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Abstract

Background: The statistical analysis of protein structures requires datasets in which structural
features can be considered independently distributed, i.e. not related through common ancestry,
and that fulfil minimal requirements regarding the experimental quality of the structures it contains.
However, non-redundant datasets based on sequence similarity invariably contain distantly related
homologues. Here we provide a reference dataset of non-homologous protein domains, assuming
that structural dissimilarity at the topology level is incompatible with recognizable common
ancestry. The dataset is based on domains at the Topology level of the CATH database which
hierarchically classifies all protein structures. It contains the best refined representatives of each
Topology level, validates structural dissimilarity and removes internally duplicated fragments. The
compilation of Nh3D is fully scripted.

Results: The current Nh3D list contains 570 domains with a total of 90780 residues. It covers
more than 70% of folds at the Topology level of the CATH database and represents more than 90%
of the structures in the PDB that have been classified by CATH. We observe that even though all
protein pairs are structurally dissimilar, some pairwise sequence identities after global alignment
are greater than 30%.

Conclusion: Nh3D is freely available as a reference dataset for the statistical analysis of sequence
and structure features of proteins in the PDB. Regularly updated versions of Nh3D and the
corresponding PDB-formatted coordinate sets are accessible from our Web site http:/
www.schematikon.org.

Background

The number of structures in the Protein Data Bank (PDB)
[1] has grown to over 30,000. Many of the proteins in the
PDB are homologous, i.e. have descended from a com-
mon ancestor, conserving significant aspects of their struc-
ture, function, and sequence. For purposes such as a
statistical analysis of protein structure features, a subset of
the PDB is required in which structural features can be

presumed to be independently distributed, i.e. unbiased
with respect to evolutionary descent.

A number of PDB subsets have been proposed to address
this need. The most often used subset of structures in the
PDB is the PDBSELECT [2,3]. This provides lists of chains
compiled at predefined maximum percent sequence iden-
tities. The most stringent cutoff employed is a maximum
of 25% residue identity between chains. Other subsets
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culled at predefined sequence identity are available from
the PDB itself. In recent years, servers such as the PDB-
REPRDB [4,5] and PISCES [6] allow users to compile cus-
tomized lists of protein chains based on structure quality
and maximum mutual sequence identities. PISCES allows
the user to define additional restriction parameters such
as the minimum sequence length and maximum R-value.
However, all of the above-mentioned lists use sequence
similarity as the defining criterion for protein selection
and include distantly related but recognizably homolo-
gous proteins.

In order to define a reference dataset of non-homologous
protein structures, we have constructed a tool to extract
coordinate subsets from the PDB, driven by CATH |[7]
domain topology information. The underlying hypothesis
is that differences in the topology of protein secondary
structure arrangements are incompatible with the notion
of gradual, divergent evolution from a common ancestor.
The experimentally best-defined representatives of
domain sets at the CATH Topology level are selected, the
structures are validated with respect to sequence/structure
similarity that might be indicative of homology, and
homologous internal repeats are purged to remove redun-
dancies. Our reference database of non-homologous, dis-
similar structures is versioned and automatically updated
with every revision of the CATH database.

Construction and contents

The CATH database is a hierarchic classification of protein
domains. At the Topology level of the hierarchy (similar
to the Fold-level of SCOP [8]), the domains are globally
dissimilar and thus provide a set of structures that are not
recognizably homologous.

To create Nh3D (Figure 1), representative structures were
selected for each of the Topology for classes 1-4 in the
CATH hierarchy (Version 2.5.1: released January 2004).
We have not considered proteins classified into classes 5-
9, because these assignments are preliminary. Using the
PDB resolution and compound index files, we have
selected the best representative for each Topology, that
minimally fulfill the following criteria:

1) X-ray or neutron-diffraction structure, resolved at 2.2 A
or better (since we consider NMR structures to be less reli-
able for the statistical analysis of detailed structural
relationships);

2) Domain has a minimum length of 50 residues (since
we consider shorter structured domains, frequently dom-
inated by a large percentage of disulfide bonds, to be atyp-
ical for independent folding units);

http://www.biomedcentral.com/1472-6807/5/12

3) Engineered structures are excluded, unless no alterna-
tives are available (we exclude structures that contain the
sub-strings {MUTAT | MUTAN | REPLACE} in their
description line of the compound index file since engi-
neering may have introduced structural strain that has not
been resolved through evolutionary optimization of the
protein.).

