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Abstract. Molecular chaperones mediate the correct
folding of nascent or denatured proteins and are found in
both the organelles and cytoplasm of eukaryotic cells.
Cryptomonad algae are unusual in possessing an extra
cytoplasmic compartment (the periplastid space), the re-
sult of having engulfed and retained a photosynthetic
eukaryote. Within the periplastid space is a diminutive
nucleus (the nucleomorph) that encodes mostly genes for
its own expression as well as a few needed by the plastid.
Two plastid-encoded chaperones (GroEL and DnaK) and
a nucleomorph-encoded chaperone (Cpn60) have been
reported from the cryptomonad,Guillardia theta. Here
we analyseG. thetanucleomorph genes for members of
the cytosolic HSP70 and HSP90 families of molecular
chaperones, a heat shock transcription factor (HSF), and
all eight subunits of the group II chaperonin, CCT. These
are presumably all active in the periplastid space, assist-
ing in the maturation of polypeptides required by the
cell; we propose a central role for them also in the struc-
ture and assembly of a putative relict mitotic apparatus.
Curiously, none of the genes for co-chaperones of
HSP70, HSP90, or CCT have been detected in the
nucleomorph genome; they are either not needed or are
encoded in the host nuclear genome and targeted back
into the periplastid space. Endoplasmic reticulum (ER)
homologs of HSP70 and HSP90 are also not present.
Striking differences in the degree of conservation of the
various nucleomorph-encoded molecular chaperones

were observed. While theG. thetaHSP70 and HSP90
homologs are well conserved, each of the eight CCT
subunits (a, b, g, d, «, h, u, andz) is remarkably diver-
gent. Such differences are likely evidence for reduced/
different functional constraints on the various molecular
chaperones functioning in the periplastid space.
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Introduction

Chaperone-assisted protein folding is a universal cellular
process. In eukaryotes, molecular chaperones function in
most cellular compartments, and in addition to mediating
the proper folding of nascent proteins, are involved in the
disassembly of oligomeric protein complexes, directing
the conformational maturation of signal-transducing
molecules, and facilitating the degradation of unstable
proteins. Molecular chaperones also play an important
role in guiding the translocation of proteins across or-
ganellar membranes. HSP70/DnaK, HSP90, and the
chaperonins are three of the most ubiquitous and well-
studied classes of ATP-dependent molecular chaperones,
and together share the common feature of recognizing
their target substrates via interactions with hydrophobic
regions exposed on non-native proteins (see Bukau and
Horwich 1998; Johnson and Craig 1997 for review).

The correct folding and transport of nascent proteins
is especially complicated in organisms such as crypto-Correspondence to:S. Douglas;email: susan.douglas@nrc.ca
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monads, photosynthetic algae that acquired their plastids
secondarily from eukaryotic endosymbionts, because
nuclear-encoded gene products destined for the plastid
must traverse an extra pair of membranes (Cavalier-
Smith 2000). An early model for protein trafficking in
these cells proposed that nuclear-encoded polypeptides
translated on host ribosomes present on the perichloro-
plast endoplasmic reticulum (CER) were transported to
the plastid by vesicles budding from the periplastid
membrane (derived from the plasma membrane of the
former symbiont) and fusing with the outer plastid en-
velope membrane (Gibbs 1979; Gibbs 1981). However,
other roles for such vesicles have been suggested (Cava-
lier-Smith 1999), and it is more likely that nuclear-
encoded polypeptides are translocated across the CER
and the periplastid membrane (by a still unknown
mechanism) directly into the periplastid space (Cavalier-
Smith 1999; Ishida et al. 2001; Deane et al. 2000). Mo-
lecular chaperones that function in the periplastid space
are therefore probably involved in (1) mediating the ini-
tial translocation process itself, (2) facilitating the proper
folding of newly-imported and newly-synthesized pro-
teins destined to function in the periplastid space, and (3)
assisting the translocation of nuclear- and nucleomorph-
encoded polypeptides through both membranes of the
plastid envelope. They could also facilitate the disaggre-
gation of proteins and couple proteins to nascent poly-
peptides being translated on periplastid ribosomes.

The gene for one such chaperone, a cytosolic HSP70,
has been found in the nucleomorph genome of the cryp-
tomonad algaRhodomonas salina(Pyrenomonas salina)
(Hofmann et al. 1994; Rensing and Maier 1994). The
predicted polypeptide sequence of the HSP70 fromR.
salina contains a putative nuclear localization signal
(Rensing and Maier 1994), suggesting that it can be tar-
geted to the nucleomorph itself. Hsp70 genes have also
been isolated and sequenced from the plastid (Wang and
Liu 1991) and the nucleus (Rensing et al. 1997), but not
the nucleomorph, of another cryptomonad,Guillardia
theta.Genes encoding the organellar chaperonin Cpn60
have been isolated and sequenced from both the plastid
(Douglas and Penny 1999) and nucleomorph (Wastl et al.
1999) ofG. theta,and presumably mediate the folding of
plastid-targeted proteins.

