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Chaperonins are oligomeric protein-folding complexes which are divided into two distantly related structural classes.
Group | chaperonins (called GroEL/cpn60/hsp60) are found in bacteria and eukaryotic organelles, while group 11
chaperonins are present in archaea and the cytoplasm of eukaryotes (called CCT/TriC). While archaea possess one
to three chaperonin subunit—encoding genes, eight distinct CCT gene families (paralogs) have been characterized
in eukaryotes. We are interested in determining when during eukaryotic evolution the multiple gene duplications
producing the CCT subunits occurred. We describe the sequence and phylogenetic analysis of five CCT genes from
Trichomonas vaginalis and seven from Giardia lamblia, representatives of amitochondriate protist lineages thought
to have diverged early from other eukaryotes. Our data show that the gene duplications producing the eight CCT
paralogs took place prior to the organismal divergence of Trichomonas and Giardia from other eukaryotes. Thus,
these divergent protists likely possess completely hetero-oligomeric CCT complexes like those in yeast and mam-
malian cells. No close phylogenetic relationship between the archaeal chaperonins and specific CCT subunits was
observed, suggesting that none of the CCT gene duplications predate the divergence of archaea and eukaryotes.
The duplications producing the CCTd and CCTe subunits, as well as CCTa, CCTR, and CCTn), are the most recent
in the CCT gene family. Our analyses show significant differences in the rates of evolution of archaeal chaperonins
compared with the eukaryotic CCTs, as well as among the different CCT subunits themselves. We discuss these

results in light of current views on the origin, evolution, and function of CCT complexes.

Introduction

Chaperonin-mediated protein folding is a universal
cellular process (reviewed in Bukau and Horwich 1998).
Chaperonins are multisubunit double-ring complexes
that harbor nascent or denatured polypeptides in their
central chamber and facilitate protein folding through
the hydrolysis of ATP (Ranson, White, and Saibil 1998;
Sigler et al. 1998). Eukaryotic cells possess two dis-
tantly related (but clearly homologous) chaperonin clas-
ses with different evolutionary histories. Bacterial-type
(group 1) chaperonins, called cpn60 or hsp60, reside in
eukaryotic organelles, while archaeal-type chaperonins
(group I1; called CCT [chaperonin-containing TCP-1] or
TriC [TCP-1 ring complex]) are present in the eukary-
otic cytosol (Trent et al. 1991; Frydman et a. 1992;
Willison and Kubota 1994; Kubota, Hynes, and Willison
1995a).

Crystal structure comparisons of group | and group
I chaperonins reveal remarkable structural conservation
(Ditzel et al. 1998). There are, however, significant dif-
ferences between the two chaperonin types. While group
| chaperonins utilize the co-chaperonin GroES/cpnl10 in
the protein-folding process, no such homolog functions
in the group 1l chaperonin complex. Instead, an extend-
ed “apica domain,” present in the group Il chaperonins
but absent in the group | chaperonins, is thought to cap
the central cavity in a manner analogous to GroES/
cpn10 (Klumpp, Baumeister, and Essen 1997; Horwich
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and Saibil 1998; Llorca et a. 1999b). Recent experi-
ments suggest that novel co-chaperonins, unrelated to
GroES/cpnl0, interact with CCT to assist protein fold-
ing (Gebauer, Melki, and Gehring 1998; Geissler, Sie-
gers, and Schiebel 1998; Vainberg et al. 1998; Siegers
et al. 1999). Group | and group |1 chaperonins also differ
in the number of subunits present in each chaperonin
ring. Escherichia coli GroEL, the archetypal bacterial
chaperonin, has a double-ring structure with seven sub-
units per ring (Braig et al. 1994), while archaeal and
eukaryotic cytosolic chaperonin complexes are com-
posed of eight- or nine-membered rings (reviewed in
Willison and Horwich 1996; Klumpp and Baumeister
1998; Gutsche, Essen, and Baumeister 1999).

The most unusual feature of the group Il chaperon-
ins is their hetero-oligomeric composition. Unlike the
homo-oligomer GroEL, archaeal chaperonins are often
composed of several different (but homologous) sub-
units. We concluded previously that in the chaperonin
complexes of archaea, hetero-oligomerism likely
evolved multiple times independently (Archibald, Logs-
don, and Dodlittle 1999). In archaeal genomes, duplicate
chaperonin genes (paralogs) are often more similar to
each other than to those in other archaea, suggesting
recent (lineage-specific) duplication. Compared with ar-
chaeal chaperonins, the eukaryotic CCT is even more
hetero-oligomeric. This was first suggested biochemi-
caly (Frydman et al. 1992; Lewis et al. 1992), and sub-
sequent sequence comparisons of CCT genes in mouse
confirmed the existence of eight distinct subunit species
(o, By v, 8, € m, 6, and ), each thought to occupy a
unigue position in the eight-membered CCT rings (Ku-
bota et al. 1994; Kubota, Hynes, and Willison 1995z;
Liou and Willison 1997). The divergent nature of these
genes, as well as the discovery of clear yeast orthologs
to each of the mouse subunits (Kim, Willison, and Hor-
wich 1994; Kubota et al. 1994; Stoldt et al. 1996), sug-
gests an ancient paralogy within eukaryotes.



Trichomonas vaginalis and Giardia lamblia, mem-
bers of the parabasalids and the diplomonads, respec-
tively, are two parasitic unicellular eukaryotes. Origi-
nally, based on their lack of mitochondria and ultrastruc-
tural simplicity, parabasalids and diplomonads were sug-
gested to represent early-diverging eukaryotic lineages
(for recent review see Roger 1999). These lineages (and
severa others) were called ‘‘Archezoa’ by Cavalier-
Smith (1987) and were proposed to have diverged from
other eukaryotes prior to the bacterial endosymbiosis
that gave rise to mitochondria (i.e., they were primitive-
ly amitochondriate). Consistent with this idea, phylog-
enies of small-subunit ribosomal RNA (SSUrRNA) and
several proteins placed Trichomonas and Giardia among
the deepest branches on the eukaryotic tree (Sogin et al.
1989; Leipe et al. 1993; Hashimoto et al. 1994; Stiller,
Duffield, and Hall 1998). However, the discovery of
group | (i.e., bacterial/ mitochondrial) chaperonin genes
in the nuclear genomes of these and other amitochon-
driate eukaryotes (Clark and Roger 1995; Roger, Clark,
and Doolittle 1996; Roger et a. 1998) suggests that
these organisms once possessed mitochondria (or their
progenitors) and that mitochondrial absence is a derived
feature. Furthermore, confidence in the deepest branches
of phylogenetic trees has recently been shaken. Like par-
abasalids and diplomonads, the microsporidia (other
amitochondriate members of Cavalier-Smith’s [1987]
Archezoa) aso branched deeply in SSUrRNA and elon-
gation factor trees (Leipe et al. 1993; Kamaishi et al.
1996). However, other data (Keeling and Doolittle 1996;
Germot, Philippe, and Le Guyader 1997; Hirt et al.
1997, 1999) have shown that microsporidia are, in fact,
relatives of fungi, and that their deep placement in phy-
logenetic trees was artifactual due to a fast rate of se-
quence evolution. Furthermore, Hirt et a. (1999) sug-
gested that support for the placement of Trichomonas
and Giardia among the deepest eukaryotic groups might
also be suspect, although no alternate placement for
these organisms with respect to other eukaryotes is
evident.