When two or more structures meet the selection criteria,
the one with the better resolution is chosen as the repre-
sentative. For structures that have the same resolution, the
one with the better Ramachandran Z score (obtained from
the PDBFINDERII [9] database) is chosen as the
representative.

To ensure that these structurally dissimilar domains are
indeed not recognizably homologous, two stages of vali-
dation and purification are employed (Figure 2).

I) Evaluation of structural and sequence similarity
between the domains

We check for sequence similarities that correspond to glo-
bally similar structures, to guard against the inclusion of
homologous subdomains that might be variably assigned
to different Topologies due to imprecise definitions of
structural domains. Exhaustive pairwise global align-
ments of all domains are performed using the Needle pro-
gram from the EMBOSS suite [10] with the EBLOSUMG62
similarity matrix and default gap and extension parame-
ters of -10.0 and -0.5. The RMSD of aligned residues after
optimal superposition between their backbone atoms is
calculated by the Kabsch method [11]. Domains with
greater than 40 residues aligned (a conservative limit for
foldable and thus independently inheritable domains),
possessing greater the 25% sequence identity (a threshold
commonly used to confidently identify homologues
through sequence analysis) and superimposable at less
then 3.8 A RMSD (the average Co. - Co distance that
defines the limits of a meaningful pairwise residue super-
position) are considered homologous. The smaller of the
two domains is removed from the dataset. None of the
domain pairs in this version of the CATH database met
the above criteria for exclusion; this emphasizes the relia-
bility of CATH domain assignments.

2) Identification of repeat regions in domains

Internal repeats may arise due to internal duplication
events and are known to occur more frequently after the
first duplication [12]. The internal repeats in Nh3D are
identified using the program RADAR [13]. The RMSD
after optimal superposition between the RADAR aligned
repeat residues is calculated by the Kabsch method.
Repeats with greater than 25% sequence identity and less
than 3.8A RMSD are considered redundant and removed
from the database.
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START ftp: Python script to retrieve files
A CATH CATH:  CATH Database
CLF: CATH List File
DDF: CATH Domain Description File
S
T[?)? PDB IDX: Compound Index File
paraually PDB RES: Resolution File
arameters

select select:  select CATH Domain

A

o
m O
@

representative
REP: List of domain representatives
PDB 3D: 3D coordinates
< PDB ) )
3D fetch: retrieve coordinates

analyse: Check completeness;
calculate dihedral angles, relative
ASA, average backbone B-
factor; assign STRIDE, DSSP
and PROMOTIF annotations

writeXML: Write into XML database and
validate against schema

analyse

writeXML

PXD: Preliminary XML DB with
annotated domains

Length = 40,
B <60

extract: Length check, remove high B-
factor. Extract sequences.

LOG: Removed coordinates and
problem domains

At this point execution
can pause for optional
user intervention to
define domain [...] [...]
replacements.

SEQ: FASTA formatted domain
sequences

Figure |
Data Flow Diagram for Nh3D, from start to a list of domain sequences. For details see text.

We annotate the final set of protein structures with the fol-  b) relative side-chain solvent accessible surface areas using

lowing information: the Shrake and Rupley [16] approach and a reference data-
set of modeled, extended GLY-XXX-GLY tripeptides

a) secondary structure assignment using DSSP [14] and

STRIDE [15] algorithms
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SEQ:

PXD:

needle:

ALI:

3Dpurge:

SEQ:

PXD:

RADAR:

REP:

3Dmask:

validate:

XDB:

Nh3D:

FASTA formatted domain
sequences

Preliminary XML formatted
coordinate DB with annotated
domains

EMBOSS package global
domain alignment

Pairwise sequence alignments

RMSD superposition of aligned
domain sequences, purge
domains that fail cutoff

Updated sequences

Updated coordinate DB

Suboptimal self-alignment and
internal repeat detection

Internal repeat alignments

RMSD superposition of aligned

repeats, mask repeat residues
that fail cutoff

validate final XML database
against schema

XML formatted coordinate DB
with annotated domains

Final list of non-homologous
domains

Data Flow Diagram for Nh3D, from a list of domain sequences to the final reference dataset. For details see text.
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¢) regions with high B-Factor (where the average B-factor
of the backbone atoms of three consecutive residues is
found to be greater than 60 A 2are identified and flagged)

d) beta and gamma turn assignments using PROMOTIF
[17]

Residues in the PDB coordinate files that have missing
backbone residues are identified and removed from the
dataset. Modified residues that appear as 'HETATM'
records in the PDB files are treated as chain breaks; a dis-
tance check between bonded backbone atoms is imple-
mented to check for additional discontinuities in a chain.

