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ABSTRACT

The Structural Classification of Proteins (SCOP)
database is a comprehensive ordering of all
proteins of known structure, according to their
evolutionary and structural relationships. Protein
domains in SCOP are hierarchically classified into
families, superfamilies, folds and classes. The con-
tinual accumulation of sequence and structural data
allows more rigorous analysis and provides import-
ant information for understanding the protein world
and its evolutionary repertoire. SCOP participates in
a project that aims to rationalize and integrate the
data on proteins held in several sequence and struc-
ture databases. As part of this project, starting with
release 1.63, we have initiated a refinement of the
SCOP classification, which introduces a number of
changes mostly at the levels below superfamily. The
pending SCOP reclassification will be carried out
gradually through a number of future releases. In
addition to the expanded set of static links to exter-
nal resources, available at the level of domain
entries, we have started modernization of the inter-
face capabilities of SCOP allowing more dynamic
links with other databases. SCOP can be accessed
at http://scop.mrc-Imb.cam.ac.uk/scop.

BACKGROUND

The SCOP (Structural Classification of Proteins) database is
developed as an evolutionary classification, in which the main
focus is to place the proteins in a coherent evolutionary
framework, based on their conserved structural features. The
database aims to provide a comprehensive and detailed
description of the relationships between all proteins whose
3D structures have been determined. A fundamental unit of
classification in the SCOP database is the protein domain. A
domain is defined as an evolutionary unit observed in nature
either in isolation or in more than one context in multidomain
proteins. The protein domains are classified hierarchically into

families, superfamilies, folds and classes, whose meaning has
been discussed before (1,2).

An advantage of the SCOP database is that it embeds a
theory of protein evolution as defined by human experts rather
than by empirical rules implemented in a variety of
bioinformatics algorithms and tools. Computational support
in SCOP is used to extend the human ability to analyse and
interpret the data and to make the invaluable knowledge of
protein evolutionary repertoire broadly available to scientific
researchers.

The first official SCOP release 9 years ago comprised 3179
protein domains grouped into 498 families, 366 superfamilies
and 279 folds (1). The seven main classes in the latest release
(1.65) contain 40452 domains organized into 2327 families,
1294 superfamilies and 800 folds. These domains correspond
to 20 619 entries in the Protein Data Bank (PDB) (3,4) and
one literature reference to a structure with unpublished
coordinates. Statistics of the current and previous releases,
summaries and full histories of changes and other information
are available from the SCOP website (http://scop.mrc-Imb.
cam.ac.uk/scop/) together with parsable files encoding all
SCOP data (5). The sequences and structures of SCOP
domains are available from the ASTRAL compendium (6),
and hidden Markov models of SCOP domains are available
from the SUPERFAMILY database (7).

Here we present further improvements and new features
implemented in SCOP since the previous update (5). Starting
with release 1.63, large parts of the SCOP classification are
being reorganized to facilitate the integration of structural
classification with the contemporary sequence and functional
classification schemes. On the top levels of the SCOP
hierarchy these changes will affect only a small number of
entries (~20 folds and superfamilies in SCOP have been
reclassified so far). The more substantial but not so apparent
rearrangements are being carried out at the lower levels and
are aimed at the refinement of relationships amongst proteins
and protein families. Major changes introduced in SCOP 1.63
and 1.65 are described in more detail below.

RECLASSIFICATION

The dynamic nature of SCOP is one of its main features and
needs to be taken into account in applications that use the
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SCOP database. The continual accumulation of sequence and
structural data nowadays allows more rigorous analysis and
provides important information for understanding the protein
world and its evolutionary repertoire. If there is new evidence
about protein relationships, then this may result in a
redefinition of domain boundaries and/or rearrangements of
nodes in the SCOP hierarchy. A typical example is when a
part of a large novel protein first classified as a single
multidomain entry is subsequently observed as a stand-
alone protein or in a combination of different domain
types and therefore it is reclassified as a separate domain.
Frequently two separately classified proteins are shown to be
related through an intermediate, the structure of which has
been determined more recently. The appearance of such
proteins in the structural databases can help to identify
more distant relationships between protein domains and thus
can lead to a rearrangement that unifies distinct protein
superfamilies.