Is the presence of eight CCT subunits a universal
feature of eukaryotic cells? An early eukaryotic lineage
that diverged from other eukaryotes prior to multiple
CCT gene duplications might be expected to possess a
smaller and/or different complement of CCT genes. The
taxonomic diversity needed to address this question is,
however, currently lacking. To this end, we sought to
(1) increase the phylogenetic diversity of known CCT
genes, (2) perform phylogenetic analyses of archaeal
and eukaryotic chaperonins to determine when during
eukaryotic evolution (and in what order) the gene du-
plications that gave rise to the CCT subunits occurred,
and (3) address specific hypotheses regarding the origin
and evolution of CCT from an archaea-like homo- or
moderately hetero-oligomeric chaperonin complex an-
cestor. Previous comparative sequence anayses (Kubota
et a. 1994) have indicated that a completely hetero-
oligomeric CCT was present in the common ancestor of
animals and fungi. Our results push back the origin of
the CCT gene duplications to the common ancestor of
animals, fungi, plants, parabasalids, and diplomonads,
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and likely to the common ancestor of all extant eukary-
otes. While the exact position of the archaeal root to the
eukaryotic CCTs is ambiguous, no close phylogenetic
relationship between the archaeal chaperonins and spe-
cific eukaryotic CCT subunits was observed, suggesting
that the eukaryotic CCT complex became hetero-oligo-
meric independent of the archaeal chaperonins. The
gene duplications producing the CCT3 and CCTe sub-
units, as well as those in the CCTa/CCTR/CCTn clade,
represent the most recent duplications of the CCT gene
family.

Materials and Methods
Trichomonas and Giardia Genomic DNAs

Genomic DNA from T. vaginalis strain NIH-C1
(ATCC#30001) was a gift from M. Miller (Rockefeller
University, New York). Genomic DNA was isolated as
described previously (Roger, Clark, and Doolittle 1996)
from G. lamblia cells (strain WB; ATCC#30957) pro-
vided by A. Roger and D. Edgell.

Cloning and Sequencing of Trichomonas and Giardia
CCT Genes

Degenerate PCR primers were designed based on an
aignment of published archaeal and eukaryotic chape-
ronin protein sequences (forward primers. CCT-1-for [5'-
TACGGTGAYGGNACNAC-3'], CCT-5-for [5'-GAAA-
TCGGNGAY GGNAC-3'], CCT-9-for [5'-CCAGTCGG-
TCTNGAYAARATG-3']; reverse primers. CCT-3-rev
[5'-TGGAGCTCCNSCNCCNG-3'], CCT-4-rev [5'-CT-
CTACAGCNCCNSCNCC-3'], CCT-7-rev [5'-ACGA-
TGCACATNGHRTCRTG-3']). PCR reactions were car-
ried out under standard conditions (Gibco BRL Taq poly-
merase, buffer and dNTR, Ericomp and MJ Research Inc.
PTC-100 thermal cyclers), with 40—-45 cycles of 92°C for
30 s, 50°C for 30 s, and 72°C for 30—60 s. PCR products
of the expected size were isolated (BIORAD, Prep-a
gene) and cloned (TA cloning kit, Invitrogen), or they
were cloned directly from low-melt agarose (TA-TOPO
cloning kit, Invitrogen). PCR products were sequenced
manually (T7 sequencing kit, Pharmacia). Multiple in-
dependent PCR and genomic library clones were se-
guenced using LiCor and ABI automated sequencers.

The Trichomonas chaperonin genes presented in this
study were obtained using the following primer combi-
nations: Trichomonas Ccta: CCT-1-for/CCT-4-rev, CCT-
5-for/CCT-4-rev, CCT-9-for/CCT-CCT-7-rev; Trichomo-
nas CCTd: p80-4B (5'-CTGCCATTY GTGGCNATG-3')/
P80-5 (5-AGCGATGAACTTNARDAT-3'); Trichomo-
nas Cctg: CCT-1-for/CCT-4-rev; Trichomonas Cctz:
CCT-5-for/CCT-3-rev, CCT-5-for/CCT-4-rev, CCT-5-for/
CCT-7-rev. A Trichomonas cDNA library clone encoding
a protein with significant similarity to CCTm was a gift
from R. Hirt and M. Embley.

For Giardia, a portion of the Cctd gene was obtained
with degenerate PCR primers (CCT-1-for/CCT-4-rev; see
above). A recent sequence survey of the G. lamblia ge-
nome (Smith et al. 1998) reveded the presence of coding
regions with similarity to several additional CCT subunits.
Exact-match PCR primers were designed based on prelim-
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inary genome sequence data from Giardia and, in com-
bination with degenerate primers (above), were used to
amplify multiple CCT genes (Giardia Ccta: GL.alphafor.1
[5'-GTAGACATGCTTGTCTGCAG-3']/GL .alpharev.1
[5'-GTCGTGTATGCTCTAGTAGC-3']; Giardia Ccth:
GL.betafor.l [5'-CCATAGCTGAGTTATAGATG-3']/
GL.betarev.2 [5'-TAATCTTGTCAGAGTCCATG-3],
CCT-1-for/GL .betarev.3 [5'-AGGTGCACAGCTTATTA-
TGC-3']; Giardia Cctg: CCT-5-for/GL.gamma.rev.1 [5'-
TCCGCAGAACCATACGCCAG-3]; Giardia Ccte: GL.
epsforl [5'-ATGATTAGTATCTCTCAGTG-3']/GL .eps.
rev.l [5'-GCTGAACGATCGTTGTCATG-3']; Giardia
Cctg: GL.thetafor.l [5'-TTCTTCCATGATGAAGGTCG-
3')/GL.thetarev.1 [5'-GACCACGTACTGCTCTAGAC-
3']; Giardia Cctz GL.zetafor.l [5'-AGAATTTCATGTC-
TGCTATC-3')/GL .zetarev.1 [5'-TGCTCAGAACGTGG-
TATCTG-3']). Preliminary sequence data from the Giar-
dia Genome Project was obtained from the Josephine Bay
Paul Center Web site at the Marine Biological Laboratory
(www.bpc.mbl.edu). Sequencing was supported by the Na-
tiona Ingtitute of Allergy and Infectious Diseases using
equipment from LI-COR Biotechnology. The sequences
presented in this study have been submitted to GenBank
under the accession numbers AF226714-AF226726.

Trichomonas vaginalis Genomic Library Screening

PCR products of Trichomonas CCT genes were
isolated (BIORAD, Prep-a-gene), labeled with o3P
(Prime-It 11 random primer labeling kit, Stratagene), and
used as probes to screen a T. vaginalis genomic library
(Lambda ZapExpress, Stratagene; constructed previous-
ly by N. Fast and J. Logsdon). Genomic library clones
containing full-length Ccta, Cctd, and Cctz genes, as
well as a 5'-truncated clone containing Cctg, were
obtained.

Phylogeny

Based on an alignment of group Il chaperonin pro-
tein sequences constructed previously (Archibald, Logs-
don, and Doolittle 1999), a larger alignment containing
diverse bacterial/organellar, archaeal, and eukaryotic cy-
tosolic chaperonin sequences (i.e., group | and group 11
chaperonins) was constructed and adjusted manualy,
taking into consideration published alignments (Kim,
Willison, and Horwich 1994; Kubota et al. 1994; Wald-
mann et al. 1995) and crystal structures (Ditzel et al.
1998). Amino acid sequences inferred from the Trich-
omonas and Giardia CCT genes were added manually
based on globally conserved regions. From this master
alignment, smaller alignments containing subsets of se-
quences (e.g., bacteria + archaea + eukaryotes, archaea
+ eukaryotes, eukaryotes only) were constructed and
used for phylogenetic analysis. For eukaryotes + ar-
chaea, the alignment consisted of 355 unambiguously
aligned amino acid positions and included 10 archaeal
sequences (six euryarchaeotes, four crenarchaeotes) and
five sequences from each of the eight eukaryotic CCT
paralogs (partial sequences presented here [CCTvy from
Trichomonas and Giardia, Giardia CCT8] were exclud-
ed in order to maximize the number of sites). For bac-

