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ABSRACT

The FSSP database presents a continuously updated
structural classification of three-dimensional protein
folds. It is derived using an automatic structure
comparison program (Dali) for the all-against-all com-
parison of over 6000 three-dimensional coordinate
sets in the Protein Data Bank (PDB). Sequence-related
protein families are covered by a representative set of
813 protein chains. Hierachical clustering based on
structural similarities yields a fold tree that defines 253
fold classes. For each representative protein chain,
there is a database entry containing structure—struc-
ture alignments with its structural neighbours in the
PDB. The database is accessible online through World
Wide Web browsers and by anonymous ftp (file
transfer protocol). The overview of fold space and the
individual data sets provide a rich source of informa-
tion for the study of both divergent and convergent
aspects of molecular evolution, and define useful test
sets and a standard of truth for assessing the
correctness of sequence—sequence or sequence—
structure alignments.

INTRODUCTION

metal-dependent amidohydrolase families can be merged into a
structurally and functionally conserved superfamily based on a
seed alignment of the structures of urease, phosphotriesterase anc
adenosine deaminas®.(

Improved methods of protein engineering, crystallography and
NMR spectroscopy have led to a surge of new three-dimensional
protein structures deposited in the Protein Data Bank (PR)B) (
and a number of derived databases that organize these data intc
hierarchical classification schemes or in terms of structural
neighbourhoods have appeared on the World Wide Web in recent
years 6—10). Our FSSP database presents a fully automatic
protein fold classification based on exhaustive structural align-
ments of known structures using the Dali method (sed 1¢if&
for details). Briefly, common structural cores are delineated by
optimizing the agreement of intramoleculam-Ca distances,

i.e. using purely geometrical criteria. Each pair of structures in the
PDB is related by a similarity score which is expressed in terms
of statistical significance. A general overview of the spectrum of
known structures is obtained by hierarchical clustering from the
table of all-against-all structural similarities which leads to the
definition of fold classes or subclasses at varying levels of
similarity. The structural alignments of a query structure with all
its structural neighbours are provided in the FSSP database for
detailed analyses of individual protein families.

A large fraction of newly determined genes can be classified iINfA\TEST DEVELOPMENTS
families based on similarities of their deduced amino acid

sequences. It is then inferred, without actually performing thEhe FSSP database continuosly monitors the flow of new
biochemical experiments, that the members of such families hasteuctures as they are released into the public domain by the PDB.
been structurally and functionally conserved during the proceg82 PDB entries were released or updated from January 1, 1996
of evolutionary divergencel ). Importantly, however, detect- to the time of writing of this article (October 1, 1996), an average
able global sequence similarity in a protein family is not requirethte of four entries per workday. Designating this set as ‘new’, let
for retention of the three-dimensional fold, and only a very smalis examine how it mapped to the two main levels of classification
number of invariantly conserved functional residues are requiréa the FSSP database, i.e. sequence-related protein families and
for biochemical activity. The globins, cytochromeimmuno-  structurally related fold classes. The 732 new entries contained
globulin domains and NAD-binding domains are textbook835 protein chains with >30 amino acids, an increase of 16%
examples of strongly diverged protein families for whichsince the end of 1995. Fifteen per cent of the new structures
three-dimensional, atomic-resolution structures of severatpresented a new protein family, i.e. the sequences of these
members are availablg)( As the detection limit of homology by proteins were <25% identical to that of any structure previously
standard sequence database search methodR%i&ssequence in the PDB. The 130 new families increased the coverage of
identity, structure comparisons are required to illuminate thprotein space by 19% since the end of 1995, to a total of 813
more distant evolutionary past. For example, 11 distantly relatgmtotein families with at least one known structure. This structural