The periplastid space—essentially a highly reduced
eukaryotic cytoplasm—contains very few of the normal
cell constituents. Apart from the plastid and the nucleo-
morph itself, only starch grains, 80S ribosomes, and
smooth periplastid vesicles are ultrastructurally visible. It
lacks mitochondria, peroxisomes, and lysosomes or large
vacuoles, as well as any visible rough endoplasmic re-
ticulum, Golgi complex, or cytoskeleton. The nucleo-
morph was generally thought to divide amitotically
(McKerracher and Gibbs 1982; Morrall and Greenwood
1982), as electron microscopic studies failed to detect the
presence of cytoskeletal elements normally associated

with a mitotic apparatus (Gillott and Gibbs 1980; Mc-
Kerracher and Gibbs 1982; Morrall and Greenwood
1982). However, the recent identification of alpha-,
beta-, and gamma-tubulin genes (the major protein com-
ponents of microtubules) in theG. thetanucleomorph
genome (Keeling et al. 1999; Zauner et al. 2000) strongly
suggests that some microtubule-related structures are
present. Other than HSP70 (Hofmann et al. 1994; Rens-
ing and Maier 1994), evidence for molecular chaperones
that might function in the periplastid space of crypto-
monads is currently lacking. Here we present an analysis
of G. thetanucleomorph-encoded genes for the cytosolic
HSP70 and HSP90 classes of chaperone, eight different
subunits of the cytosolic chaperonin, CCT, as well as a
heat-shock transcription factor (HSF) known to be in-
volved in the expression of heat shock proteins.

In vivo, the predominant substrates of CCT (and its
co-chaperonin prefoldin) are tubulins and actins (Kubota
et al. 1994), although approximately 70 different newly-
translated polypeptides have also been shown to co-
precipitate with the CCT complex (Thulasiraman et al.
1999). Mediating the assembly of the nucleomorph-
encoded tubulins may be an important function for CCT
in G. theta.Missing from theG. thetanucleomorph ge-
nome are genes for the ER homologs of HSP70 and
HSP90 as well as co-chaperones HSP40/dnaJ, hip, hop,
and prefoldin, which assist HSP70, HSP90, and CCT,
respectively. This suggests that these proteins are no
longer needed or are encoded in the host nuclear genome
and targeted into the periplastid space.

HSP90 is the most abundant cytosolic protein in eu-
karyotic cells (Jakob and Buchner 1994) and, together
with other proteins, is responsible for the conformational
maturation of signal-transducing proteins such as steroid
hormone receptors and protein kinases (Bohen et al.
1996). Interestingly, HSP90 is also known to associate
with the centrosome and participate in cell cycle control
in animals, probably by facilitating interactions with cen-
trosomal proteins (Lange et al. 2000) such asg-tubulin,
with which it co-localizes (Zarzov et al. 1997). HSP90
has been shown to play a role in spindle pole body du-
plication in Saccharomyces cerevisiae(Lange et al.
2000) and to associate with HSP70 to form a multichap-
erone (Scheufler et al. 2000). The presence and proper-
ties of the nucleomorph HSP70 and 90 homologs de-
scribed here, together with the discovery of gamma
tubulin and the centrosomal protein ranbpm (Zauner et
al. 2000), raise the possibility that all four proteins in-
teract to form a relict mitotic apparatus of red algal origin
in the cryptomonad nucleomorph, even though cytologi-
cal evidence for nucleomorph mitosis has not yet been
found.

Materials and Methods

Cloning and sequencing.DNA of the nucleomorph chromosomes was
cloned into pBluescript plasmid vector (Stratagene) and sequenced as
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described (Zauner et al. 2000). Genes were identified by BlastP,
BlastX, and BlastN computer searches of the public databases (http://
www.ncbi.nlm.nih.gov/BLAST). The web tool pSort (http://
psort.nibb.ac.jp/) was used to identify targetting signals.

Phylogenetic Analyses

Inferred protein sequences of theG. thetaa, b, g, d, «, h, u, andz CCT
subunit genes were added manually to an alignment of CCT sequences
constructed previously (Archibald et al. 2000). The alignment con-
tained 103 sequences (10 representative archaebacteria and 7–19 taxa
from each of the CCT subunit families), and represented the full di-
versity of CCT sequences presently known. 251 unambiguously
aligned amino acid sites were used for phylogenetic analysis, taking
into account partial sequence data. From this master alignment, smaller
alignments containing individual CCT subunits (paralogs) were con-
structed. Individual subunit alignments used for phylogenetic analyses
contained considerably more alignable sites—between 489 and 512
amino acids positions.