teria + archaea + eukaryotes, the alignment included
15 diverse bacterial sequences, 10 representative ar-
chaeal sequences, and the same eukaryotic sequences as
above. This alignment contained 227 amino acid sites
and corresponded primarily to the universally conserved
ATP-binding/ATPase domains. Alignments of individual
CCT subunits were used to estimate site-by-site evolu-
tionary rates and the proportion of invariant sites (see
below), and they contained the following taxa and num-
ber of sites: CCTa—338 sites (Homo, Xenopus, Arabi-
dopsis, Drosophila, Dictyostelium, Schistosoma, Cae-
norhabditis, Tetrahymena, Saccharomyces, Trichomonas,
and Giardia); CCTp—358 sites (Homo, Saccharomyces,
Schizosaccharomyces, Caenorhabditis, Plasmodium, and
Giardia); CCT3—361 sites (Homo, Caenorhabditis,
Fugu, Saccharomyces, Schizosaccharomyces, Glycine,
and Trichomonas); CCTe—360 sites (Homo, Caenor-
habditis, Drosophila, Plasmodium, Saccharomyces,
Avena, Cumcumis, Arabidopsis, and Giardia), CCTn—
360 sites (Homo, Caenorhabditis, Saccharomyces, Schi-
zosaccharomyces, Plasmodium, Tetrahymena, and
Trichomonas); CCTy—287 and 353 sites (Homo, Cae-
norhabditis, Xenopus, Drosophila, Arabidopsis, Tetra-
hymena, Oxytricha, Saccharomyces, Schizosaccharo-
myces, and Leishmania; with and without Trichomonas,
Giardia, respectively); CCT6—359 sites (Homo, Cae-
norhabditis, Candida, Saccharomyces, Schizosaccharo-
myces, Tetrahymena, and Giardia); CCT{—360 sites
(Homo [zetal, zeta?], Caenorhabditis, Drosophila, Sac-
charomyces, Schizosaccharomyces, Trichomonas, and
Giardia). Where missing data precluded site rate cal-
culations (e.g., partial Trichomonas and/or Giardia se-
quences), amino acid positions were considered slowly
evolving if they were present in all taxa in a particular
subunit alignment. Conservative amino acid substitu-
tions were also taken into consideration. All alignments
are available from JM.A. (email: jmarchib@is2.dal.ca).

Phylogenetic trees were inferred using maximum
parsimony (MP), distance-based, and maximum-Ilikeli-
hood (ML) methods of tree reconstruction with the fol-
lowing programs: MP in PAUP*, version 4.0 (Swofford
1998); distance, PROTDIST (PAM matrices), NEIGH-
BOR, and FITCH in PHYLIPR, version 3.57 (Felsenstein
1993); ML, protML using the JTT-F model in MOLPHY
(Adachi and Hasegawa 1996); and quartet puzzling us-
ing PUZZLE, versions 4.0 and 4.02 (Strimmer and von
Haeseler 1997). Statistical support for MP and distance-
based trees was obtained by bootstrapping with either
100 or 1,000 resampling replicates. Quartet puzzling
support values (from PUZZLE) or RELL values (resam-
pling estimated log likelihoods; obtained by quick-add
ML searches of 100 or 1,000 trees in protML [Adachi
and Hasegawa 1996]) were used as measures of support
for ML trees. Support values for ML-distance analyses
were obtained by bootstrapping (500 replicates) with
PUZZLEBOOQT, version 1.02 (A. Roger and M. Holder;
http://members.tripod.de/korbi/puzzle/). PUZZLE was
used to calculate ML distance matrices (using an eight
rate category discrete approximation to the I' distribu-
tion plus one invariable rate category), to determine the
proportion of constant amino acid positions in align-



ments, and to statistically assess the significance of dif-
ferent tree topologies using the Kishino-Hasegawa test
(Kishino and Hasegawa 1989). To estimate site-by-site
evolutionary rates, discrete I" distributions approximated
with eight variable-site rate categories were calculated
over neighbor-joining or Fitch-Margoliash trees using
the JTT-F model of amino acid substitution in PUZZLE.

Results
Identification of CCT Genes in Putatively Ancient
Eukaryotic Lineages

We isolated and sequenced partial or complete cod-
ing sequences for multiple Cct genes from the parabas-
alid T. vaginalis (Ccta, Cctg, Cctd, Ccth, and Cctz) and
the diplomonad G. lamblia (Ccta, Cctb, Cctg, Cctd,
Ccte, Cctq, and Cctz). For Trichomonas, genomic li-
brary clones encoding two different Ccta and two dif-
ferent Cctd genes were obtained. While both Cctd genes
code for identical proteins (but have many synonymous
substitutions), the two Ccta genes encode dlightly dif-
ferent proteins. The full-length CCTa-1 from Tricho-
monas has an unusually short and divergent 3’ end,
while the CCTa-2 clone is 5'-truncated and possesses a
carboxyl terminus typical of other CCTs. Southern hy-
bridization of a Ccta PCR product to Trichomonas ge-
nomic DNA produced multiple hybridizing bands, con-
firming the presence of at least two genomic copies of
this gene (data not shown). No spliceosomal introns
were found in any of the genes presented here, consis-
tent with their complete absence from the protein-coding
genes described in these organisms thus far. To further
increase the taxonomic sampling of CCT sequences for
comparative study and phylogenetic analysis, we
searched the public sequence databases by BLAST (Al-
tschul et al. 1997) using the Trichomonas and Giardia
CCT sequences as queries. We obtained complete sets
of CCT protein sequences (eight or nine) for humans,
mice (Kubota et al. 1994; Kubota, Hynes, and Willison
1995b), yeast, and Caenorhabditis elegans, as well as
single or multiple CCT sequences for Plasmodium fal-
ciparum, Leishmania major, and a variety of animals,
plants, fungi, and ciliates. Several of the C. elegans se-
quences (CCTy, CCTy and CCT6; obtained from the
Sanger center [http://www.sanger.ac.uk/]) contained
unique insertions and/or deletions that were most likely
the result of incorrect intron/exon boundary predictions;
in each case, we identified alternate splice sites that re-
moved the apparent insertions or added the missing ex-
ons. Our data set of group Il chaperonins included 35
archaeal sequences and 85 eukaryotic CCTs.

The evolutionary relationship between the Tricho-
monas and Giardia sequences and other eukaryotic and
archaeal chaperonins was examined by constructing
phylogenetic trees. Figure 1 shows an unrooted neigh-
bor-joining tree produced from an alignment of 11 rep-
resentative archaeal sequences and all 85 eukaryotic
CCTs, inferred from an alignment of 260 amino acid
positions. Most notably, the Trichomonas and Giardia
sequences form robust clades with each of the eight dif-
ferent CCT paralogs (100% support with al phyloge-
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FiG. 1.—Placement of Trichomonas and Giardia chaperoninsinto
known CCT subunit families. The tree shown is an unrooted neighbor-
joining distance tree of 11 archaeal chaperonins and 85 eukaryotic
CCT sequences, inferred from an alignment of 260 amino acid posi-
tions. The Trichomonas and Giardia sequences are labeled. In each
CCT subunit clade, the Trichomonas and/or Giardia sequence branch-
es strongly with subunit members from other species. This was also
observed in parsimony and maximum-likelihood analyses. Bootstrap
support (100 replicates) for the deepest branches is indicated if it is
>50%. The scale bar indicates estimated number of amino acid sub-
gtitutions per site.