Email: surname@embl-ebi.ac.uk



232 Nucleic Acids Research, 1997, Vol. 25, No. 1

knowledge can be extended to all family members for which theurrent database contains at most one alignment per pair of full
sequence is known (see HSSP databas) ( length proteins. The alignments are constrained to be sequential
Three in four new protein families were structurally similar to(i.e. reconnections of loops are disallowed) as this is biologically
known fold classes, and one in four defined a new fold class (seeaningful, although not imposed by the Dali metHdd. (
http://www.ebi.ac.uk/dali/newfold )1¢). The coverage of fold  An FSSP file is divided in five formatted blocks and a free text
space increased by 18% to a total of 253 fold classes. TFaoter which explains the format: (i) the header block identifies
population of fold classes is highly skewed, so that one-quarterthfe query structure, database and structural alignment method
all protein families map to the five most populated fold classes imsed and gives the number of structural neighbours; (ii) the
the FSSP classification. On the other hand, 57% of all fold classesmmary block gives a one-line summary for each neighbour,
are singletons, i.e. known from only one protein family. A seconihcluding the statistical significance of the similarig gcore),
protein family was added to five known singleton fold classegositional root-mean-square deviation of superimposed CA
Most of the new fold classes, except for four cases, are singletonsordinates, total number of equivalent residues, and the
The most highly populated new fold class comprises the tripl@iercentage of sequence identity over structurally equivalent
4-oxalocrotonate tautomerase, 5-carboxymethyl-2-hydroxymuypositions; (ii) the alignments block is a multiple structural
conate isomerase and macrophage migration inhibitory factatignment, printed vertically and showing the sequence and
(Fig. 1). Other rapidly expanding fold classes include SH3-likesecondary structure of matched residues; (iv) the equivalences
domains (DNA-binding domain of HIV-1 integrase), lysozymeslock is a machine readable listing that gives the residue numbers
(transglycosylase, chitosanase), and a group of nucleic aaifl the structurally equivalent segments; (v) the matrices block
binding domains with similarity to acylphosphatase (arginingives the rotation—-translation matrices that, when applied to the
repressor, DCOH, KH domain and T4 RegA). The already mositiree-dimensional coordinates in the respective PDB entries,
populated fold classes received the largest absolute incrementgld the least-squares superimposition of the matched protein on
immunoglobulin-like domains got five new families to a total ofto the query structure.
34, TIM barrels got eight new families to a total of 42, affl

domains got 14 new families to a total of 85. World Wide Web interface

FORM AND CONTENT OF THE DATABASE There are currently two starting points for a walk in fold space,
B either by querying the PROTEIN INDEX for protein name or

Families and folds PDB identifier, or via clicking the ‘alignment’ link in the

Different protein families have very unequal representation in tHéOLDTREE table. FSSP entries are parsed on the fly to display

PDB. For example, there are >230 structures of engineeré&lecm(.j alignrrlltgr}ts in one and tlhree din:ensionsh]().:ig:jone ¢
mutants of T4 lysozyme, the folds of which are minor variation Imension, muftiple sequence alignments aré pnased on struc-

of that of the wild type. In producing the FSSP database, seque Bée—hsbtructure comparlscr)]n an? can bte colznblned tW 'tr; Segﬁasr‘gg
redundancy is removed by selectiig)(a single representative neighbours (sequences homologous to a known structure:

for each family of homologous proteins (>25% sequencgatabase)](?’) and viewed with the Belvu program (Sonnhammer

identity). The WWW page PROTEIN INDEX is a relational table=+ UnPublished). In three dimensions, superimposed coordinates
that maps each of the >6000 chains in the PDB on to the clos&&f! P& Viewed with molecular graphics programs such as Rasmol
of [BOO representatives. Precalculated all-against-all structufe?): There are further hypertext links to other structural
alignments within the representative set and structure alignme gssﬁpaﬂons -(_9). via the PDB |dent|flgr and_to functional

of homologs to their representative are retrievable directly (tHdnotations and literature references via Swissprot sequence
structural alignment of any pair of structures is implicit, and ma entifiers (L6).

be retrieved via the Dali server). FOLD TREE is a tree

representation of the sequence-representative set generateddistribution

hierarchical clustering. The tree gives a simple overview of i . . _
protein families, grouping together remote homologs, with veri}— he FSSP database is accessible addressing URL http://www.

strong structural similarity despite low sequence identity, an8Mmbl-heidelberg.de/daliffssp/ or by anonymous ftp (file transfer
joining topologically similar but not necessarily evolutionarily Protocol) from ftp.embl-ebi.ac.uk in the directory /pub/databases/
related proteins in the lower branches. Cutting the tree at a leJ&pP: Users are asked to refer to fef) @nd this paper in reporting

of Z = 2 (i.e. structural similarity scores two standard deviation&eSults obtained using the database.

above database average, taking domain size into acccount) yie|décademic redistribution of single files or of the entire database
253 fold classes. is permitted. No inclusion in other databases, www servers or

database services, academic or other, without explicit permission
of the authors. All rights reserved. Not to be used for classified

research.