Alignments of selected HSP70 and HSP90 protein sequences were
kindly provided by A. Roger (Dalhousie University). To obtain addi-
tional sequences, particularly cytosolic HSP70s and HSP90s, we
searched the public databases by BLAST (Altschul et al. 1990) using
the G. thetanucleomorph sequences as queries. New sequences were
added to the alignments manually based on globally conserved regions.

For HSP90, 12 independent EST sequences were obtained from the
red algaPorphyra yezoensis(Nikaido et al. 2000). The sequences were
assembled using Sequencher (Gene Codes Corp., Ann Arbor, MI), and
two portions of nearly overlapping open reading frame were identified.
A single EST covered a 500 nt portion of the 58 end of the gene
(GenBank accession number AV432848), and the remaining 11 ESTs
(Accession numbers AV431882, AV432126, AV433084, AV436237,
AV429660, AV429526, AV429525, AV429680, AV436049,
AV429756, and AV429533) were assembled to form a contig of ap-
proximately 1500 nucleotides in length (between one and five-fold
coverage), encoding 504 amino acids of the carboxy-terminal half of
the molecule. No frameshifts were detected in the coding region, and
only those portions of the sequence unambiguously assigned as HSP90
coding sequence were used in phylogenetic analyses.

For HSP70, an alignment of 51 eukaryotic HSP70 sequences and
526 unambiguously aligned amino acid positions was used for phylo-
genetic reconstruction. No more than one taxon was missing data at any
one site. For HSP90, a dataset of 58 sequences, including bacterial
HSP90s, was used in preliminary analyses, and a final set of 37 eu-
karyotic (cytosolic and ER) sequences was used for most analyses. The
alignment contained 543 amino acid positions.

Using the heat shock transcription factor (HSF) encoded on chro-
mosome 1 of theG. thetanucleomorph genome as a query, we searched
the public databases by BLAST (Altschul et al. 1990) for additional
HSFs from diverse eukaryotes. A large set of animal, fungal and plant
HSF-like sequences were obtained, many of which were duplicates or
isoforms encoded in the same genome. HSF sequences were aligned
using CLUSTAL W (Higgins and Sharp 1988) and the alignment was
adjusted manually. 89 amino acid residues of the conserved DNA-
binding domain were used for phylogenetic reconstruction. All align-
ments are available upon request (johna@hades.biochem.dal.ca or
susan.douglas@nrc.ca).

Phylogenetic trees were inferred using maximum likelihood (ML),
distance-based, and maximum parsimony (MP) methods of tree re-
construction with the following programs: (1) maximum likelihood,
protML using the JTT-F model in MOLPHY (-jf option; Adachi and
Hasegawa 1996), quartet puzzling in PUZZLE 4.02 accounting for
site-rate heterogeneity with an eight rate category discrete approxima-
tion to the G distribution plus an additional invariable rate category
(Strimmer and von Haeseler 1997), (2) distance, PROTDIST (PAM
matrices), NEIGHBOR, and FITCH in PHYLIP 3.57 (Felsenstein
1993), (3) maximum parsimony, PAUP* 4.0 (Swofford 1998).

PUZZLE 4.02 was also used to perform Chi-square tests to compare the
amino acid composition of theG. thetanucleomorph CCT, HSP70,
HSP90, and HSF sequences to those of other eukaryotes. Quartet puz-
zling support values (from PUZZLE 4.02) or RELL values (re-
sampling estimated log-likelihoods, obtained by quick-add searches of
1000 or 2000 trees in protML (options -q -n 1000, 2000)) were used as
measures of support for ML trees. Statistical support for MP and dis-
tance trees was obtained by bootstrapping with 100 resampling repli-
cates. Support values for ML-distance trees were obtained by boot-
strapping (500 replicates) with PUZZLEBOOT (A. Roger and M.
Holder, http://members.tripod.de/korbi/puzzle/).

Results

HSP70 family.A single gene encoding HSP70 was
detected on the largest chromosome (1) of the nucleo-
morph genome. The predicted polypeptide is 650 amino
acids long (72,485 kDa) and contains the highly con-
served motif, GPKIEEVD, at the carboxy terminus (Fig.
1a). It also possesses all three of the conserved consensus
patterns for the hsp70 gene family at positions 12–19,
204–217, and 341–355 (Fig. 1A, B). Computer analysis
using the search tool pSort showed that HSP70 possesses
a bipartite nuclear localisation signal described by Rob-
bins et al. (1991). A perfect heat shock element
(TTCnnGAAnnTTC) necessary for the binding of heat
shock transcription factor is located at positions −41 to
−29 relative to the initiator methionine (Fig. 1B).