netic methods; data not shown). This indicates that (1)
the gene duplications producing the paralogs predate the
divergence of Trichomonas and Giardia from other eu-
karyotes, and (2) multiple CCT paralogs have been re-
tained over a large timescale of eukaryotic evolution. It
is likely that both Trichomonas and Giardia possess all
eight CCT paraogs. Indeed, a portion of the one CCT
subunit gene not isolated from Giardia, Ccth, has re-
cently been sequenced by the Giardia Genome Sequenc-
ing Project (Smith et a. 1998). Figure 1 also shows that
the branch leading to the archaeal chaperonins is re-
markably short compared with the branches leading to
the different CCT subunits. The branch lengths within
the various CCT clades also appear variable. To assess
the significance of the latter observation, we calculated
the percentages of amino acid identity shared between
the mouse CCTs and the Caenorhabditis, Saccharomy-
ces, Giardia, and Trichomonas sequences, as well asthe
proportion of constant amino acid residues found in each
individual CCT subunit alignment (see Materials and
Methods). The results (fig. 2) suggest differencesin the
degree of conservation of the individual CCT subunits.
CCT6 (and to a lesser extent CCTvy) appears to be the
least conserved subunit, showing the lowest percentage
of identity in all within-ortholog comparisons. Further-
more, only 14.5% of the amino acid residues in the
CCT6 aignment were constant (this number dropped
further to 9.5% when the divergent Plasmodium CCT6
sequence was included), compared with 21.3%—-37.7%
constant residues in the other CCT subunit alignments.
To statistically assess differences in the substitution rates
of the different CCT paralogs, we performed a molec-
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Fic. 2—Rates of evolution differ among CCT subunits. Thetable
shows percentages of amino acid identities shared between mouse and
Caenorhabditis, Saccharomyces, Trichomonas, and Giardia CCT pro-
tein sequences, along with the proportion of constant amino acid sites
in alignments of CCT orthologs. * Pairwise amino acid identities were
calculated in PAUP* (Swofford 1998) using a complete alignment (706
positions) of the eight CCT paralogs. 2 The proportions of constant
amino acid residues within individual CCT subunit families were ob-
tained using PUZZLE, version 4.0 (Strimmer and von Haeseler 1997),
from alignments that included only unambiguously aligned positions,
no missing data, and maximum taxonomic diversity (see Materialsand
Methods). A dash indicates that a sequence is unavailable for compar-
ison; an asterisk indicates a partial Trichomonas or Giardia sequence.

ular-clock likelihood ratio test with n — 2 degrees of
freedom in PUZZLE (Strimmer and von Haeseler 1997)
on an ML-distance tree of the eight eukaryotic CCTs
(40 representative taxa and 355 sites; see Materials and
Methods). A molecular clock for the CCT paralogs was
strongly rejected with P < 0.01 (data not shown).

An aignment of the inferred Trichomonas and
Giardia protein sequences with mouse CCTs is shown
in figure 3. All of the sequences possess putative ATP-
binding/ATP-hydrolysis sequence motifs similar to those
described for other chaperonins (Kubota et a. 1994) and
share significant amino acid identity (41%-58.5%) with
mouse CCT homologs. The most striking feature of the
alignment is the presence of multiple insertions in the
Giardia CCT sequences that are not found in any CCTs
characterized thus far. These insertions generally map to
regions of variable length; however, the Giardia CCT6
and CCTe seguences possess unique insertions (approx-
imately 16 and 9 amino acids, respectively; see fig. 3)
in a highly conserved region corresponding to a domain
present in the bacterial/organellar chaperonins (positions
339-374 of the Escherichia coli GroEL segquence [Ditz-
el et a. 1998]) but absent from eukaryotic CCTs and
archaeal chaperonins. The significance of these inser-
tions (which presumably occurred independently) in
terms of chaperonin subunit structure/function is not
known.

It has been noted that the multiple CCT subunits
are quite divergent from one another, particularly in their
polypeptide-binding domains (Kim, Willison, and Hor-
wich 1994). To examine the pattern and degree of con-
servation in the different CCT subunits more closely,
we estimated the rate of evolution at amino acid sites
across individual subunit alignments that contained
maximal taxonomic diversity (see Materials and Meth-
ods). When these site rates were mapped onto an align-

ment containing all of the CCT subunits (paralogs),
three general categories of amino acid sites were appar-
ent: (1) conserved (slowly evolving) and identical amino
acid residues present in multiple subunits (e.g., the
ATPase domains), (2) conserved but different amino
acid residues present in different subunits, and (3) poor-
ly conserved/fast-evolving residues (i.e., little or no evo-
lutionary constraint) present in one or multiple subunits.
The results are presented in figure 3. Most notably, and
consistent with a previous report (Kim, Willison, and
Horwich 1994), much of the divergence between the
different CCT subunits corresponds to their apical do-
mains, the region involved in the binding of substrate.
However, we also detected differences in the degree of
conservation and amino acid sequence of the putative
ATP-binding domains in the different subunits, as well
as the presence of highly conserved ** paralog-specific”
motifs present in the equatorial and intermediate do-
mains (fig. 3).

Chaperonin Phylogeny

To more rigorously address the question of the
evolutionary relationship of the CCT paralogs with the
archaeal chaperonins and to determine the position of
the bacterial (i.e., group 1) root of the group Il chape-
ronin tree, we performed phylogenetic analyses using
alignments that contained reduced numbers of taxa and
maximal phylogenetic diversity (see Materials and
Methods). Surprisingly, when the bacterial chaperonin
sequences were included as an outgroup (65 taxa, 227-
position alignment; see Materials and Methods), par-
simony, distance-based, and protML analyses produced
trees in which the eukaryotic CCT{ clade (not archaea)
was the deepest branch of the group Il chaperonins
(data not shown). ML-distance trees (neighbor-joining
and Fitch-Margoliash; as above) placed the euryar-
chaeotes as the deepest branch, but as a paraphyletic
group separated from the crenarchaeotes by the CCT(
clade of eukaryotes (a similar result was obtained in
protML analyses using an alignment from which the
fastest-evolving sites had been removed; 24 sites, 203
total sites). The deepest branches in these phylogenies
were not well supported, however, suggesting that
CCT{ (the longest branch of the CCTs; see fig. 1)
might be attracted to the long branch of the bacterial
outgroup. Clearly, the small number of alignable amino
acid positions between the group | and the group 11
chaperonins (approximately 200 sites, corresponding
primarily to the ATP-binding/hydrolysis motifs) pro-
vide little phylogenetic signal with which to address
the evolutionary history of the archaeal/eukaryotic
chaperonin tree. We therefore focused on the group 1l
chaperonin data set and attempted to determine the
placement of the archaeal chaperonin root to the eu-
karyotic CCT tree and the branching order of the var-
ious CCT paralogs.

