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Abstract. This article describes on-going work using an object-oriented database, P/FDM, to build 3D 
homology models of β-trefoil proteins such as Interleukin-1 (IL-1), by exploiting existing structural data from 
known structures of the same fold. The model-building procedure is based on the powerful querying 
capabilities of P/FDM that allows data access, navigation, and computation to be mixed freely and easily in 
order to formulate complex structural queries. The database can be queried using a Java-based graphical user 
interface. Using the P/FDM β−trefoil database, the above approach allows to “cut-and-paste”  fragments from 
existing β−trefoil structures to build the model. The structural part of the database contains objects for the 
description of proteins, as well as β-trefoil structure-specific entities. Data are organised according to a global 
β-trefoil structural alignment based on superposition of the 18 core residues of the fold, identified from 
previous structural studies. The database is currently populated with 46 trefoil domains and further structures 
are being added in order to make available a richer collection of “spare parts”  for modelling. Future 
enhancements such as improved side chain placement and fragment clustering are also described. 

1 Introduction 

Knowledge of a protein’s three-dimensional (3D) structure can provide vital clues as to its function. However, 
compared to the number of proteins for which the amino acid sequence is known, only a very small fraction have 
known 3D structures. Thus biologists often wish to build a 3D model of a protein starting only from knowledge 
of its sequence. Often, this modelling process will exploit the principle of homology, under which it is assumed 
that similar sequences will have similar 3D structures. This assumption works very well when the sequences 
have 70% or more of their amino acids in common, but good models can be built even for sequences with only 
30-35% similarity. In the latter case, the overall fold (secondary structure) is likely to be conserved, although 
differences will be expected in the surface loop regions. 

It is relatively straightforward to store protein sequence and structural information in a relational database. 
However, it is difficult to use conventional relational queries to combine the complex data access and 
computation that is often necessary during a homology modelling exercise. For example, when building a β-
trefoil loop, it is necessary to write a query which iterates over appropriate homologous loops in the database and 
applies some geometric measure of fitness to each loop to select the best loop for that part of the model. The 
P/FDM object-oriented database (Kemp et al., 1994a) provides a natural environment in which to express such 
complex queries. P/FDM is based on the functional data model (Shipman, 1981) and is implemented using 
Prolog and C. Queries are expressed in Prolog or the high-level Daplex query language. While protein modeling 
can be performed using programming languages such as Python, the large number of protein structures makes 
the use of an object-oriented database advantageous. However, we are not aware of any other object-oriented 
approaches to protein structure modelling.  

The basic concepts in an object-oriented database are entities, which represent real world objects, and 
functions which represent entity properties and the relationships between entities (Gray et al., 1990; Kemp 
1991). An object-oriented database approach offers several advantages: 
• Intuitive clustering of data: Objects and relationships that link them correspond to “real world”  objects e.g. 

structure, chain, residue entities. 
• Navigation through a network of objects: Queries can navigate through the database following the 

relationships that link one object to another. 
• Derived and stored data: While some commonly used data are stored in the database, other values can be 

readily derived when the database is interrogated. 
• Convenient data access through combinations of data retrieval and complex calculations: queries may be 

written in Daplex or Prolog, and can contain call-outs to Fortran and C procedures which might perform 
complex calculations. 
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• Easily extensible: data are partitioned into modules and users can easily add new modules with new entities 
and functions (Kemp et al., 1994b). 
In this paper, on-going work using P/FDM to build 3D homology models of Interleukin-1 (IL-1) proteins, 

which adopt the β-trefoil fold is described. Future enhancements such as improved side chain placement and 
fragment clustering, which are expected to be straight-forward to implement with this approach, are also 
discussed. 

2 Methods 

2.1 Representing ββββ-Trefoil Structures in P/FDM  

The β−
�

trefoil, first described by McLachlan (1979) for soy bean trypsin inhibitor, is illustrated in Figure 1. It 
consists of twelve β-

�

strands which together form five two-stranded hairpins. Two of the hairpins (strands 4, 5 
and 8, 9) along with the N-terminal strand 1 and C-terminal strand 12 form a six-stranded barrel. The three 
remaining strands form a “hairpin triplet” which caps one end of the barrel. The other end of the barrel is open. 
The interior of the barrel consists of three layers of packed amino acid residues, labelled top (T), middle (M) and 
bottom (B), with the amino acid side chains facing inwards to fill the barrel. The top layer is closest to the open 
end of the barrel, is partially exposed to solvent, and shows relatively low sequence similarity amongst the 
known β−