For each protein chain in the representative set, with PDB

(omitted if blank), there is an ASCII (text) file Nxxx.FSSP or

NxxxY.FSSP which contains the alignments of a few or tens dfhe size of the FSSP database is tightly coupled to that of the PDB
proteins structurally similar to the search structure. The structurtbm which it is derived. The database classifies 6001 protein

neighbours that are reported include any sequence homologsctains into 813 protein families and 253 fold classes (status at
the query structure that have a structure in the PDB, and &ictober 1, 1996). The complete set of result files requires

structurally similar chains from the representativesetd). The  [1140 Mb of disk storage.

Structural alignments
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a 81.1.1.1.1.1 leaf DIHYDROLIPOYL TRANSACETYLASE (E.C.2.3.1.12) (CA
81.1.1.1.1.1 _____ 3cla TYPE /III$ CHLORAMPHENICOL ACETYLTRANSFERASE (/
82.1.1.1.1.1 1lotfa 4-OXALOCROTONATE TAUTOMERASE
82.1.2.1.1.1 __lotgA 5-CARBOXYMETHYL-2-HYDROXYMUCONATE ISOMERASE
82.1.2.1.2.1 1fim MACROPHAGE MIGRATION INHIBITORY FACTOR
83.1.1.1.1.1 1lmrj ALPHA-TRICOSANTHIN COMPLEXED WITH ADENINE

b structural alignment of lotghA + lotfA + 1fim; homologs with < 80 % sequence identity added

1_hped_ecoli_lotgA ol i F ! QRVHWVDTWQMADGQHDYASVHM 63
2_dmpi_psepu. lotfa . AMANSLDABEERVEN T BTEMPHEFGIGEE. . . .. .. .. 52
3_xylh psepu_lotfA ‘SE & { 52
4 _mif_rat_1fim EI‘J‘N‘I‘N’VPSVPE F%SETQ C ... Ky . ..DPCALC 55
8_mif_chick 1fim [FTITHTNVCAVPH. L.%GETQ X 5 iS...DPCALC 55

1_hped_ecoli_lotghA 64 TEKIGAGRSLESROQAGEMLFEETKTHFA
4_mif rat 1fim
B_mif chick 1fim

SMESRLLALSFETEELHPTLNFKQNNVHALFK 125

Figure 1. Structural comparison of a cytokine and two kinds of isomerase. The determination of the crystal structure of macropgbaégctohitifim) revealed
unexpected similarities to two kinds of isomerase, i.e. 4-oxalocrotonate tautomerase (1otfA) and 5-carboxymethyl-2-hydateyisnmerase (1lotgA) (17).
() Section of the fold classification that groups the three structures in a distinct class (82.*). The indexing tellsgtgé thati ILfim are in the same subclass with
similarity 5<Z<10, and the similarity of 1otfA to them is3<4. No other group of proteins is significantly simil&#2) to the triplet.lf) Combining structure—structure
alignment with multiple sequence—sequence alignment (13). The PDB identifier of the known structure is at t)eThghthree-dimensional structures viewed
in equivalent orientations (top: 1otgA; middle: 1fim; bottom: 1otfA). 1otfAB® B unit, which is repeated twice in 1otgA and 1fim. Plotted with Molscript (18).



234 Nucleic Acids Research, 1997, Vol. 25, No. 1

Related services 3

The Dali server is a computational service for structure comparié

son using the same machinery used in deriving the FSSP

Brandn C-I. and Tooze J. (199fjroduction to Protein Structurésarland
Publishing Inc., New York and London.

Holm L. and Sander C. (199Pjoteins in press.

Bernstein F.C., Koetzle T.F., Williams G.J.B., Meyer E.F., Brice M.D.,
Rodgers J.R., Kennard O., Shimanouchi T. and Tasumi M. (ORI

database. Requests for database searches with newly solvedg.o| 112 535-542.

crystallographic or solution NMR structures®(@oordinates 6
required) may be sent by e-mail to dali@embl-heidelberg.de
(Internet address) or submitted interactively from the World W|de
Web addressing http://www.embl- heldelberg de/dali

New features include preparation of pairwise comparisons and
defining coordinate sets by PDB identifier. For example, one mrﬁy
request structural alignments of trypsins relative to the rat enzy
(1brcE) rather than relative to the family representative from thpz
mold Fusarium oxysporum 13

Please report any problems to the authors by electronic mail4
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