Figure 4A shows an ML tree of representative ar-
chaeal chaperonins and eukaryotic CCTs (50 taxa, 355
sites). Asin figure 1, strong support for the monophyly
of al of the individual CCT subunit clades is recovered.
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Glam alpha MTSNATFLPGELNSGNSVRKENE SATTALAGL Y ROBAB T RMET Do i - B eYriean L AHPAAKILVEL STEOR EVEHGTTSY T FASEE LR EADELT GRNMHEE
o [Tvag alphal MLEVTPGSLK IDGOROQGENVRVOIVRAAMA! RSLUE TGLERMIVADES - - BV TN DEAT TENHEDVOHE: DREVEDOTTTVVLLARELLELGODEINKKYIE
Tvag alpha2* H1DKKY,
Mmus alpha MEGPLSVFGDRSTGEAIRSQHYM LEBVER i I KAELLKN nFLVKQKI o
8 [Glam beta* MEQATSR:LKEGngERGDDARLquvq ﬂAISDMVKT EPROMOKITORN SG - - GMNIINEGAT LR S IEANRVIEDTERVEDETY DI
Mmus beta MASLSLAPVNIFKAGADEERAEL ARLS SHIGALATCHLVKSTLER REMBKILLISKCR DA ALMUTN DG AT ELKN TaY DB A RVEVEMER VR BDEVEDETTSUTHL AR FLIR EAES
Tvag delta MSQQSAFAASATNPPAF QGQODRPTDVRMSEY LABK JEX HE ARV S MS QB HV AR S T FAGAF LS ACK TERER]
3 [Glam delta* TOYVLAGRLLANCLDLERL
Mmus delta MPENVASRSGAP TAGPGSRGKSAYQDRDKPAQ IRFSNESHRK )DGKG-- MQLAH AR EL AR AYET EARDSPT YV T T B6SLEDSC TR ORE THE
e [Glam eps MAQRINGAQLLGVSQDENGNPVYLMREGTEKKRARGLEAHKSNE TT ARALANTE] SPREMIRTLVSGHR - - U TANNG AT ERIEYDNE TARE LY BUSKO0 BNETEREpy YLASSEEFRAETLUBRETHE
Mmus eps MASVGTLAFDEYGRPFLIIKDQDRKSRLMGLEALKSHIMAAKAVANTH JBPNGLDRMMYDKDG - - BV TNPGATE L SMMBVEHO TARLMVELEKEp DD ETCDOT IR A6 AL UERAEOLLBRGT HE.
n [Tvag eta MIRPPIILLREGVDQSQGLGQL ISHINACHALGE THARTLOR RUMIREYHNS NNR- RAIVTNDGATWKELWIVH?MQLLVDVB‘KSQDEEE'IGDGTTSVI%STST;LDAAKDFLEDGVHP
Mnus eta MMPTEVILLKEGTDSSQC T POLVSHIGACOVEARAVR TTLGERGMIKL TVDORE - - KA TT SNDGATE LKL LIV HE AAK TIV DT AK SO DA B GHEBTEVTLL ARER LK QVKP YV BEGLHE
Tvag gamma ¥ YYVEAGRT LAVLEPLEKMNEHE
¥ {Glam gamma * TSVVILAGEVIAMAEPLLKCGIRE
Mmus gamma MGHRPVLYLSQNTKRESGRKVQSGHE E HMG - - GERTNEE NALEREL OV O HEREKET! BT aVE T AGEMLS VAEHFLEQOMEE
Glam theta® TSSYSGLEEAVEKNE EX LVRITRTSMGPNGLSKMIL SE—A&EVI AIATEIEVNHPAAKML?MAAQNQALBYGﬂ NVTF AGELLERAEDELEQELYY
o {Mmus theta MALHVPKAEGF AQMLKDGAKHFSGLEEAVYRNIQA LAQTTRTAYG?NG MNEMYENRILE - ELEVQHPAAKMIVMA SHMGEQEVOHSTNFULYF AGALLELARELLRISLSY
Tvag zeta MAAVSQLNSQAELYRHNQALSMYL NASHSHAD ELRINGACETLAMEY - - BRI JﬂLKNLTIIHP (75| G EENTE DO T TR ERREARGVAE
4 [Glam zeta MQAIHALNQKAEHLRRGEALDMNIDAAEKLTKLIR%QFGPAG KMLVGEEEAADIK:EB 'LLSELPINH?I AFIA O IVBDETTIMELLVGEL ARWLAEDVHE
Mous zetal MAAVETLNPKAEVARAQAALAVHE SRARCL QDU LGPKG MEBLVSGAR - - DEKL 'LLHEMQIQHP.‘&LYA an fo?ESNVLIIGEL DLYISEGLHE
Interm ediate Domain 1
Glam alpha TIVIEGYETHIRK rm{‘? EKRLKVNASAL. GLEK RESYLVK-GFALHO
| Tvag alphal NTIITGYE KA TAFLKKSCAVSNDNL NIVKSLGKSLPESTIVTAGVALNA
tvag alpha2 NTIITGY: KA TAFEKK: NIVESLGKEL PESTIVIAGVALNA
|Muus alpha  TsvisevHLa ¥l NILKAHGRSQ IESMETN-GYALNC
8 [clam beta EVIIEGFRAATDI LKRALES TAVDHKQDARA~ KK POGTL L i;zgg DR
Lunus beta P11 SGWREATKAKREBLLS SAVDHGSDEAR- - TERLOESLAD: BLDK:
Tvag delta YLYSBALRIATDEAIKILDOMRIPFGQGETFTEQ- vPKH‘@LNDIRVVQRVGGVIDD ELYD-GUYF PR
8§ [Glam delta TAISEAYOVACDEAVKVVYMSIARFVDLK - - -SDNVDLSRIHV TR RLEGTVDE: aLTT GLAFAR
Mmus delta FILSESFQKALEKGLEILTDMSRPVQLS - ATATSYDLRDIEIVKKLOGTIBDOEEYE - SLOLTQ
e [Glam eps EleDGYDM%CDVAIKHLESIATTYSFSADA
Mrug eps IRIADGYEQRARTATOHEDR ISDKVLVDIN- b
n [Tvag eta OF 3R YRTALNAKLKKE DEVAVT IDGS - -OREVEE TLRSRLVSDSRYFFAPMIVDAVLQLDE - LYK GESLOPEF FyP- CUNFER
Limus eta QI TIRAFRTATQLAVNKEKE IAVIVKKQDKVE AQRKMLEiﬁﬁﬁéALSSkLISQQKVFFAKMVVDAVMMLDE- %jv§&VQGGALE33QLVA Gvag
[Tvag gamma HVIVAGLRKRLE LAHEEKIKVPIDNT - ~SDSQEMLSIIKSALGTKFLVKWS DLIAKLALDTVRLIRTED - ~GFVDLKRQVRE 1 ELERSYURH- GULINE
Y [elam gamma  TEITOGYOKATDFLLSEAERSSFEINTKGIEILGLKSEAAGP IMTVLENSLS TRFVSRWMDLHCNLAL EAVS IV ARGRGAEVRKGLVGVTKDARSKGDEAELGASVDIDIKRFCRIFR IPEATY EDECY ED- GVVLB
Mrmus gamma TVVIGAYRWLD FSTLKKISTPVDVN--—————-—- NROMMLNT INSSETTEVT SRWS SLACNT ALDAVK TVOFEEN- == = = = = mm m s e e GRKEIDIKKYARY] CETEBBECVER -GUMINKE
Glam theta 12 AGYERKLRHI LNOLTGNS SSTLIYRPFGDLH- - -DRKQLALALK PALABKOSGY -EDFLSGLVAEACVQVIPEDSRL “NFE’IRIAKVPGRSITDSFVVR GFYIPT
o [Mmus theta Z!VISGYEIACKKAHEILPELVCCSAKNLP ~DVDEYSSLLRTS [MSKQYGS -ETF LAKLIAQACYSTFPDSGN - - FNVDNIBYCKILOSGTYSESVLH- BMFKE
Tvag zata BT T EDHEJDEALRFIEKFKTTPKV”" ’DRDFLLWKRTSLCTKLPPELADQLT VTDAVLAIKRDGEK. — - VNLF] SKLASDTALY
C [Glam zeta LVDG) EmRVISFLDSYKQPLPTEERA— —RYDTLRSIP‘HTSLVTKV'HADLANLLSDIJTEAVLIVEKAAEQ KEQSFIDLH F SRLDVETTHL
Mmus zetal LTECPEAAKEKALQFSEQVKVSKEM- - - - - —- ~- -~ DRETLI DVARPSERFKVHAELADV LTEAVYDS ILATRKKDED -~~~ = = == IDLFH HKSETBTSLY|
Lid Apical Domain
Glam alpha SRA SLQMPSS- VRAAKIALLDE‘NLQ BLA-VGTQILITD-ASKMEGVROMENDIVKKRTIEVEEAAGATY. LYEQGINGYRR IPADDM] RIREV‘!‘GGEIL
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Mmus beta GVNQPKR- TENAKILL. (KT FGSRVRVDS- TAKVAETEHAEK! IKERVERTE LK Li QLFGARGUMAT| VERLALVTGGEIA
Tvag delta HFQR--QSGDARK- INNAK : PKTD-MESQUILND- YAQMDRVOREQRKY: S VLRDA L SDTALHFLNKKGETYVKDIDREEVHRUCRT IGCQPT
8 |clan delta y R PKTI-MEANLTVHD- SDAT DRLLEQERKL: QK IMREAV SOMALHFLKKLETTVLHNIEREET HFTATT TRATPY
Mmus delta - ANSG ITR-VEKAKIGLT PC BKTD-MDNQIVVSD- YAQMDRVLRESRAYILNLVKQIKKTECHY ILRDALSHLALHELNGCIN EREDIEPICKTICTKPYV
P [Glam eps SHEGMRKS-VSHERTAV] :L_@ :;‘K TTYKIDVDS- VEkYNTLYREEQQFﬁII\ﬁIEHXﬂEAG&NF Es 77777 Eﬁmumommwm g TALITGRRII
Mmus eps SHPQMPKK- VVDAKIAL P FE[BEREK - TKHKLDVMS - VEDYKALQKYEK THETEANL: G LELONGLPAVRWVGHP ETHLTATATGGRIV
n [Tvaq eta FFSYAGFEEQPKH kapnannujgpsE;Egc TGAEVRVED- AKEFQEVVDAH s : Hgﬂi@gF DHDT| 5EEyPDEDFNRLAKchASIL
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Mous gamna & EBLACHYLMRANVIATREVRIIMINRTARACEARTV
9 [Glam thata = s “ 4FHDLALHchILAYKIKﬁﬁFEVRRER“VGAALN
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Intermediate Domaln 2
alpha GTLADLIGEETLPPSCHEFAER - AYVAGSOCTETALSAVIEEVAR ST DNETDLAL
alphal SQLISECGGETFDPAWLEERHUT] - HYVAGGEAVEARLEVYHSOT khYEGKEQVM‘!”" Ei
alpha2 SQLISELGGETFI) - HYVAGGEAVEAAL BV Y LSO T KDYEG&P)QVAM"V EALL
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gamma KACTneEe Pl o BLEMERTMDDALKVARNEMSER]- SULPGGRATE IS VS TALR ENCKKLDGT EOMS Y EYFALAYE
ganma VLA LLETERMIQUAMHYCENII LD REYIGAGCFEARLSTALSQY ADTLVEK POLVT KSLE
gamma KACTELLROASE EAL&EVER QDAMOUCRNVLLDP QLY PCEGASEMAVARALT EK SKAMTGVEQWPY {QALE
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Glam alpha RIPRUL&VNS}&LDATKLIAELEAVHARAILKETPAEEKEKLRHYGLDLQN—fGV‘CD*f’N\?QAGVLEPM"NK';’\r‘ Fy EM& LNPEQQUSVQDHH
o | Tvay alphal VEPKTILANNEALUSIDLVAKLEAVHYDAQUKGE KCFARLDLVN--GKIRD- - -GMKDGY IER £ BIE