A phylogenetic analysis of HSP70 is presented in Fig.
2. Most notably, theG. thetasequence clusters with cy-
tosolic HSP70s to the exclusion of the ER homologs, and
branches strongly with the nucleomorph sequence from
another cryptomonad,Rhodomonas salina.Together, the
nucleomorph sequences branch at the base of a clade
containing the glaucophyteCyanophora paradoxa,the
green algaChlamydomonas reinhardtii,and a variety of
land plants (moderately supported with protML and dis-
tance methods, but not resolved with quartet puzzling).
Given that the cryptomonad endosymbiont is thought to
be of red algal origin (e.g. Douglas and Turner 1991,
Cavalier-Smith et al. 1996), this result is particularly
interesting in light of the debate over the origin(s) of
primary plastids (see Palmer 2000 for review). While
some data support the notion of a common origin of red
algae and green plants (e.g. Burger et al. 1999), an analy-
sis of the nuclear RNA polymerase II (RPB1) did not
(Stiller and Hall 1997). More recent analyses (Moreira et
al. 2000), including a concatenation of 13 nuclear genes,
showed strong evidence for the monophyly of these two
groups. Overall, the topology of the HSP70 tree pre-
sented here is very similar to that obtained in a recent
comprehensive analysis by Germot and Philippe (Ger-
mot and Philippe 1999). Interestingly, theG. theta
nuclear HSP70 branched near the base of the cytosolic
HSP70 tree, and not near the algal/plant grouping, as was
observed in previous analyses (Rensing et al. 1997). The
two cryptomonad nucleomorph HSP70s are remarkably
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well conserved, and possess relatively short branches in
our phylogenetic trees compared to many of the other
protist HSP70s (e.g. the alveolates,Trichomonas vagi-
nalis andGiardia lamblia). TheG. thetanuclear HSP70
sequence is a slightly longer branch, which may explain
its basal position in the cytosolic HSP70 tree.

HSP90 family.A single gene encoding HSP90
(HSP82) was reported on chromosome 1 of the nucleo-
morph genome (Zauner et al. 2000). The predicted poly-
peptide is 684 amino acids long (79,245 kDa) and con-
tains the highly conserved motif, MEAVD, at the
carboxy terminus (Fig. 3). It also possesses the consen-
sus pattern for the HSP90 family (YSNKEIFLRE) at
positions 23–32 and a nuclear localization signal
(KKKKK) at positions 232–236. Two near-perfect heat
shock elements (TTGnnGAAnnTTC) are located at po-
sitions −66 to −49, and −46 to −34 relative to the initiator
methionine.

As was the case for HSP70, theG. thetanucleomorph
HSP90 is very well conserved and is clearly cytosolic,

clustering strongly with the other cytosolic homologs
with all phylogenetic methods (Fig. 4). As expected, the
G. thetasequence forms a highly supported group with
the red algal HSP90 fromPorphyra yezoensis(as-
sembled from multiple EST sequences; see materials and
methods), consistent with previous accounts of a red al-
gal ancestry for the cryptomonad nucleomorph genome
(Douglas et al. 1991; Cavalier-Smith et al. 1996). To-
gether, these sequences form a weakly supported clade
with HSP90s from a variety of land plants. Again, this
result is consistent with recent data suggesting the com-
mon ancestry of red algae and green plants (Moreira et
al. 2000). Most surprising was the observation that the
sisterhood of animals and fungi, supported by protein
and small subunit ribosomal RNA (SSU rRNA) phylog-
enies, as well as a 12 amino acid insertion in EF1-a (see
Baldauf 1999 for recent review), was not recovered in
our analyses. Largely due to limited taxon sampling, few
phylogenetic studies have been performed on HSP90.
Gupta (1995), using parsimony and distance-based meth-
ods of tree reconstruction, first noted that this molecule

Fig. 1. The hsp70gene from theGuillardia thetanucleomorph.A.
Schematic of HSP70 showing domains.B. Nucleotide sequence of
hsp70.The deduced amino acid sequence is shown beneath the nucleo-
tide sequence in upper case letters. The conserved consensus patterns

for the hsp70family are underlined and the highly conserved motif at
the carboxy terminus is shown in boldface and underlined. The bipartite
nuclear localisation signal is indicated by dotted underlining and the
heat shock element upstream of the coding sequence is boxed.
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failed to show a relationship between animals and fungi,
and instead showed a weak relationship between animals
and plants. Our analyses also failed to resolve an animal-
fungal connection, despite the use of maximum likeli-
hood methods (including taking into account site-to-site
rate variation), a more conservative alignment (543 un-
ambiguously aligned amino acid positions), and in-
creased taxon sampling. We performed phylogenetic
analyses with and without a bacterial outgroup, and with
the selective removal of long-branch taxa (e.g. various
long-branch fungi), but the basal position of the fungal
sequences was a consistent pattern in all analyses (data
not shown). In our analyses, the animal HSP90s and the
HSP90 fromDictyostelium discoideumalso branch near
the base of the cytosolic tree. It is therefore likely that the
apparent paraphyly of the animals and fungi is simply
due to the misplacement of the root.