Another factor influencing reclassification is integration
with other databases. A project has started during the past year
that aims to rationalize and integrate the SCOP information
with the data about protein families housed by prominent
sequence and structural databases, including InterPro (8),
Pfam (9), CATH (10) and MSD (11). A milestone in this
ambitious goal is the provision of stricter and more precise
definitions behind the different classification schemes used in
these different databases. In response to these requirements,
starting with release 1.63, we have initiated a refinement of the
SCOP classification that introduces a number of changes
mostly at the levels below superfamily.

Membrane all-a proteins

One of the major rearrangements in the SCOP 1.63 release was
arevision of the so-called Membrane all-alpha fold. Created in
SCOP when there were a handful of known membrane protein
structures, this fold listed protein domains classified solely on
the basis of their secondary structural content without explicit
consideration of their fold topologies. Prompted by the rapid
progress of membrane protein crystallography, a comprehen-
sive analysis of these domains has been undertaken and the
membrane all-o. proteins have been reclassified from scratch
into 24 new or already existing folds in the SCOP database.
Currently these protein folds are encompassed under more
precise fold definitions based on the number of helices that
span the membrane. New structural and probable evolutionary
relationships have been discovered during the reclassification.
The discovery of a new haem-binding fold is arguably the
most interesting. This protein fold comprises four transmem-
brane helices arranged in an up-and-down bundle with the
haem groups bound in between the helices. The haem-binding
four-helical fold is observed in the structures of the
cytochrome b subunit of the bovine cytochrome bcl complex
(1be3:C) (12), the y subunit of Escherichia coli formate
dehydrogenase N (1kqf:C) (13) and in the transmembrane
subunits of fumarate reductase respiratory complex (1gla:C)
(14). Three of the four haem ligands are conserved between
the cytochrome bcl complex and formate dehydrogenase N
subunits and occupy structurally equivalent sites with the
haem-binding modes of both proteins being very similar.
These features considered in conjunction with good overall
structural similarity of the four-helical domains could be
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interpreted as evidence for their common evolutionary origin.
Currently these protein domains constitute a superfamily of
transmembrane di-haem cytochromes.

Viral capsid and coat proteins

The former SCOP classification of viral capsid and coat
proteins was based on the assumption that viruses co-evolved
with their hosts. The protein domains of this fold were
classified into a number of families according to the infected
host. However, the increasing amount of available data on
virus structures and genome sequences has caused a reassess-
ment of the old classification concept. Mammalian picorna-
viruses (positive-stranded ssRNA viruses) for instance are
morphologically and genetically very similar to small so-
called Cricket paralysis-like viruses and to a number of plant
viruses (15,16). Their coat proteins form similar heterooligo-
meric assemblies and display several conserved characteristic
features in their folds. These similarities between mammalian
and insect viruses extend to the post-processing of structural
polyproteins. In SCOP release 1.65 these protein domains are
grouped together and classified as belonging to the super-
family of positive-stranded ssRNA viruses. The reclassifica-
tion of the viral capsid and coat protein fold results in four new
superfamilies and 11 new families. The new classification
explicitly follows the naming convention and virus taxonomy
established by the International Committee on Taxonomy of
Viruses (ICTV) (17). In addition to the internal reorganization,
this protein fold was been merged with the former
nucleoplasmin/PNGase F-like fold.