Tvag alpha2 VIPATLANNAALDSIDLVAKLEARHYEAQQKGE KCFARLDLYN--GKIRD---GMKDGY IEPGHSK k O TEiﬁEELLRIDBNSKVTPEKKPURNEEE

Mmus alpha  MEENTLAVMARQDSTBLVAKLRAFHNEAQUNPERKN- - - - LKWIGLDLVH--GKPRD- -~ NKQAGVFERT FATE] ILREDELEKLHPECKDDKHGSY ENAVHSGALDD
B [Glam beta ANNGHTIG EREVSKIRALINAG KTDFGLDMRT - - GTVMN- -~ VRHAGYT! EEECKQHVVLYAAE ALRVE

Mmons beta HITAGLDMKE- - GTIGD- -~ MAVLGETREFOVER QUL S BAE) TERYONTFKAAPRKRY PDHHPC

[Tvag Gelta KMYYGUSVVA--CGPA »MKEEEJY Pij@vEKVTFASETVRMILKVD&TLATR
8 Ltmis delea vIPsTLAguknLNP{sTVTELRNRHAQG EKTTGINVRK- -GG ISN- - - ILEE PLU L TLATETURSTLEIDIUNTR

[Glam eps IIPLTLAR:EEI GIDCMQ--RNTID---MKEQSYFETLSSEV E Ra ‘I'LK DEVITDEV
€ Lious eps VIEMALSEHEGEM PIQTMTEV&ARQVKEQ NPALGIDCLH--KGSND---MOYOHUTETLIGKK QTS| L DBIRKPGESEE
n [Tvag eta AI?BSLTNNAGFDSFETﬂ GVWAGVDIET - ~GGVLN- - - AVENFIWEBLVYRKN LKAAFEAACTIﬁ‘;Dﬁa\'QIPQHETTFDPGLPGQSAVRGRGGMPAPGAGMPAGGLPGMR

Mous eta TEPROLCDNAGF DATNILNALRARHAQG -~ GMWYGVDINN-- ENIAD- - - NFOAFUREPAMVRINALTAR SEARCLIVS] NFPRSTVDPPAFSAGRGRGOARFH

Tvag gamma i % PTMKVLIOER S THAADPS KASMGIDGMT--GKIA! ~MAEKGIWBAF SVE AR CAT sEE RO SGT T ARDENGNE VKK SVTEKL DENTARALAGQN PQGL:
Y [Glam gamma BN IRTT TELKARHT SDP - NCQLGVDGVT - ~GLLVN- - CKEQGTHDELSTE] TENACMILRYIDIFSCDGKSY

Mrus gamma IC@ASTIRLLTS BRAKATQEN - ETWGVNGET » -GTLY D~ - ~MKELGIWEELAVK] TAVETAVLELRIRD TV SGHKKKGDDQ SRS SAPDGGOE
o [nlam theta ¥YERLGAETAGLPADEYMTEMOSRHVQG- DYTGUNIDGADESGEWTLNTS AAQYYISLAT KANARRMYTDTACNYERYII¥MRKOAGGPKPQUPGOTE

Mmus theta ATPRALAENSSVKANEVISKLYSVHUEG- NKNVGLDIEA - - EVPAVKD-MLEAS FLDTY LGRYWATK LATNAAVTVLRVDQTIMAKP AGGE KP PSGKKDWD DDQND

Tvag zeta  BIPRVEAONAGHDAVECLIALQARADK GEVKGIDLET--GELLD- - - PKEKGEWEINY SYKR QOLGSA HLY, TV BEVLRAGVQMRK
¢ [Glam zeta  ATPRTLAKSAGLDPUECCIBVSEMATGS {INYGICLKT--GKPCD--- AVASGELI (vKHQLYHSFJ" LLE 'DEILKACRSLKTDNAVDDAVPDE

Mmus zetal TIPEVLAONSGFDLOETLVRVOAEHSES- 'FVKKQLLHS\ VI DZIMRACMSSLKu

GQLVGVDLET - ~GEPMV- —- AAEMGV]

Fic. 3—Alignment of inferred Trichomonas and Giardia chaperonin pr
sequences, 706 amino acid positions). Functional domains predicted previously

otein sequences with representative mouse CCT homologs (21
(equatorial, intermediate, apical and *‘lid”’; Klumpp, Baumeister,

and Essen 1997; Ditzel et al. 1998) are indicated. Amino acid residues estimated to be slowly evolving and conserved in two or more CCT
subunits are shaded gray; slowly evolving residues and amino acid insertions unique to specific CCT subunits are boxed (see Results). Dashes
indicate gaps in the alignment. Stars next to taxon names indicate partial sequences; stars under the alignment indicate amino acid residues used

for phylogenetic analysis of group Il chaperonins. Abbreviations: Tvag, Tricho

monas; Glam, Giardia; Mmus, mouse.
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A (1. Saccharomyces
] Caenorhabdifis
Plasmodium
Giardia

Mus

Caenorhabditis
Saccharomyces Eta

Plasmodium
Trichomonas
Mus
Drosophila
- Saccharom,
Arabidopsis
Glardia
Mus
Drosophila

Beta

Archaea

Arabidopsis  Gamma Position Maximum Likelihood
wL 45 Saccharomyces of Archaea (JTT-F + T + inv)
MD — Lelshmania
ap - Caenorhabditis e InL =-23773.99
L Drosophila 1 insignificant AlnL= 4.40 SE= 6.85