Heat shock transcription factor.A single gene encod-

ing a heat shock transcription factor was detected on
chromosome 1 of the nucleomorph genome. To our
knowledge, theG. theta nucleomorph HSF presented
here is the first protist sequence to be described. Most
noticably, the predicted polypeptide is a mere 185 amino
acids long (22,260 Da), much shorter than typical eu-
karyotic HSFs which are approximately 350 amino acids
in length (Fig. 5A). Whether this drastically reduced size
is a unique feature of theG. thetaHSF, or is character-
istic of protist HSFs as a whole, is currently unknown.
No transactivation domain, typically found in the car-
boxy-terminal half of eukaryotic HSFs, is detectable in
the HSF open reading frame or anywhere else on the
completely sequenced nucleomorph genome (Douglas et
al. in press). Two of the three consensus patterns for
HSF-type DNA-binding domain proteins (HSF1 and
HSF2) are well-conserved (Fig. 5C); The HSF3 consen-
sus pattern within the oligomerization domain (Fig. 5B)
shows only limited sequence identity although the leu-

Fig. 2. Phylogenetic analysis of
HSP70 from theGuillardia theta
nucleomorph. The maximum
likelihood (ML) tree (lnL 4

−15731.55) from a heuristic search of
2000 trees in protML (Adachi and
Hasegawa 1996) is shown; ML
branch-lengths were inferred using a
rate heterogeneity model (JTT-F +G;
see Materials and Methods) in
PUZZLE (Strimmer and von Haeseler
1997). 526 unambiguously aligned
amino acid positions were used. The
G. thetanucleomorph and nuclear
HSP70 sequences are highlighted.
Support values above the branches are
ML RELL values and are indicated if
>50%. Gray boxes contain support
values for nodes of particular interest
(FM, distance (Fitch-Margoliash)
bootstrap values; QP, quartet puzzling
support values, ML, ML RELL
values). The scale bar indicates the
inferred number of amino acid
substitutions per site.
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cine zipper motif is preserved. A nuclear localization
signal (KRKK) is present at the carboxy-terminal end of
the DNA-binding domain.

A phylogenetic analysis of the DNA-binding domain
of selected HSFs (Fig. 5D) reveals rampant gene dupli-
cation in the evolutionary history of this protein family.
Our database survey identified over a dozen distinct
HSF-like sequences present inArabidopsis thaliana,as
well as multiple paralogs in a variety of other plants (data
not shown). Due to its small size (approximately 100
amino acids), the DNA-binding domain contains little
phylogenetic signal. However, our analyses do show a
well-supported separation of the animal and fungal HSFs
from the plants and the single protist sequence (86% and
96%, quartet puzzling, and ML-distance bootstrap, re-
spectively), consistent with an insertion/deletion present
in the DNA-binding domain of the animal and fungal
HSFs (Fig. 5C). Our analyses suggest that an early gene
duplication occurred in land plant evolution, as two dis-
tinct, but weakly supported, clusters of HSF sequences

are present (Fig. 5D). Multiple duplications have also
occurred in animal evolution. The singleG. thetaHSF
sequence still retains several conserved motifs character-
istic of other DNA-binding proteins (see above), but was
a fairly long branch in our phylogenetic trees (Fig. 5D).

The Chaperonin CCT.The genes for CCT subunitsa,
b, g, d, «, h, u, and z are distributed among all three
chromosomes of theG. thetanucleomorph genome. The
predicted amino acid sequences are clearly alignable
with other eukaryotic homologs throughout most of their
sequence, but many are shorter at the amino and carboxy
terminal regions (data not shown). Unlike HSP70 and
HSP90, none of the CCT subunit genes contained rec-
ognizable heat shock promoter elements.