�

trefoil structures. The middle and bottom layers contribute to the packing of the core of the barrel in 
strands 1, 5 and 9, and interface with the hairpin triplets (strands 4, 8 and 12). Large hydrophobic residues 
occupy these positions. The hairpin triplet strands pack in a triangular arrangement, and six residues (one from 
each strand) pack against the core of the barrel, interlocking the triplet onto it. A total of 18 “core” residues have 
been identified in IL-1β�  a typical β-trefoil protein (Murzin et al., 1992; Swindells & Thornton, 1993), and are 
shown as spheres in Figure 1. These hydrophobic residues have low solvent accessibilities and generally contact 
each other. Structural alignments show the above core positions often have similar amino acid types. However, 
actual sequence identity is limited, and often these positions are occupied by alternative amino acids with similar 
hydrophobicities. These differences become more extensive with more distantly related β-trefoils. Another 
characteristic feature of this fold is that it contains three structural repeats, βββ-loop-β � (subunit A: strands 1-4; 
subunit B: strands 5-8; subunit C: strands 9-12)���  whose sequence similarity is not readily apparent. Indeed, 
structural alignment and superposition studies have enabled the detection of internal pseudo-symmetry within the 
fold. 

 

�

Fig. 1. Ribbon representation of the β-trefoil fold: human IL-1β (PDB code 2I1B). The six stranded barrel and the hairpin 
triplet are shown. The Cα atoms of the core residues (see text) are shown as Van der Waals spheres, while their side chains 
are shown as sticks. The three layers of core Cα atoms (bottom B, middle M and top, T) are apparent 

The schema for the structural part of the database is shown in Figure 2. Each β-trefoil domain is represented 
as a structure object, identified by its Protein Databank (PDB) code (Berman et al., 2000). Other features of the 
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structure such as resolution, protein_name, and author are also stored. The structure is related to the chain object 
via the component_protein function, which in turn is related to the residue entity. We have also declared some β-
trefoil structure specific entities. Since a single chain might contain more than one trefoil, the chain and the 
trefoil number together identify each trefoil_domain. By recording the start (domain_start) and end 
(domain_end) position of the trefoil domains and the β-strands, equivalent positions in different β-trefoil 
structures are easily identified. The database is currently populated with the 3D coordinates of some 37 β-trefoil 
structures and 46 trefoil domains, taken from the PDB. Further structures are being added. 

Fig. 2. The β−trefoil P/FDM database query tool GUI. The schema is depicted in the top part of the window, where object 
classes (entities) are shown within white ellipses and arrows represent relationships between objects. Queries are formed in 
the bottom part, by point and click�

2.2 Aligning ββββ-Trefoil Structures 

CLUSTAL-W (Higgins et al., 1996) was used to align the sequences of all currently known β-trefoil proteins. 
Insertion and deletion sites that occur within secondary structure elements are manually assigned to loop regions 
of the structure. This alignment used the 18 core residues to provide the basis for structural superpositions 
(Murzin et al., 1992). The full structures may then be superposed by fitting the core residue positions. This 
alignment is consistent with the FSSP (Families Of Structurally Similar Proteins, DALI; Holm & Sanders, 1996) 
alignments of each protein family within the β-trefoil fold. The secondary structure elements and the key core 
residue positions are denoted in this global β-trefoil structural alignment. Alignments for various fish IL-1 
sequences (e.g. trout, carp, catshark) have been produced. Insertion and deletion sites for each of these molecules 
have been identified and potential “anchor” positions for loop-building have been pinpointed. 

2.3 β β β β-Trefoil Residue Numbering 

The β-trefoil domains are divided into the three constituent trefoil subunits. Each residue is given a label 
(trefoil_residue in the schema) to record its subunit (A, B, or C) and its position within that subunit. Table 1 lists 
the range of trefoil_residue values of each secondary structure element and for the core residues. This 
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“numbering” scheme represents the global sequence alignment, and allows equivalent locations between β-
trefoils, as well as the pseudo three-fold symmetry within each trefoil subunit, to be identified. 

Table 1. β−trefoil residue numbering system. This table shows the locations and types of secondary structure elements, and 
conserved core structural positions within β-trefoil domains. 