Mus Zeta
Giardia 2 » BEST InL = -23769.59
Saccharomyces
- R InL = -23777.37
No 4 - - Caenorhabitis 3 insignificant 1 778" SEZ5.53
ap — Saccharomyces Theta InL = -23795.72
Li. | “_ Tetrahymena 4 WORSE Alnl=26.13 SE=11.75
- Giardia InL = -23794.60
Caenorhabditis 5 WORSE AlnL=2502 SE=12.17
Saccharomyces
K : InL =-23774.89
Glycine Delta 6 insignificant AlnL= 5.30 SE=4.54
Trichomonas S InL =-23777.53
7 insignificant AlnL=7.94 SE=5.45
Glardia X InL = -23786.68
Epsilon 8 WORSE AlnL=17.08 SE= 7.51
Saccharomyces
s InL = -23785.24
e L1 9 WORSE Anle 1566 SE=7.88
Methanobacterium a g
Methanococcus g TR nL = - .
Haloferax 1 10 insignificant AlnL= 1284 SE=7.10
Archaeoglobus a Euryarchaeotes R InL = -23782.38
11 insignificant AlnL=1279 SE=7.31
InL = -23801.14
12 WORSE AlnL=3155 SE=11.09
Crenarchaeotes InL = -23800.85
oA Sulfolobus o 13 WORSE AlnL=31.26 SE=11.27

Aeropyrum o

Fic. 4—Phylogeny of group Il chaperonin protein sequences. A, The maximum-likelihood (ML) tree (InL = —24,644.31) inferred from
a heuristic search of 1,000 trees in protML (Adachi and Hasegawa 1996) using 355 unambiguously aligned amino acid positions. The eukaryotic
CCT subunits (paralogs) are highlighted. Bootstrap support for the major branches, as well as for the deepest branch in each CCT clade, is
indicated where it is >45%. ML RELL values are given above the branch, ML (with the rate heterogeneity model) distance bootstrap values
(500 replicates) are below. Gray inset boxes indicate support values for nodes of particular interest (ML, ML RELL vaues; MD, ML distance
bootstrap values; QR quartet puzzling support values [10,000 quartet puzzling steps]; FM, distance [Fitch-Margoliash] bootstrap values). Dashes
indicate support values <45%. The scale bar indicates the estimated number of substitutions per amino acid site. B, Top: schematic of the
phylogeny shown in A; circles indicate alternate positions of the archaeal chaperonin root to the eukaryotic CCT tree tested by the method of
Kishino and Hasegawa (1989) accounting for among-sites rate variation (JTT + I" + inv model). The optima placement (node 2) is labeled
with an arrow. Bottom: significance of tree topologies in A and B over aternatives. AlnL values >1.96 SE were considered significantly worse

at the 5% level. Shading corresponds to schematic (top).

Furthermore, the CCT8 and CCTe paralogs form awell-
supported clade with ML, distance, and parsimony
methods (data not shown), as do CCTa, CCTy and
CCTpB (athough more weakly). For archaea, the clus-
tering of the euryarchaeal sequences together is well
supported, while the monophyly of the « and B paralogs
of crenarchaeotes is not. The ML tree shows the cren-
archaeal B subunit sequences branching with the eu-
ryarchaeotes, suggesting that the o/ paralogy in cren-
archaeotes may predate their divergence from euryar-
chaeotes (this topology was observed with some but not
all phylogenetic methods; data not shown). Interestingly,
most of the deepest branches of the group Il chaperonin
tree were poorly resolved, even when the maximum
number of alignable amino acid positions was used. The
systematic exclusion of individual CCT paralogs from
the analyses, most notably CCT{ (the longest branch)
and CCT6 (poorly conserved), had little effect on the

support for the relationships among the CCT subunits,
suggesting that no particular subset of the data was the
cause of the unstructured trees (data not shown). We
therefore performed Kishino-Hasegawa tests (Kishino
and Hasegawa 1989) in PUZZLE to assess the signifi-
cance of alternative topologies to the ML tree, taking
into account among-sites rate heterogeneity. In these
analyses, the optimal topology was dlightly different
from the protML tree in figure 4A (which was the sec-
ond-best tree; 0.64 SE difference) and placed the ar-
chaeal root between the CCT6/CCT8/CCTe and the
CCTR/CCTm/CCTa/CCTy/CCT{ clades (fig. 4B). Sev-
eral other rootings were not considered worse at a 5%
level of significance (e.g., the archaea as a sister group
to CCTy, CCTH, or CCTY{), but were between 1.2 and
1.8 SEs worse than the best tree. Notably, placements
of the archaeal root within the CCT8/CCTe and CCTa/
CCTB/CCTn clades were significantly worse topologies,



confirming the results of figure 4A and suggesting that
these paralogies are the most recent in the evolution of
CCT.

Discussion

Gene duplications and gene losses make the recon-
struction of ancient molecular events difficult. Group |1
chaperonins are a striking example—lineage-specific
gene duplication and gene loss has occurred in archaea,
and a remarkably ancient and complex paralogy exists
in eukaryotes. Our data bear on several aspects of the
origin and evolution of the completely hetero-oligomeric
CCT in eukaryotes and on the origin of the eukaryotic
cell itself.

The CCT genes presented here from Trichomonas
and Giardia, two of the most divergent eukaryotes pres-
ently known, show strong affinity for each of the eight
CCT subunit families found in ‘“higher” eukaryotes.
The gene duplications producing the different subunits
clearly occurred very early in the evolution of the eu-
karyaotic cell, and it is unlikely that the loss of any one
of the CCT paralogs could, at this stage, be tolerated.
The essential nature of at least six (and likely all) of the
eight CCT genes in yeast (Stoldt et al. 1996; Lin et al.
1997) and their seemingly universal distribution in the
diverse eukaryotic lineages examined here speak to that
constraint. It has been suggested (Willison and Horwich
1996) that CCT evolved from an eightfold symmetric
chaperonin complex like that in the crenarchaeote Py-
rodictium occultum (Phipps et al. 1991, 1993), based on
the near-universal distribution of eight-membered ring
structures among group |1 chaperonins (with Sulfolobus
being the only exception; Marco et al. 1994). The « and
B subunits of crenarchaeotes (the deepest paralogy in
archaea; Archibald, Logsdon, and Doolittle 1999) do not
branch preferentially with particular subsets of CCT par-
alogs, however, as would be expected if the paralogy
predated the divergence of crenarchaeotes and eukary-
otes: there is no sense in which particular archaeal chap-
eronin paralogs are more closely related to some CCT
paralogs than to others. While the ancestral chaperonin
complex in eukaryotes was likely composed of eight-
membered rings, it appears that CCT became hetero-
oligomeric independent of the chaperonin complexesin
archaea.

We attempted to resolve the relative branching or-
der of the CCT paralogs and thus determine the order
in which CCT ““acquired” so many different subunits.
Unlike other paralogous ‘‘ eukaryote-specific’” gene fam-
ilies, such as actins and tubulins, which have very dis-
tantly related prokaryotic homologs, the eukaryotic
CCTs have relatively close archaeal homologs to serve
as an outgroup. The exact placement of the archaeal root
on the CCT tree remains unclear, but significantly, our
data reject the placement of the root within the CCT8/
CCTe and the CCTa/CCTR/CCTn clades. It isthus like-
ly that CCT underwent intermediate stages of hetero-
oligomerism, perhaps similar to the degree observed in
present-day archaeal chaperonin complexes, and that the
CCT3, CCTe, CCTa, CCTB, and CCTm subunits rep-
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resent more recent divergences in eukaryotic chaperonin
evolution.