Nh3D is freely available in an easily parseable, fully spec-
ified flatfile format and as PDB-formatted coordinates.
Differently formatted output for specific needs can be
made available upon request to the authors.

Utility and discussion

Our dataset uses coordinates from 477 proteins consisting
of 570 of 820 CATH Topologies and contains 90780 resi-
dues. The chosen toplogies represent over 90% of the
structures in the PDB classified by CATH version 2.5.1.

Interestingly, we observe numerous domains with striking
sequence similarity (> 30 % over the aligned residues),
with completely dissimilar structure. A single likely
homologue (CATH domains 1d0cA3 and 1nos03, 42.7 %
identity in 89 aligned residues) has been identified in
CATH Version 2.5.1. However, the domain 1nos03 was
already excluded from the database in a previous step, due
to the high residue B-factors over the length of its domain.

Significant internal repeats were removed from 38
domains. For example, repeats were found in representa-
tives of Porin, Tachylectin-2, and MutS topologies. Other
repeats, most notably those of TIM barrel proteins, did
not meet our cutoff criteria for recognizable homology
and hence were retained.

A comparison of our results with a sequence based PDB
subset (PDBSELECT of October 2004) shows the large
number of redundant, similar structures that cannot be
eliminated based on sequence dissimilarity alone. The
most redundant is the Rossman fold (CATH: 3.40.50, 105
families; Nh3D representative: 1GCI:1-275; PDBselect:
138 sequences), the second most redundant are immu-
noglobulin-like domains (CATH: 2.60.40, 52 families;
Nh3D representative: 10E1:A:2-152; PDBselect: 93
sequences). While it has been a matter of discussion
whether such "superfolds" might be the result of conver-
gent evolution [see e.g. [18]], we take a conservative
approach with Nh3D. In constructing the reference data-
set by selecting a single representative for every CATH

http://www.biomedcentral.com/1472-6807/5/12

Topology, the residual chance of inappropriately includ-
ing homologues is minimized. Nh3D does not attempt to
be exhaustive at this point. For example, our "immu-
noglobulin-like" topology representative is the human
copper, zinc superoxide dismutase, IMFM:A:1-153, how-
ever the metal-binding greek-key proteins and the immu-
noglobulin superfamily, both of which are included in
this class, may indeed be examples of convergent evolu-
tion towards a common fold. Since Nh3D is a representa-
tive sample of detailed conformations in protein
structures, completeness is not an issue, given that the
number of excluded analogous folds is small relative to
those folds for which we do not yet possess high-resolu-
tion structures. Nevertheless, we wish to emphasize a con-
tinuing need to further improve on the automated
definition and classification of dissimilar folds.

Conclusion

Nh3D is freely accessible as a reference dataset for the
unbiased statistical analysis of sequence and structure fea-
tures of proteins in the PDB. While our own motivation
was to construct a source dataset for an analysis of short
peptide conformations, we anticipate many uses of
Nh3D, including the calibration of algorithms for the
detection of distant gene relationships, for the recognition
of false positives in sequence or structure alignments, or
for the prediction of protein structure.

Availability and requirements

The dataset, a list of best representatives for CATH Topol-
ogies that did not meet our criteria, documentation, for-
mat specifications and supplementary information can be

downloaded from http://www.schematikon.org/. Nh3D
Version 2.0 based on CATH 2.6.0 has since been made

available.

List of abbreviations

CATH-A hierarchical classification of protein domain
structures

DSSP-Definition of Secondary Structure of Proteins

EMBOSS - European Molecular Biology Open Software
Suite

NMR-Nuclear Magnetic Resonance

SCOP-Structural Classification of Proteins

STRIDE - STRuctural IDEntification method
PDB-Protein Data Bank

RADAR - Rapid Automatic Detection and Alignment of

Repeats
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RMSD - Root Mean Square Deviation
WWW-World Wide Web

Authors' contributions
BTG wrote the second version of the code to generate
Nh3D and helped to draft the manuscript.

GQ wrote the first version of the code and helped to pre-
pare the manuscript.

SAS participated in the design and helped to draft the
manuscript.

BS conceived of the study, and participated in its design
and coordination and drafted the manuscript.

Acknowledgements

Funding contributions are gratefully acknowledged from the Canadian Insti-
tutes of Health Research (operating grant MOP 93075) and from a sub-
grant within the Genome Canada Competition Il project "An Integrated &
Distributed Bioinformatics Platform for Genome Canada".

