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1
Introduction

To understand the evolutionary mechanisms that led to the diversification
of the various types of heat shock proteins(Hsps) and their functioning in
multichaperone networks is a great challenge (Feder and Hofmann 1999).
Considerable information is already available on the evolution of the Hsp60
and Hsp70 families (e.g., Gupta 1995; Budin and Philippe 1998; Karlin and
Brocchieri 1998; Macario et al. 1999; Archibald et al. 2000; Brocchieri and Karlin
2000). Relatively less is known about the early evolution of the small heat shock
proteins (sHsps), which are considerably more divergent in structure and func-
tion than the Hsp60s and Hsp70s.

The sHsps are found in bacteria, archaea and eukaryotes. They range in
monomer size between 12 and 43kDa, and are characterized by a conserved
“a-crystallin” domain of about 80 residues (reviewed in Plesofsky-Vig et al.
1992; Caspers et al. 1995; Waters and Vierling 1999). The N-terminal domains
and C-terminal extensions, if present, are not conserved in sequence and
length. The sHsps generally form high molecular weight complexes, between
150 and 800kDa in size, although some occur as dimers or tetramers. The
only published crystal structure of any sHsp is as yet that of Methanococcus
jannaschii Hspl16.5 (Kim et al. 1998). This archaeal sHsp forms a hollow
sphere, ~120 A in outer diameter, and composed of 24 subunits with an Ig-like
B-sandwich folding. The characteristic property of most sHsps is their ability
to suppress the in vitro aggregation of denaturing proteins, while in vivo their
expression protects cells during stress (Ehrnsperger et al. 1997b). For detailed
information about the broad variety of structural and functional properties of
the sHsps we refer to the other chapters in this Volume.

It is the purpose of this chapter to describe the evolutionary diversity of
prokaryotic sHsps. In terms of sequence divergence, this diversity is broader
than that amongst plant or animal sHsps (de Jong et al. 1998; Waters and
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Vierling 1999). In fact, both plant and animal sHsps are suggested to be mono-
phyletic groupings, which may have originated separately from different
ancestral prokaryotic sHsps. Knowing the evolutionary history of the prokary-
otic sHsps, and comparing their properties, may also help to understand the
structure-function relationships of eukaryotic sHsps. This will provide an
insight in the pathways along which they diversified, and how they acquired
their characteristic structural and functional properties.

2
sHsps in Prokaryotes

Most prokaryotic sHsps function as chaperone-like proteins in the cytoplasm,
but some have become structural components of the spore coat, as for Bacillus
subtilis COTM (Henriques et al. 1997), while others associate with membranes,
like Mycobacterium tuberculosis Hsp16.3 (Cunningham and Spreadbury 1998)
and Oenococcus oenii Hsp (Jobin et al. 1997). In addition to rigidifying and sta-
bilizing membranes under heat stress, such associations may constitute a feed-
back mechanism for the regulation of heat shock genes, as has been proposed
for Synechocystis sp. SP21 (Horvédth et al. 1998). As in eukaryotes, many
prokaryotic sHsps are developmentally regulated and inducible by heat and
other stress. Their expression can reach high levels, e.g., up to 22% of total
protein for Streptococcus thermophilus Hspl6.4 (Gonzédlez-Mdrques et al.
1997). This Hsp16.4 and other sHsps are plasmid-encoded, which may help to
achieve such high expression levels.

There is good evidence that sHsps facilitate the refolding of denatured pro-
teins in conjunction with other chaperones (Ehrnsperger et al. 1997b; Lee et al.
1997). Indeed, Escherichia coli IBPB interacts in a multichaperone network
with Hsp60 and Hsp70 (Veigner et al. 1998). Such a functional relation is also
suggested by a heat-shock cluster comprising genes for sHsps and GroES in
Bradyrhizobium japonicum (Narberhaus et al. 1996), by an operon encoding
an sHsp as well as a DnaK in Thermotoga maritima (Michelini and Flynn
1999), and by an operon encoding DnaK and two sHsps in Porphyromonas gin-
givalis (Yoshida et al. 1999). If such multichaperone networks are a universal
requirement for cellular functioning, one might expect to find the essential
components in all organisms. Yet, the gene for Hsp70 is lacking in several
Archaea (Macario et al. 1999). Although it is generally taken for granted that
sHsps occur in all organisms, this remains to be established. The availability
of a rapidly increasing number of complete prokaryote genome sequences now
makes it possible to determine whether this is indeed the case. This also
enables us to assess the number and variety of sHsp genes in different bacte-
ria and archaea, as described in the following sections.
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3
Are sHsps Dispensable in Some Pathogenic Bacteria?

We searched the complete, known genomes of 15 bacteria and 4 archaea for
sequence coding for sHsps. These genomes were selected to represent a broad
variety of prokaryotic lineages. For comparison, we also included the genome
of the eukaryote Saccharomyces cerevisiae. To minimize the chance of over-
looking sHsp-related sequences, five different search profiles were used, based
on the a-crystallin domain of known sHsps. Four of these profiles were calcu-
lated from a previously published alignment of the a-crystallin domains of a
broad array of sHsps (de Jong et al. 1998). The alignment was divided into two
subalignments, one comprising the animal sHsps and the other all remaining
sHsps, because considerable differences were observed between these two
groups of sequences. To calculate the profiles, two different programs were
used on each subalignment, PROFILEMAKE v4.4 (Wisconsin Package Version
8.1) and PROFILEWEIGHT v2.1 (Thompson et al. 1994a). These profiles are
available from the CMBI FTP server (ftp:/ftp.cmbi.kun.nl/pub/molbio/-
kappe/). The fifth profile was downloaded from the PROSITE database (acces-
sion no.PS01031). This profile has been calculated using 140 sHsps from a wide
range of organisms, including animals, plants, fungi and prokaryotes.

The completely sequenced genomes that were used in the search for sHsps
are listed in bold in Table 1. All open reading frames (ORFs) that code for at
least 50 amino acids were extracted from these genomes. These ORFs were
taken as a database that was searched with the five sHsp profiles as a query,
using Compugen’s implementation of the PROFILESEARCH program
(GenCore users manual, Compugen). Only those ORFs with a similarity over
at least 60 positions, with fewer than 11 gaps in the region of similarity, and
with more than 25% identity to a profile were considered as possible sHsps.
These ORFs were compared with the SWISSPROT database, using Compugen’s
implementation of the FASTA program (GenCore users manual, Compugen),
and were only considered as genuine sHsps when the best scoring proteins
turned out to be known sHsps.

Interestingly, no sHsp-related sequences could be detected in eight of the
bacterial genomes (indicated by n.d. in Table 1). In four bacterial genomes a
single sHsp gene was found, E. coli and M. tuberculosis have two copies, and
B. subtilis three. Three of the archaeal genomes had one sHsp gene, the fourth
(Archaeoglobus fulgidus) had two copies. In yeast, as expected, only the genes
for the known Hsp26 and Hsp42 were found. All 16 detected prokaryotic sHsp-
related sequences are present in the protein databases, although Pyrococcus
horikoshii 172aa had not been recognized as an sHsp; this demonstrates the
sensitivity of our search procedure.

Since sHsp genes have been reported to also reside on bacterial plasmids
(see Table 1), we similarly searched the plasmids of Borrelia burgdorferi, the
extra-chromosomal element 1 of Aquifex aeolicus, and the small and large
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