Kubota et al. (1994) suggested that all CCT sub-
units should be present in all eukaryotes, and estimated
a divergence time of two billion years for the different
CCT paraogs based on the assumption that the amino
acid substitution rate of each CCT subunit family has
been constant. The data presented here are consistent
with the former prediction but indicate that a clocklike
rate of sequence divergence for each of the eight CCT
paralogs is clearly not the case. We observed striking
differences in the degree of conservation of the individ-
ual CCT subunits, as well as paralog-specific, highly
conserved sequence motifs (fig. 3). CCT6 appears to be
the least conserved subunit and may have reduced/dif-
ferent functional constraints. The results of recent bio-
chemical studies (Liou and Willison 1997; Liou, Mc-
Cormack, and Willison 1998) support this notion: com-
pared with the other CCTs, unique subunit-subunit bind-
ing properties were observed for CCT6 in vitro, as was
a much reduced level of CCTH mRNA relative to the
other CCT genes (Liou and Willison 1997). From this
perspective, and in light of our phylogenetic analyses,
amino acid identity comparisons which suggest that the
eight CCT subunits are approximately equally related to
each other (Kubota et al. 1994; Kubota, Hynes, and Wil-
lison 1995a) are misleading.

Why are there so many CCT paraogs? It has been
suggested that the multiple gene duplicationsin the CCT
gene family were concurrent with (and facilitated) the
evolution of the eukaryotic cytoskeleton (Willison and
Kubota 1994; Willison and Horwich 1996). Unlike
GroEL, which appears to service a broad range of sub-
strates in the bacterial cytoplasm (Houry et al. 1999),
CCT s thought to be more *‘specialized.” Actins and
tubulins, the major cytoskeletal proteins of eukaryotic
cells, appear to be the predominant substrates of CCT
(Willison and Kubota 1994; Kubota, Hynes, and Willi-
son 1995a), although others have been, and continue to
be, identified (Farr et al. 1997; Melki et al. 1997; Won
et al. 1998; Feldman et al. 1999). Llorca et al. (1999a)
have recently provided strong evidence for interactions
between «-actin and the apical domains of specific CCT
subunits (8-e or 8-B) within the central chamber of CCT
(curiously, our data suggest CCTd and CCTe to be
among the most recent CCT duplicates). Such obser-
vations suggest coevolution of CCT and its substrates.
We recently presented a more neutral model for the evo-
lution of duplicate subunits in archaeal (and, by exten-
sion, early eukaryotic) chaperonins (Archibald, Logs
don, and Dooalittle 1999), where coevolution between
duplicate subunits could also lead to obligatory hetero-
oligomerism. In archaea, hetero-oligomeric chaperonin
complexes appear to have evolved multiple times in-
dependently (recurrent paralogy), a pattern that is in-
consistent with a model of coevolution of chaperonin
and substrate.

Our analyses of the positions of constant or vari-
able amino acid sites for each CCT subunit family (see
Results) revealed that many of the CCT subunits possess
‘““signatures’ that are invariant, or nearly so, with re-
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spect to the other CCT families (fig. 3). Kim, Willison,
and Horwich (1994), using an alignment that contained
primarily mammalian and yeast CCT homologs, noted
that conserved subunit-specific signatures often corre-
sponded to regions of the protein involved in the binding
of substrate. The method used here for identifying dif-
ferences in CCT subunit sequence evolution were con-
sistent with this result but also identified highly con-
served subunit-specific motifs that, based on the ar-
chaeal thermosome and GroEL crystal structures (Ditzel
et al. 1998), correspond to regions of intra- and inter-
subunit contacts. We aso observed differences in the
degree of conservation of the ATP-binding/hydrolysis
motifs in CCT6, as well as CCTy and CCT{ (fig. 3).
Finally, genetic studies (Lin et a. 1997; Lin and Sher-
man 1997) have shown CCT{ (CCT-6 in yeast) to be
sensitive to mutations not only in its apical domain, but
also in subunit-subunit contact regions. Curiously, CCT(
was remarkably tolerant to mutations in the ATP-bind-
ing/hydrolysis motifs; it is not clear why these motifs
should be so highly conserved across all eukaryotic spe-
cies examined so far.

In this sense, it seems appropriate to view a partic-
ular subunit’s function in terms of its contribution to the
proper formation of the hetero-oligomeric CCT particle
as well as to the binding of substrate(s). We argue that
afairly rigid and ordered arrangement of subunitsin the
hetero-oligomeric CCT would have had to precede (or
be concurrent with) the evolution of subunit-specific
roles for interactions with substrates and that a pattern
of “‘recurrent paralogy’” should be a necessary inter-
mediate in the evolution of complete hetero-oligomer-
ism. We base this argument on the fact that the specific
functional roles of individual CCT subunits in protein
folding described so far are context-dependent (i.e., they
demand an ordered arrangement of subunits; Llorca et
al. 1999a). Interestingly, the evolutionary pattern of the
group Il chaperonins bears a strong resemblance to that
of the proteasome, a barrel-shaped proteolytic complex
found in archaea, in the eukaryotic cytosol, and in some
bacteria. Archaea possess single « and 3 subunits (Bau-
meister et a. 1998), while eukaryotes possess seven a
and seven B paralogs (subunits), one for each position
in the seven-membered « and B rings (Groll et al. 1997).
In both chaperonins and proteasomes, the evolution of
single hetero-oligomeric particles, instead of multiple
distinct homo-oligomeric ones, suggests that coevolu-
tion between duplicate subunits has been a significant
factor in shaping their architectures.

It is clear that gene duplication and gene loss have
been, and till are, prominent forces in archaeal and eu-
karyotic chaperonin evolution. A “‘recent” CCT gene
duplication in mammals (CCT¢-1, CCT{-2; Kubota et
al. 1997), a probable Sulfolobus-specific paralogy in
crenarchaeotes (Archibald, Logsdon, and Doolittle
1999), and the presence of multiple copies of CCT par-
alogs in Trichomonas (and, undoubtedly, many other eu-
karyotes) indicate that chaperonin gene duplication isan
ongoing process. We recently presented phylogenetic
evidence for “‘recent” genelossin the euryarchaeal Pyr-
ococcus species (Archibald, Logsdon, and Doolittle

1999). An even more striking case can be inferred for
yeast CCTs. Genome sequence analyses in Saccharo-
myces suggest that a whole-genome duplication may
have occurred after its divergence from Kluyveromyces
(Wolfe and Shields 1997); given the fact that CCT was
aready completely hetero-oligomeric at this time (i.e,,
yeast had at least eight CCT genes), the presence of
exactly eight CCT genes in the present-day yeast ge-
nome (Stoldt et al. 1996) indicates that multiple CCT
duplicates have been lost.

The evolutionary forces influencing the retention of
duplicate chaperonin genes are less obvious. What is
becoming clear is that many of the complex paralogies
unigue to eukaryotic genomes (e.g., a- and 3-DNA
polymerases [Edgell, Malik, and Doolittle 1998], «- and
B-tubulins [Keeling and Doolittle 1996], and RNA poly-
merases I, |1, and Il [Stiller, Duffield, and Hall 1998])
were present early in eukaryotic evolution. The CCT
gene family examined here is the most extreme example
thus far. We suggest that a tendency toward highly par-
alogous gene families (and more ‘‘complex’”’ macro-
molecular machinery) in eukaryotes compared with pro-
karyotes may reflect fundamental differences in the
ways in which prokaryotic and eukaryotic genomes
evolve. Larger genomes with multiple linear chromo-
somes should reduce the probability of gene conversion
between recent (unlinked) duplicates and, in genera,
more easily accommodate duplicate genes (offsetting the
effects of random gene loss). Furthermore, chromosomal
or whole-genome duplications provide a ready mecha-
nism for doubling the number of paralogs present in a
genome. Inherent differences in the mechanisms and fre-
quency of gene/chromosome/genome duplication and
gene conversion/loss could influence the retention of du-
plicate genes as much as the positive selection for new
paralog-specific functions.
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