Secondary structure Trefoil 
Subunit 

Location trefoil_residue 
Range 

key positions 

loop 1 A  1A-18A  

strand 1 A Barrel 19A-26A 21A 23A 
loop 1-2 A  27A-39A  

strand 2 A Hairpin triplet 40A-46A 42A 
loop 2-3 A  47A-58A  

strand 3 A Hairpin triplet 59A-64A 61A 
loop 3-4 A long loop 65A-86A  

strand 4 A Barrel 87A-93A 89A 91A 

loop 4-5 B  94A-100A,1B-
�

19B 

strand 5 B Barrel 20B-
�

26B 21B 23B 
loop 5-6 B  27B-

�

39B  

strand 6 B Hairpin triplet 40B-
�

46B 42B 
loop 6-7 B  47B-

�

57B  

strand 7 B Hairpin triplet 58B-
�

64B 61B 
loop 7-8 B long loop 65B-

�

86B  

strand 8 B Barrel 87B-
�

94B 89B 91B 

loop 8-9 C  95B-
�

100B,1C-18C 

strand 9 C Barrel 19C-26C 21C 23C 
loop 9-10 C  27C-39C  

strand 10 C Hairpin triplet 40C-45C 42C 
loop 10-11 C  46C-59C  

strand 11 C Hairpin triplet 60C-64C 61C 
loop 11-12 C long loop 65C-86C  

strand 12 C Barrel 87C-93C 89C 91C 

loop 12 C   94C-100C  

2.4 Modelling the Barrel Backbone 

The first stage of this modelling process is to select an existing β-barrel fold to use as a template structure. 
Typically, the template whose β−strands and core position residues most closely resemble the target is copied 
from the database.  However, for certain sequences there are multiple structure files in PDB that could be 
potentially used as templates. For example, there are currently 22 files of free or receptor-complexed forms of 
wild-type or mutant IL-1 proteins of human or murine origin. In these cases, a combination of structures may be 
used to provide a model for the target backbone. In the future, the SCOP classification will be added as an 
attribute to the structure entity, to assist the construction of the most appropriate template. 

2.5 Modelling Loops 

The method of modelling loop regions is based on the fragment-fitting approach of Jones and Thirup (1986). 
This is also known as the “spare-parts”  method (Claessens et al., 1989). Loops are modelled by fitting loop 
fragments taken from other known structures onto the relevant region of the template. These fragments are 
selected on the basis of two criteria. Firstly, the fragments should have the correct number of residues for the 
target loop region. Secondly, the fragments should have endpoints that geometrically match the residues in the 
template structure between which the loop has to be inserted. These two criteria are sufficient for most cases, but 
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sequence information is also important especially if the loop contains Gly or Pro residues (Claessens et al., 
1989; Lessel & Schomburg, 1999). In order to retrieve appropriate fragments from the database, two segments in 
the template structure flanking the region to be modelled must be defined. These are usually referred to as 
“anchor regions”  (see Figure 3). Selecting good anchor regions is important to model loops well. For short loops, 
anchor regions are defined in the secondary structure elements flanking the loop. For long loops, anchor regions 
are defined either in flanking secondary structure elements or in regions of the loop that are involved in 
substantial non-bonded interactions (e.g. hydrogen bonds) with the rest of the protein. As a fast way to 
characterise the geometry of the anchor regions, a list of inter-Cα distances is calculated for the template 
structure (see Figure 3), and the database is searched for loops with a similar inter-Cα “ fingerprint.”  Candidate 
fragments are checked for steric clashes with the rest of the structure (or with the cytokine receptor molecule 
when modelling cytokine-receptor complexes). For example, fragments that contain bulky side chains should be 
considered carefully to avoid introducing steric clashes in the model. 

 

 

Fig. 3. Illustration of modelling a loop using the “spare-parts”  approach. In order to model an insertion, an appropriate loop is 
selected (dotted line) and fitted to the template backbone, replacing the original backbone atoms. Some “ fingerprint”  
distances between the Cα atoms of the anchor residues (crossed circles), i, i+1, i+5, i+6, are shown as dashed lines 

Using the P/FDM β-trefoil database, the above approach allows us to “cut-and-paste”  loops from an existing 
β-trefoil structure into the model. More specifically, a Prolog predicate searches the database for fragments of 
the required length and that contain Cα fingerprints at the anchor positions that correspond to similar fingerprints 
in the backbone template. The best loop candidates are then fitted to the template anchor positions by least-
squares (McLachlan, 1979), and loop side chains are checked for steric clashes with the template.  The loop with 
the best fit and fewest steric clashes is then selected for the final model. It is relatively easy to introduce further 
loop selection or scoring criteria (e.g. based on sequence identity) within such Prolog predicates.  