References

1. Bernstein F, Koetzle T, Williams G, Meyer EJ, Brice M, Rodgers ], Ken-
nard O, Shimanouchi T, Tasumi M: The Protein Data Bank: a
computer-based archival file for macromolecular structures.
J Mol Biol 1977, 112:535-42.

2. Hobohm U, Scharf M, Schneider R, Sander C: Selection of repre-
sentative protein data sets. Protein Sci 1992, 1:409-17.

3.  Hobohm U, Sander C: Enlarged representative set of protein
structures. Protein Sci 1994, 3:522-24.

4, Noguchi T, Matsuda H, Akiyama Y: PDB-REPRDB: a database of
representative protein chains from the Protein Data Bank
(PDB). Nucl Acids Res 2001, 29:219-20.

5. Noguchi T, Akiyama Y: PDB-REPRDB: a database of represent-
ative protein chains from the Protein Data Bank (PDB) in
2003. Nucleic Acids Res 2003, 1(31(1)):492-93.

6.  Wang G, Dunbrack RL Jr: PISCES: A protein sequence culling
server. Bioinformatics 2003, 19:1589-91.

7.  Orengo CA, Michie AD, Jones S, Jones DT, Swindells MB, Thornton
JM: CATH-A Hierarchic Classification of Protein Domain
Structures. Structure 1997, 5:1093-1108.

8.  Murzin AG, Brenner SE, Hubbard T, Chothia C: SCOP: a structural
classification of proteins database for the investigation of
sequences and structures. | Mol Biol 1995, 247:536-40.

9. Krieger E, Hooft RWW, Nabuurs S, Vriend G: PDBFinderll - a
database for protein structure analysis and prediction. 2004
in press.

10. Rice P, Longden |, Bleasby A: EMBOSS: The European Molecular
Biology Open Software Suite. Trends in Genetics 2000,
16(6):276-77.

1. Kabsch W: A discussion of the solution for the best rotation
to relate two sets of vectors. Acta Cryst 1978, A34:827-28.

12. Marcotte EM, Pellegrini M, Yeates TO, Eisenberg D: A census of
protein repeats. | Mol Biol 1999, 293(1):151-60.

13. Heger A, Holm L: Rapid automatic detection and alignment of
repeats in protein sequences. Proteins 2000, 41(2):224-37.

14. Kabsch W, Sander C: Dictionary of protein secondary struc-
ture: pattern recognition of hydrogen-bonded and geometri-
cal features. Biopolymers 1983, 22(12):2577-2637.

5. Frishman D, Argos P: Knowledge-based protein secondary
structure assignment. Proteins 1995, 23(4):566-79.

16. Shrake A, Rupley JA: Environment and exposure to solvent of
protein atoms. Lysozyme and insulin. | Mol Biol 1973,
79(2):351-71.

http://www.biomedcentral.com/1472-6807/5/12

17.  Hutchinson EG, Thornton JM: PROMOTIF-a program to identify
and analyze structural motifs in proteins. Protein Sci 1996,
5(2):212-20.

18.  Mirny LA, Shakhnovich El: Universallly conserved positions in
protein folds: reading evolutionary signals about stability,
folding kinetics and function. | Mol Biol 1999, 291(1):177-96.

Publish with BioMed Central and every
scientist can read your work free of charge

"BioMed Central will be the most significant development for
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
« available free of charge to the entire biomedical community
« peer reviewed and publishedimmediately upon acceptance
« cited in PubMed and archived on PubMed Central
« yours — you keep the copyright

Submit your manuscript here:

O BioMedcentral
http://www.biomedcentral.com/info/publishing_adv.asp

Page 6 of 6

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=875032
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=875032
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1304348
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1304348
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8019422
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8019422
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11125096
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11125096
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11125096
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12912846
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12912846
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9309224
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9309224
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7723011
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7723011
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7723011
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10827456
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10827456
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10512723
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10512723
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10966575
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10966575
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6667333
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6667333
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6667333
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8749853
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8749853
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=4760134
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=4760134
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8745398
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8745398
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10438614
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10438614
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10438614
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Results
	Conclusion

	Background
	Construction and contents
	1) Evaluation of structural and sequence similarity between the domains
	2) Identification of repeat regions in domains

	Utility and discussion
	Conclusion
	Availability and requirements
	List of abbreviations
	Authors' contributions
	Acknowledgements
	References

