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ABSTRACT

SMART is a simple modular architecture research tool
and database that provides domain identification and
annotation on the WWW (http://coot.embl-heidelberg.de/
SMART ). The tool compares query sequences with its
databases of domain sequences and multiple align-
ments whilst concurrently identifying compositionally
biased regions such as signal peptide, transmembrane
and coiled coil segments. Annotated and unannotated
regions of the sequence can be used as queries in
searches of sequence databases. The SMART alignment
collection represents more than 250 signalling and
extracellular domains. Each alignment is curated to
assign appropriate domain boundaries and to ensure
its quality. In addition, each domain is annotated
extensively with respect to cellular localisation,
species distribution, functional class, tertiary structure
and functionally important residues.

INTRODUCTION

homologues obviates misannotations of sequences that arise
when comparing pairs of multidomain protein sequences with
contrasting domain architectures. This procedure also facilitates
subsequent investigation of unannotated sequence regions thereby
improving on the signal-to-noise ratio of the sea®hThe initial
SMART database release focused on signalling proteins. These
contain a considerable variety of non-enzymatic regulatory
domains ), and mediate or regulate transduction of an
extracellular signal towards the nucleus.

In 1998, SMART has been updated to allow the detection of
extracellular domaing initially focusing on those that mediate
cell—cell signalling events. Domains that function in prokaryotic
and eukaryotic two component regulatory systems can now also
be detected. Identified domains are annotated by providing links
to (i) recent literature via ENTRE®SY), (ii) homologues with
known three-dimensional structure via PDBs@indnd (iii) the
domain or motif collections of Pfanv); BLOCKS @) and
PROSITE ). Furthermore, each domain annotation has been
extended to include information relating to (i) species range,
(i) subcellular localization, (iii) functional class and (iv) functional
residues and secondary structure that are mapped onto alignments
using consensus sequences. The output display has been simplified

Predicting the function of a protein from its sequence can begq glossary and help pages are now provided. Here we describe
laborious process that is fraught with pitfalls associated witfhe |atest release of SMART (version 2.0 http://coot.embl-

sequence divergence, non-identical multidomain architecturggjgelberg.de/SMART ) including changes made to methodologies
and non-equivalent functions of homologues. In particulagng to the display of predictions.

detecting regulatory domains is of importance if the detailed
cellular roles of multidomain proteins are to be predicted. Y& ESCRIPTION OF THE DATA

these domain homologues are mostly divergent in sequence an
appear in numerous molecular contexts that may not be heldDmmains detectable by SMART are mostly represented by seed
common even among homologues in diverse organisms. Falignments. These are constructed by retaining only a single
example, families of protein kinase C isoenzymes are cleardequence from each branch of a phylogenetic tree that is shorter
apparent in yeast and vertebrates yet in no case are théian a distance of 0.2) this corresponds approximately to 80%
arrangements of regulatory domains identical. To compouridentity (L0). Seed alignments are now available to the academic
these difficulties, a family of domain homologues usuallyjcommunity in MSF, CLUSTAL-W, PIR and FASTA (Pearson)
possesses a variety of distinct, albeit similar functions, that m&yrmats. Alignments are constructed according to established
be distinguished only by conservation of key active or binding sifgrocedures (reviewed i8,11) and submission by others of
residue determinants. similarly derived alignments of domains not yet represented by
We have addressed these problems by providing a Web-ba&MART is encouraged. Profile$3) and profile/HMMs (.3) are
tool and database (SMART, a simple modular architectugonstructed from each alignment.
research tool) that allows the identification of divergent domain Alignments usually represent the complete sequences of the
homologues in user-supplied sequente$fediction of domain entire family of detected homologues. However there are
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exceptions: (i) for families where function clearly partitions withprocedure that neglected annotation at the amino acid level would
sequence similarity (as in the Ras family of small GTPases), dave wrongly predicted MYSB as an active guanylate kinase.
alignment of each subfamily (namely, Arf, Rab, Ran, Ras,

Rho/Rac and Sar) has been constructed; (ii) families for which.ﬁ,]e SMART domain set: the
single profile is insufficient to detect all known homologues are '
represented by two or more profiles; and (iii) families ofQuery sequences are subjected to searches not only against
homologues that cannot reliably be aligned throughout themm/profiles derived from multiple alignments, but also against
domain are represented by alignments of their most conservgddatabase of domain sequences using WU-BLAST. This

‘Schnipsel’ database

region(s) (i.e. ‘motifs’) only. ‘Schnipsel’ (a German word meaning ‘snippet’ or ‘fragment’)
database contains the set of domain sequences identified by
THE SMART WORLD WIDE WEB SERVER SMART from current protein sequence databases. This feature is

an important asset to SMART since outliers of a family often

SMART has been provided with a user interface:(futt.embl-  cannot be detected by a profile, yet are detectable by pairwise
heidelberg.de/SMART/ ) that predicts the domaitiéecture of a  similarity to one or more established members of a sequence
user-supplied sequence via a graphical display. By defaufgmily. This facility is similar to that employed by the SBASE
seqguences are searched against the collection of profiles usingpihetein domain libraryA1).
WiseTools suite(2). True positive homologues are defined as
sequences that score above a defined threshg)d false The SMART domain annotations
negatives are detected as subsequent repeats that score above a
secondary threshold (JTand pairs of repeats are detected whergor each segment of a query sequence that matches an annotate
each of their scores is greater thanyi(T;)/2] (1). E-values (4)  domain, (i) a multiple alignment can be accessed, (i) a WU-Blast
are provided but not used as thresholds since a wide variationggarch can be initiated to identify the closest domain homologue,
their values for different domain types has been observed [g#) the alignment of the query sequence segment with domain
implemented using the latest version of WiseTools (E.Bireyonsensus sequences (N.P.Broetnal, unpublished) can be
J.D.Thompson and T.J.Gibson, unpublished)]. displayed, and (iv) an alignment against the domain profile is