2.6 Sample Queries 

Queries against P/FDM can be expressed either in Daplex or in Prolog. For instance, the following Daplex 
query can be used to print the protein_name, source and resolution for all proteins in the β-trefoil database: 

f or  each s i n st r uct ur e 

pr i nt ( pr ot ei n_name( s) ,  sour ce( s) ,  r esol ut i on( s) )  

The following query, is equivalent to the one shown in Figure 2 and lists the names of all β-trefoil residues at 
core position 42A: 

f or  each s0 i n st r uct ur e 

f or  each c1 i n component _pr ot ei n_i nv( s0)  

f or  each t 2 i n t r ef oi l _chai n( c1)  

pr i nt ( pr ot ei n_code( s0) ,  r esi due( t r ef oi l _r esi due( t 2,  “ 42A” ) ) )  

Geometrical information e.g. interatomic distances and bond torsion angles can be derived using appropriate 
queries. For example, the following query calculates the distance between two atoms: 

def i ne di st ance ( a1 i n at om,  a2 i n at om)  - > f l oat  
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sqr t ( sqr ( x( a1) - x( a2) ) +sqr ( y( a1) - y( a2) ) +sqr ( z( a1) - z( a2) ) )  

Other more complicated queries can identify loops that satisfy specific geometric criteria. For instance, the 
following query will fit loops originating from the β−trefoil database between strands 1 and 2:  

f or  each t  i n t r ef oi l _domai n 

f or  t he r 1 i n t r ef oi l _r esi due( t ,  “ 27A” )  

f or  t he r 2 i n t r ef oi l _r esi due( t ,  “ 39A” )  

pr i nt ( f i t _and_scor e_l oop( r 1,  r 2,  “ 27A” ,  “ 39A” ) )  

where fit_and_score_loop is a Prolog procedure which fits and scores candidate loops (details not shown).  

2.7 Query Tool 

A downloadable Java-based graphical user interface (http://www.csd.abdn.ac.uk/ 
~pgray/FDMDownload.html) has been built to provide access to the β−trefoil database via the internet. This 
allows the user to query the database directly in Daplex or Prolog by navigating through the graphically 
displayed entities and their attributes, according to the schema (see Figure 2). 

3 Conclusions and Future Work 

This article describes a powerful object-oriented framework for homology modelling β-trefoil proteins by 
exploiting existing structural data from known structures of the same fold. A similar approach was used 
successfully to model antibody structures (Ritchie & Kemp, 1997). Like antibodies, β-trefoil proteins have 
significant structural similarities. This allows structural framework regions to be copied directly into the target 
model, whereas the connecting loops have greater variability in shape and length and must be built individually. 
In the case of interleukin-1, certain β-trefoil residues within the strands play a critical role in stabilising the core 
of the structure. Using this knowledge, all known β-trefoil sequences were aligned to give a global β-trefoil 
structural alignment, which was encoded in the P/FDM database. By representing this structural data in P/FDM, 
it is likely that the loop and side chain modelling stages of model-building by homology can be improved. This 
model-building procedure is greatly facilitated by the powerful querying capabilities of P/FDM that allows data 
access, navigation, and computation to be mixed freely and easily in order to formulate complex structural 
queries. The database can be populated with all known β−trefoil proteins in order to make available a richer 
collection of “spare parts”  for modelling. 

The object-oriented database will potentially have more applications. In addition to loop modelling, the β-
trefoil database can provide torsion angle and side-chain rotamer information across β−trefoil structures, thus 
assisting in side-chain modelling. Hence, the conformations of side chains in structurally equivalent positions in 
the β−strands of related β−trefoil proteins can be assessed and used to make better predictions of side chain 
orientations. Structural clustering of secondary structure elements can also be performed (Kelley et al., 1996). 
For example, clustering of barrel strands or hairpin triplet strands may suggest certain structural relationships 
between β−trefoils or the adoption of certain conformations which may infer significance in their function.  

One of our main future goals is to build 3D models of fish IL-1β structures. Novel protein sequences of fish 
IL-1 from rainbow trout (Zou et al., 1999; Pleguezuelos et al., 2000) have been identified at the Scottish Fish 
Immunology Research Centre; other published sequences include red sea-bream (Cai et al., 2003), sea-bass 
(Scapigliati et al., 2001) and cat-shark (Bird et al., 2000). Modelling these known immunomodulators, which 
play an important role in inflammation, would help provide significant insights into their function as agonists or 
antagonists. It is anticipated that the β-trefoil database will also be useful for modelling other β-trefoil protein 
structures. This database and the Java graphical user interface will be made available on the internet. 
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