A phylogenetic analysis of the CCT subunits and their
archaebacterial homologs is presented in Fig. 6. The
most striking feature of theG. thetanucleomorph CCTs
is their divergent nature. All eight sequences branch with
their respective orthologous groups with high statistical

Fig. 3. The hsp90gene from theGuillardia thetanucleomorph.A.
Schematic of HSP90 showing domains.B. Nucleotide sequence of
hsp90.The deduced amino acid sequence is shown beneath the nucleo-
tide sequence in upper case letters. The conserved consensus pattern for

the hsp90family is underlined and the highly conserved motif at the
carboxy terminus is shown in boldface and underlined. The nuclear
localisation signal is indicated by dotted underlining and the twin heat
shock elements upstream of the coding sequence are boxed.
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support and with all methods (data not shown), but are
characterized by remarkably long branch lengths. To in-
vestigate this further, we examined the amino acid com-
position of theG. thetaCCTs and found that, compared
to CCT sequences from a diverse selection of other eu-
karyotes, the nucleomorph sequences possessed highly
biased amino acid compositions. We used PUZZLE 4.O2
(Strimmer and von Haeseler 1997) to perform Chi-
square tests for amino acid composition bias on each of
the eight CCT subunits and found that theG. thetase-
quence failed in each case. Notably, the sequences ap-
peared to be biased towards asparagine residues in cases
where a unique substitution had occurred in theG. theta
sequence, likely reflecting the extreme A-T bias of the
nucleomorph genome. Analysis of codon usage of
nucleomorph genes as a whole indicated a bias of greater
than 80% towards codons ending in A or T (Douglas et
al. in press). While significant differences have been ob-
served in the rates of evolution among the different CCT
subunits themselves (Archibald et al. 2000), no particular
CCT subunit inG. thetaappeared noticeably more di-
vergent than the others (Fig. 6). This is in contrast to the
pattern observed for theG. thetatubulins, where gamma-
tubulin was found to be extraordinarily divergent relative

to the moderately divergent alpha- and beta-tubulins
(Keeling et al. 1999).

Discussion

The presence or absence of functionally well-
characterized proteins in the periplastid space of crypto-
monads may suggest which features it might still share
with a “typical” eukaryotic cytosol, and which features
have been severely reduced, modified, or lost entirely.
As was the case for theG. thetatubulin genes (Keeling
et al. 1999), the nucleomorph-encoded molecular chap-
erones described here have important implications for
our current understanding of the cell biology of the cryp-
tomonad periplastid complex.

The nucleomorph genome ofG. thetaencodes several
of the major families of molecular chaperones necessary
for protein folding, transport and degradation. Consistent
with its dramatically reduced size, single intronless genes
are present for HSP70, HSP90, the heat shock transcrip-
tion factor HSF, and each of the CCT subunits. This is in
contrast to vertebrates and plants, where multiple genes
for heat shock proteins and their transcription factors

Fig. 4. Phylogenetic analysis of
HSP90 from theGuillardia theta
nucleomorph. The tree shown (lnL4
−15585.36) is the topology of the best
maximum likelihood (ML) tree from a
heuristic search of 1000 trees in
protML (Adachi and Hasegawa 1996),
using 543 unambiguously aligned
amino acid sites. ML branch-lengths
were inferred under a rate heterogeneity
model (JTT-F +G + inv; see Materials
and Methods) in PUZZLE (Strimmer
and von Haeseler 1997). Cytosolic and
ER forms of HSP90 are indicated, and
the Guillardia thetanucleomorph
sequence (highlighted) strongly clusters
with the cytosolic homologs. Support
values above the branches are ML
RELL values, and are given if >50%.
Gray boxes contain support values for
nodes of particular interest (FM,
distance (Fitch–Margoliash) bootstrap
values; QP, quartet puzzling support
values, ML, ML RELL values). The
scale bar indicates the inferred number
of substitutions per amino acid site.
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exist. Heat shock elements are found upstream of both
heat shock protein genes (but in none of the CCT subunit
genes), indicating that this pathway of gene regulation is
present. Although both heat shock proteins are similar in
size to those found in other eukaryotes, the predicted
HSF polypeptide is only about half the size of HSFs from
other eukaryotes, and the CCT subunits have slightly
reduced amino- and carboxy-termini. Apparently the
nucleomorph genome has dispensed with everything but
the bare essentials—active sites and functional do-
mains—but retained some of the same regulatory mecha-
nisms.

The activation of heat shock genes is known to be
rapid yet transient and is mediated by HSF in response to
elevated temperatures (dubbed a “molecular thermostat”)
and chemical or physiological stress. TheG. thetaHSF,
although shorter than homologs from other organisms,
possesses both a DNA-binding domain and an oligomer-

ization domain containing a leucine zipper motif (Fig. 5),
suggesting that the homo-trimerization required for bind-
ing to HSEs in the DNA can occur. The nuclear local-
ization signal (KRKK) confirms that HSF is active in a
nuclear environment, in this case most likely the nucleo-
morph. Under physiological conditions and during re-
covery from stress, HSP70 negatively regulates HSF
transcriptional activity by binding to the HSF transacti-
vation domain (Shi et al. 1998). This HSP70/HSF com-
plex may then interact with HSP90 (or the HSP90 mul-
tichaperone complex) resulting in the inability of HSF to
form trimers and activate transcription (Zuo et al. 1998).
Under conditions of stress, the majority of cellular chap-
erone is bound to denatured protein, leaving less to bind
to and repress HSF, thus allowing transcription of HSP
genes to be stimulated. It is also thought that intra-
molecular interaction between HSF amino- and carboxy-
terminal coiled coil domains keeps the protein in an in-