Antibody domains

Antibodies and their fragments are the largest group of
homologous proteins of known structure. In SCOP, there are
more than 2000 antibody domains organized previously in 228
separate species of variable domain combinations and 185
species of constant domain combinations. In SCOP release
1.65 all variable and constant domains have been reclassified
according to their chain and source organism. The constant
domains have been additionally sorted by their chain order.
Our main goal was to provide a more comprehensive and
systematic characterization of the structural repertoire of
variable domains—a task that is not easy, having in mind the
number of engineered antibody structures deposited in the
PDB. In our analysis we excluded the 51 hybrid and artificial
variable domains from the domain set and classified them as a
separate ‘engineered’ species. In order to identify different
groups among antibody variable domains we performed a two-
phase sequence clustering. First the sequences corresponding
to the germline segments were clustered using a threshold of
85% identity for the inclusion of a protein sequence to the
cluster set. Then the segments were sorted according to the
size of the CDR1 and CDR2 regions. We anticipate that the
resulting clusters might correspond to the putative germline
families in the species genomes.

E-set domains

The E-set domains are presumed to be early domains of the
immunoglobulin-like fold and may be the evolutionary link
between the immunoglobulin and fibronectin type III domain
superfamilies. In release 1.63 the former E-set domains family
was taken out of the immunoglobulin superfamily in SCOP
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and transformed into a superfamily. The constituent domains
were reorganized into 15 new families. The C-terminal
domain of mollusc haemocyanin sharing only a partial
structural similarity with the immunoglobulin-like domain of
arthropod haemocyanin was reclassified into a new fold.

Protein kinases

In SCOP release 1.65 the related catalytic domains of Tyr and
Thr/Ser kinases were merged into a single family of protein
kinases. In fact their close relationship was confirmed by the
structure determination of type I TGF-P receptor R4, a Thr/Ser
protein kinase that is more similar in sequence to Tyr kinases
than to the other Thr/Ser kinases (18). Even though the
catalytic domains of protein kinases are very similar, there are
certain motifs that can be identified in their sequences and
used to characterize the functional properties of each distinct
kinase. We used these specific features to assign all protein
kinase domains of known structure to the major groups,
defined by the substrate specificity and/or mode of regulation,
and then by functional subfamilies (19). For each protein
kinase, SCOP now provides a detailed description in the
annotation field. This field is searchable and allows users to
extract a protein set of particular interest.

Non-coordinate entries

Early SCOP releases provided classification of dozens of
protein structures published in the literature but not available
at the time from PDB. Classified as literature references, these
structures were sole representatives of their protein families at
the time. After adoption of the policy of linking the
publication of structure with the obligatory release of
coordinates by most of the scientific journals, classification
of new non-coordinate entries in SCOP was discontinued, and
their number gradually decreased. Twenty-seven of the 28
remaining proteins in SCOP 1.63 were found by a recent
inspection to have closely related representative structures in
PDB and were made obsolete. In the latest release, there is
just one literature reference (20) representing a unique
superfamily.

TECHNICAL DEVELOPMENTS

As part of the database integration project we have started to
modernize the interface capabilities of SCOP and to link the
databases dynamically. An initial step suggested by MSD
was to implement an on-demand server of SCOP domain
definitions. This is intended to avoid synchronization
problems arising from the different release schedules of the
various databases. It is based on Simple Object Access
Protocol (SOAP) technology and is currently used by the Pfam
team to display comparisons of domains in the CATH, Pfam
and SCOP databases. Further developments are expected and
will be made available to other interested parties.

CONCLUDING REMARKS

From the beginning, the main focus of SCOP was on the
probable evolutionary relationships between proteins that
were undetectable by sequence comparison methods. The
hierarchically organized structural data played a major part in
the development of contemporary sequence-based methods
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with improved sensitivity. These methods allowed clustering
of the multitude of known and hypothetical proteins in the
sequence databases in a relatively small number of protein
sequence families. The availability of complete genome
sequences allowed the exploration of evolutionary and
structural repertoires of different organisms and the refine-
ment of their phylogeny. A large fraction of the protein
families of unknown structure can be assigned with confidence
into the existing SCOP superfamilies. The continual accumu-
lation of structure, sequence and genome data will allow
SCOP and related databases to play an increasingly effective
role in the integration of these data.
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