Sequences are also searched for signal peptides, coiled callsown complete with secondary structure information from
low complexity regions and transmembrane helicés-18).  members of known three-dimensional structure. Furthermore,
SMART provides options to search sequences for SMART arfénctional information ascribed to residues of family members
Pfam (7) domain sets using the HMMER packade9)( In are also mapped onto this alignment and the source of this
addition, annotated and unannotated regions of the usejfformation is hyperlinked. Caution should be shown, however,
sequence may be subjected to WU-BLASTP analysis (WUwhen transferring this type of information to the quéxs) (

BLAST 2.0; W.Gish, unpublished) using a dedicated WU-Blast Clicking on any domain icon (‘bubble’) on the SMART results
server (http://www.bork.embl-heidelberg.de/blast?); page reveals the domain’s annotation page from which alignments
Several options have now been added to sequence searchegné results of additional BLAST procedures may be viewed. In

user can specify that a search be made for either cytoplasmica@fdition the distribution of phyla that are known to contain
extracellular domains, and may additionally specify the quengroteins with this domain is given. Links are also provided to all
sequence using a sequence identifier or accession code. Dugrigtein sequences in a pseudo-non-redundant database with the
high user demand at peak periods, searches are performed ugagticular domain type. This provides information such as the
a 4-processor machine and a queuing system is in place.  number (647, as of August 1998) of human protein kinase

homologues represented in this database and, of these, the
The SMART domain set: multiple alignments number (290) that contain additional annotated domains.

In version 2.0, annotation pages of predicted domains have been

The SMART alignment collection now contains multiple align-completely over-hauled. Manual annotations include (i) domain
ments of more than 100 cytoplasmic and more than 1Qfbbreviation, (ii) description line(s), (iii) selected key literature
extracellular domains that are compared with each quemya hyperlinks to EntreZy, (iv) the predicted cellular role of the
sequence entered. SMART’s domain coverage will increase protein (namely, chromatin-associated, metabolism, signalling,
forthcoming years. Figurke shows the SMART-derived annota- transport, translation, transcription, replication and interaction
tion of the Lambert-Eaton myasthenic syndrome antigen Bith the environment), (v) molecular features such as binding
(MYSB; SwissProt accession CCB2_HUMAN) which is theproperties or catalytic activities, as well as (vi) links to PROSITE,
B2-subunit of the dihydropyridine-sensitive L-type calciumBLOCKS and PFAM databases.
channel. The annotation procedure unexpectedly shows thidn addition, a number of automatic annotation tools have been
protein to be a member of the membrane-associated guanylatiled to retrieve quantitatively: (i) the distributions of organisms
kinase homologue (MAGUK) family2(), containing both an src in which the domain has been identified; (ii) the predicted
homology 3 domain and a domain homologous to guanylatbcellular localisation of the homologues categorised as
kinases. Annotation of the alignment of MYSB with guanylaténtracellular (subdivided into the nucleus, cytoplasm, ER-golgi,
kinase active enzyme sequences (Rig.demonstrates that chloroplast and mitochondrion), extracellular, secreted,
MY SB appears to have dispensed with its ATP-binding functiomembrane-associated and transmembrane, using the protocol of
and is likely to be inactive as an enzyme. It is emphasised that thisenhaber and Bork §); and (iii) domain family members with
annotation of binding or catalytic residues is essential if one is tamown three-dimensional structures linked to a PDBviewer
infer the function of homologues from existing experimenta(http://www.biochem.ucl.ac.uk/bsm/pdbsuna) ;and to Entrez-
data. From this example, it is clear that a functional predictioMMDB (http:/Aww.ncbi.nim.nih.gov/Entrez/structure.htnt4).
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Figure 1. An example of the use of the SMART WWW server. An output page (upper right) shows that a query sequence (SwissProt coddAN)BR pridicted

to contain single src homology 3 (SH3) and guanylate kinase homologous (GuKc) domains. These domains are representadgiisifite laninotation pages for the
GuKc domain (right and lower left) provide a description of the domain family, literature links and numbers detectedtiplojffefeom a pseudo-non-redundant database.
The ‘per residue’ annotation page (lower left) maps SwissProt annotation features onto an alignment of the CCB2_HUMAN @Guérjdenca.



FUTURE DIRECTIONS

The major goals of this project are two-fold: (i) the provision of 4
a Web-based annotation tool that is able to predict the function
and structure of protein sequences, and (ii) the use of this tool
infer the evolution of mobile (non-catalytic) domains and their

functional networks in diverse organisn2g) Thus, SMART'’s
domain coverage is lower than those of ProSjieBLOCKS @),

PRINTS @6) and Pfam7) and users are encouraged to use the®
Web-based servers of SMART, Prosite (http://expasy.hcuge.chy
sprot/prosite.html ), BLOCKS (http://www.blocks.fhcrc.org ),

PRINTS (http:/Aww.biochem.ucl.ac.uk/bsm/dbbrowser/ ), Pfamo
http:/AMww.sanger.ac.uk/
Software/Pfam3/ ) and ProfileScan (http://ulrec3.unil.ch/softwar

PFSCAN_form.html ) in parallel since there is considerablé
complementarity among these services. Users of the SMARE

(http://genome.wustl.edu/Pfam/  or
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