Fig. 5. The heat shock transcription factor gene from theGuillardia
theta nucleomorph.A. Schematic of HSF showing domains.B. The
oligomerization domain of HSF showing the leucine zipper motif
(shaded vertical bars) and HSF3 consensus pattern.C. The DNA bind-
ing domain of HSF showing HSF1 and HSF2 consensus patterns and
nuclear localisation signal (boxed).D. Phylogenetic analysis of 31
HSFs using 89 unambiguously aligned amino acid positions in the
DNA-binding domain. The tree shown was inferred with a distance
(Fitch–Margoliash) algorithm from a maximum likelihood distance
matrix calculated with a rate heterogeneity model (JTT–F +G + inv;
see Materials and Methods). Statistical support for the major branches
are shown (quartet puzzling support values (top) and ML-distance

bootstrap values (bottom). The scale bar represents the inferred number
of amino acid substitutions per site. Abbreviations for plant HSFs:
Gmax,Glycine max;Atha, Arabidopsis thaliana;Lper; Lycopersicon
peruvianum;Zmay, Zea mays;Ntab, Nicotiana tabacum.Accession
numbers for plant HSFs: Gmax 5, S59539; Gmax 34, S59538; Atha 1,
g7428781; Atha 2, CAB63800; Atha 3, CAA74397; Atha 4,
CAB16764; Atha 5, AAF16564; Atha 6, CAB63802; Atha 7,
CAB63803; Atha 21, AAC31792; Atha a, AAC31222; Atha b,
CAB41311; Atha c, AAB84350; Lper 8, P41153; Lper 24, P22335;
Lper 30, P41152; Zmay, S57633; Ntab a, BAA83711; Ntab b,
BAA83710.
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active state (Zuo et al. 1994). Interestingly, no
recognizable transactivation domain or carboxy-terminal
coiled coil domain is present in the nucleomorph HSF
indicating that it is regulated by a different mechanism.
Without the carboxy-terminal domain, theG. thetaHSF
may be permanently active at some level.

The nucleomorph-encoded HSP70 and HSP90 pro-
teins fromG. thetapossess the hallmarks of typical cy-
tosolic heat shock proteins. HSP70 proteins consist of a
highly conserved amino-terminal ATPase domain of 44
kDa and a carboxy-terminal domain of 25 kDa that con-
tains a conserved substrate-binding domain of 15 kDa
and a less-conserved domain of 10 kDa with unknown
function (Fig. 1A). The ATPase activity of HSP70 is
stimulated by HSP40—interestingly, nohsp40 gene
could be found on the nucleomorph chromosomes, sug-
gesting that this component might be imported from the
host compartment. The HSP70/HSP40/substrate com-
plex is stabilized through binding of another protein co-
factor, Hip, to the ATPase domain (for review, see Fryd-
man and Ho¨hfeld 1997). The carboxy terminus of HSP70
contains eight residues that are highly conserved among
all eukaryotes (GPTIEEVD; GPKIEEVD inG. theta;
Fig. 1) and are responsible for interacting with an adaptor

protein, Hop, that facilitates the assembly of the HSP70–
HSP90 multichaperone (Scheufler et al. 2000). HSP70
may pass newly synthesized substrates to CCT (Bukau et
al. 2000). HSP70 has also been found in the centrosome
in animals as well as in the cytoplasm and the nucleus,
where it binds HSF. The presence of a nuclear localiza-
tion signal in theG. thetaHSP70 suggests that it has the
potential to localize to the nucleomorph.

HSP90 is known to interact with HSP70 via an
adapter that binds the C-terminal sequence MEEVD
(Scheufler et al. 2000); this sequence is MEAVD in the
G. thetaHSP90 (Fig. 3). In animals, HSP90 is a con-
served core centrosomal component, and in yeast it plays
a role in spindle pole duplication. Although a spindle
apparatus and microtubules have not been seen in divid-
ing cryptomonad nucleomorphs (McKerracher and
Gibbs 1982; Morrall and Greenwood 1982; Meyer
1987), they could easily have been overlooked because
of low contrast in the rather dense nucleomorph and their
probably exceedingly transient duration in such a small
nucleus: only a few very short microtubules would be
needed for a fully functional spindle. We suggest that
nucleomorph-encoded HSP90, HSP70, gamma tubulin,
and ranbpm proteins interact to form a simplified cen-

Fig. 6. Phylogenetic analysis of CCT
subunits. The tree shown is a
comprehensive neighbor-joining (NJ)
phylogeny of 103 archaeal and eukaryotic
CCTs, constructed from an alignment of
251 unambiguously aligned amino acid
residues. Distance (NJ) bootstrap support
for the monophyly of the archaeal
chaperonins and the different CCT
subunits are given (calculated from 100
resampling replicates). The archaeal
chaperonins and the eight different CCT
subunits (paralogs) are highlighted, as are
the G. thetanucleomorph CCT subunit
sequences. The scale bar indicates the
inferred number of amino acid
substitutions per site.

