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Protein Sequence Motif

In this article, we describe a novel,

widespread domain (CASH) that is shared

by many carbohydrate-binding proteins

and sugar hydrolases. This domain occurs

in more than 1000 proteins distributed

among all three kingdoms of life. The CASH

domain is characterized by internal

repetitions of glycines and hydrophobic

residues that correspond to the repetitive

units of a predicted or observed right-

handed ββ-helix structure of the pectate

lyase superfamily.

Surface layer (S-layer) is a simple cell
envelope structure present in many
bacteria and archaea. It is made of
protein or glycoprotein subunits
assembled into monomolecular
crystalline arrays [1,2]. Despite the
general low degree of sequence similarity,
S-layer proteins from bacteria share a
conserved motif known as the S-layer
homology (SLH) domain [3]. This motif
has been experimentally shown to bind
the external peptidoglycan [4–7]. Because
of the absence of this region in archaea,
we decided to further investigate S-layer
proteins from these organisms to look for
a functionally equivalent region. S-layer
proteins from thermophilic and
hyperthermophilic archaea differ in their
domain architecture, some of them
containing one or more C-terminal PKD
(polycystic kidney disease) domains, and
others containing Fn3 (fibronectin type 3)
domains (Fig. 1). The PKD domain is
thought to mediate interactions with
other proteins and with carbohydrates
[8,9], whereas the Fn3 domain occurs in
many different proteins in eukaryotes,
but almost exclusively in glycohydrolases
in bacteria [10–12]. 

Sequence analysis

When studying the regions not covered
by these annotated domains, we observed
homologous regions among some of the
archael S-layer proteins. These regions
had counterparts in a variety of other
proteins (Figs 1, 2 and supplementary
material*). For example, PSI–BLAST
searches [13] of the N-terminal part of
S-layer protein B from Archaeoglobus
fulgidus (residues 26–134) against a
non-redundant database (NRDB)
identified in the first run not only S-layer
proteins from other thermophilic and
hyperthermophilic archaea, but also the
copper-binding component (NosD) of N2O
reductase complexes from different
bacteria (E = 10–10, violet group in Fig. 2).
The second PSI–BLAST iteration
revealed significant homologies with
three distinct groups of proteins (Fig. 2).
One is composed of bacterial alginate
epimerases and glycosylated members of
the outer shell of the Ectocarpus silicosus
virus coat [14] (E = 10–05, red group).
The second cluster contains hypothetical
proteins from different species, a
serine–threonine kinase from
Leishmania major, and members of the
F-box protein family (E = 10–05, pink
group). F-box proteins are involved in the
degradation of cellular regulatory
proteins [15,16]. The third cluster
comprises a mouse Shc SH2 domain-
binding protein [17], its human homolog,
and a human protein expressed by the
DNA region encompassing the hereditary
prostate cancer (HPC1) and
hyperparathyroidism-jaw tumor
syndrome (HRPT2) loci [18] (E = 0.001,
light-blue group). The third PSI–BLAST
iteration found the conserved region in a
secreted Streptomyces coelicolor protein
and in a hypothetical Ectocarpus
silicosus virus protein (E = 0.001, orange
group). On the fourth iteration,
polysaccharidase from Rhizobium
leguminosarum was retrieved (E = 10–05,
yellow group), whereas following
iterations revealed different hypothetical
proteins (blue boxes). Interestingly, just

below the PSI–BLAST E-value
threshold, members of galacturonase 
(E = 0.003, dark-red group) and
pectinesterase (E = 0.047, black group)
families have been identified. The
probable homology of these sequences 
to the new domain has been verified 
by significant PSI–BLAST E values
using different seed sequences, 
and by the presence of conserved residues
in the alignment (Fig. 2, for the
alignment see supplementary material).
The homology of all the sequences
mentioned in Fig. 2 has been confirmed
using Hidden Markov Model (HMM)
searches [19].

Structural analysis

For both galacturonases and
pectinesterases, several three-
dimensional structures have been
determined. Both sequence families
belong to the pectin lyase-like structural
superfamily (as classified in the SCOP
database [20]), members of which adopt a
right-handed β-helix structure.
Remarkably, the four out of seven families
in this group that share significant
sequence homology with the new domain
are enzymes involved in carbohydrate
degradation. The basic structural unit of
this family consists of three β strands that
form a single turn of the β helix. Each
turn contains ~20 amino acids, and is
normally repeated between 7 and 11
times to form the elongated helix
structure. The repeats show a low degree
of sequence identity [21,22] when
compared with each other. The region
of homology with the new domain
corresponds to the core region of the
β helix, covering from the second to the
sixth repeat (see supplementary
material). Secondary structure
predictions, using PHD [23], of all
families without known structures
predict the presence of several β strands,
thereby agreeing with the experimentally
determined structures of the internal
repeats (see supplementary material).
This supports the homology of the new

