolution of the CCT subunits, but a
possible example of “recent” coevolution between
CCT and its substrates has been described in cryp-
tomonad algae. Cryptomonads are unusual cells:
they possess an additional cytosolic compartment,
the result of having acquired their chloroplasts sec-
ondarily by engulfing and retaining a photosynthetic
eukaryote (Gilson et al., 1997; Zauner et al., 2000).
In the cryptomonad Guillardia theta, the “nucleo-
morph” genome (the vestigial nuclear genome of the
endosymbiont) encodes orthologs of each of the eight
CCT subunits (Archibald et al., 2001), and—despite
the fact that microtubules have never been observed
in the symbiont—genes for a-, b-, and g- tubulins
(Keeling et al., 1999). Not surprisingly, the tubulins
g-tubulin in particular) were quite divergent, prob-

ably as a result of reduced and/or modified func-
tional constraints in such an unusual cellular envi-
ronment. Most interesting was the fact that the CCT
subunits themselves were equally divergent. As a
control, two other nucleomorph-encoded molecular
chaperones, hsp70 and hsp90, were found to be re-
markably well conserved and were indistinguish-
able from other eukaryotic cytosolic homologs
(Archibald et al., 2001). Interestingly, a detectable

omolog of actin was conspicuously absent from the
omplete sequence of the nucleomorph genome, as
ere genes for the newly described cofactors of CCT,

he GimC subunits. This unique cellular environ-
ent may represent a case where extreme diver-

ence in a set of chaperonin substrates (or indeed,
oss of a substrate) has resulted in a high degree of
ivergence in the chaperonin subunits themselves.

CONCLUSION

Gene duplication has been a driving force in group
II chaperonin evolution. Phylogenetic analyses of
group II chaperonins reveal a complex pattern of
gene duplication and gene loss. The eukaryotic chap-
eronin CCT has evolved into a remarkably sophisti-
cated protein folding “machine,” and it is likely that
the duplicate CCT subunits have coevolved with one
another and with actin, tubulin, and other proteins
in the eukaryotic cytosol. While the evolutionary
processes that gave rise to the completely hetero-
oligomeric CCT complex are obscure, a better under-
standing of the moderately hetero-oligomeric chap-
eronins found in diverse archaeal lineages would
undoubtedly help.

There are many issues to be addressed. In Ar-
chaea, are duplicate subunits always present in the
same ring (like the thermosome and CCT), or have
multiple distinct homo-oligomeric chaperonin com-
plexes evolved in some lineages? What are the in
vivo substrates of archaeal chaperonins? Do they
interact with a wide range of substrates like GroEL
or are they more selective, as appears to be the case
for CCT? Will newly discovered CCT substrates
prove to have subunit-specific interactions with the
chaperonin like those observed for actin and tubu-
lin? Answers to these questions should bring us
closer to a more complete understanding of the ori-
gin and evolution of the CCT complex in the eukary-
otic cytosol and its role in protein folding. The sub-
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167GENE DUPLICATION AND CHAPERONIN EVOLUTION
unit-specific residues that we have identified for
CCT should make excellent targets for mutational
studies aimed at probing the structure and function
of the CCT subunits, in terms of their contribution to
substrate binding, ATPase activity, and the overall
assembly and function of the CCT complex.
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