498



trosome and nucleate the assembly of alpha and beta
tubulin to form a minute spindle responsible for segre-
gating the nucleomorph chromosomes. This could be
tested by immunocytochemistry. Because nucleomorphs
divide like most fungal nuclei, by a closed division with
no nuclear envelope breakdown (McKerracher and
Gibbs 1982; Morrall and Greenwood 1982; Meyer
1987), the putative spindle will probably be intranuclear
as in their red algal ancestors (Schornstein and Scott
1982). Our demonstration of a nuclear localization se-
quence on Hsp90 raises the possibility that the centro-
some may lie within the nucleomorph envelope, not out-
side it opposite a polar fenestra as in red algae
(Schornstein and Scott 1982). This would be consistent
with the apparent absence of a polar fenestra during
nucleomorph division (McKerracher and Gibbs 1982;
Morrall and Greenwood 1982; Meyer 1987), and its non-
detection by electron microscopy in the periplastid space.

We have demonstrated drastic differences in the rates
of protein sequence evolution among the various mo-
lecular chaperones encoded in theG. thetanucleomorph
genome. While each of the eightG. thetanucleomorph
CCT sequences fall into the previously described CCT
subunit families with high statistical support, they are
characterized by extremely long branches and highly bi-
ased amino acid compositions (see results). In stark con-
trast, the nucleomorph HSP70 and HSP90 sequences
were remarkably well conserved. The phylogenies pre-
sented in Figs. 2 and 4 show that these sequences had
very short branch lengths compared to other cytosolic
homologs. In fact, theG. thetaHSP70 nucleomorph se-
quence had a shorter branch than the HSP70 encoded in
the host nuclear genome. In contrast to the eight CCT
subunits, neither HSP70 or HSP90 showed biased amino
acid compositions in Chi-square tests compared to their
respective cytosolic homologs.

Such radical differences in the degree of conservation
of HSP70 and HSP90 on one hand, and the eight CCT
subunits on the other, presumably reflect differing de-
grees of functional constraint. However, in the absence
of detailed information on the exact functions of these
chaperones in the periplastid space, it is difficult to know
what the reasons for such differences might be. It does
seem significant that HSP70 is known to be extensively
involved in protein translocation (in addition to general
protein folding), a process that should be evolutionarily
conserved in highly membranous cells such as crypto-
monad algae. In contrast, the chaperonin CCT appears to
be exclusively involved in the folding of newly-
translated proteins (Willison and Horwich 1996). A re-
duction in the number of CCT substrates present and
functioning in the periplastid space could explain the
remarkable divergence of the CCT subunits. Extreme
divergence in the evolution of the CCT substrates them-
selves (due to decreased/different functional constraints)
could also influence the evolution of the CCTs—in ef-

fect, the co-evolution of chaperonin and substrate. It is
interesting that one confirmed set of CCT substrates
likely to function in the periplastid space ofG. theta,the
tubulins, are also divergent to varying degrees (Keeling
et al. 1999). A homolog of the cytoskeletal element actin,
the other well-characterized substrate of CCT, is not
present in theG. thetanucleomorph genome. It remains
to be seen whether this cytoskeletal component is im-
ported or has been lost.

The complete lack of co-chaperones encoded in the
nucleomorph is quite unexpected—if gene transfer from
the nucleomorph to the host genome is more or less a
random process, we would not expect all of the major
chaperones to be nucleomorph-encoded, and all co-
chaperones to be in the host nucleus. It is thus likely that
some of the co-chaperones and interacting factors have
been lost altogether during the extreme reduction of the
nucleomorph genome. In the case of CCT, the loss of
co-chaperonin(s), if possible, would surely influence the
evolutionary constraints on the various functional re-
gions of the molecules. A fuller understanding of the
reasons for such a drastic increase in evolutionary rates
awaits a more detailed knowledge of the full range of in
vivo CCT substrates in a “typical” cell cytosol and the
ability to compare these substrates to those still function-
ing in the periplastid space itself. Data on which co-
chaperones are truly nuclear-encoded and functioning in
the periplastid space, and which ones have been lost, will
be essential. The cryptomonad endosymbiont may ulti-
mately tell us about the minimal chaperone system nec-
essary for maintaining basic eukaryotic cellular pro-
cesses.
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