CASH – a ββ-helix domain widespread among

carbohydrate-binding proteins
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*The supplementary material comprises the multiple
sequence alignment of proteins containing CASH
domains, and can be accessed at http://www.bork.
embl-heidelberg.de/~ciccarel/cash_aln.html, and at
http://archive.bmn.com/supp/tibs/cash/ciccarelli.jpg/
The multiple sequence alignment (alignment number
ALIGN_000246) has been deposited with the European
Bioinformatics Institute (ftp://ftp.ebi.ac.uk/pub/
databases/embl/align/ALIGN_000246.dat).
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Fig. 1. Domain architectures of selected proteins containing one or more CASH
domain. Only proteins with different organization and at least another domain are
shown. The domains are named according to the SMART database (http://smart.embl-
heidelberg.de). The semi-transparent boxes indicate the borders of the family-specific
PFAM annotations [27] for pectinesterases (in yellow), pectin lyases (in blue) and
pectinase (in green). Note that some of the different domain architectures are only
supported by a single protein and might have been caused by erroneous gene

predictions. Abbreviations: AAA, ATPase domain associated with different cellular
activities; BBOX, B-box-type zinc finger domain; CASH, carbohydrate-binding proteins
and sugar hydrolases; EGF, epidermal growth factor domain; FBOX, domain used as
link to ubiquitination target; Fn3, fibronectin type 3 domain; HemoCaBind, hemolysin-
type calcium-binding domain; PKD, polycystic kidney disease domain; STYKc,
serine–threonine–tyrosine protein kinase domain; ZnF_UBR1, zinc finger domain
involved in recognition of N-end rule substrates in yeast UBR1. 



region to pectate lyases and the predicted
right-handed β helix. Although, in
principle, there are few limitations on the
number of turns per β helix, the
homologous regions detected are usually
~150 residues long, with clearly defined
domain borders (Fig. 1). Even in cases
with more than one homologous region in
the same sequence, it seems that they
have arisen by duplications of domains,
rather than by the successive addition of
turns. For example, in Q9VH60, the two

successive regions share >40% sequence
identity. Thus, despite the fact that the
pectate lyase superfamily contains a few
additional turns of the β helix, we believe
that we have identified a true domain. 

Functional implications

Because of its occurrence in many
carbohydrate-interacting proteins (Fig. 2),
we named the region CASH domain
(carbohydrate-binding proteins and sugar
hydrolases).

Despite differences in enzymatic
functions, structure-based sequence
alignments [24] and analysis of published
accounts of the active sites for the pectate-
lyase-like superfamily show that these
sites tend to occur in a common location:
roughly in the middle of the β helix on a
concave surface that is thought to be
formed owing to the twist of the β sheets
formed by the helical structure [21,22]
(green bars below the alignment, see
supplementary material). It is tempting to
suggest that other sugar-binding
functions could be localized in an
equivalent region of the structure.
Furthermore, there is even the possibility
that some, if not all, of the domains
detected here (including those of S-layer
proteins) might harbor sugar hydrolase
activity. In any case, CASH domains seem
to have important carbohydrate-binding
functions as they have been detected in
more than 1000 proteins from all three
kingdoms of life.
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Fig. 2. Grouping of homologous sequences using PSI–BLAST [25,26]. The starting seed sequence was the
N-terminal part of S-layer protein B from Archaeoglobus fulgidus (residues 26–134). All the sequences retrieved at
the zero iteration of PSI–BLAST were assumed to form a family. Different colors are associated with different families.
Circles indicate the presence of more than one sequence, whereas boxes denote individual sequences. Filled circles
indicate families for which interactions with carbohydrates have been described. The connections between S-layer
proteins and all other families are shown by green arrows. The boxes associated with arrows indicate the iteration
number (in bold) and the E value at which the first sequence of the family was found. Reciprocal PSI–BLAST searches
were performed using the first retrieved member of each family. The connections between all other families with
significant E values are indicated by grey arrows. Double-headed arrows indicate bidirectional PSI–BLAST
detections. In these cases, the most significant E values are displayed. Note that, as a consequence of the widespread
nature of the domain, this procedure might not be able to identify all the members of the family. For example,
sequence similarity between some of the S-layer and NosD protein CASH domains and extracellular acid proteases
from Thermoplasma acidophilum has been reported [28].
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