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Summary

The analysis and prediction of protein-protein interaction sites from structural data, is restricted
by by the limited availability of structural complexes that represent the complete protein-protein
interaction space. The domain classification schemes CATH and SCOP are normally used inde-
pendently in the analysis and prediction of protein domain-domain interactions. In this paper,
the effect of different domain classification schemes on the number and type of domain-domain
interactions observed in structural data is systematically evaluated for the SCOP and CATH
hierarchies.

Although there is a large overlap in domain assignments between SCOP and CATH, 23.6%
of CATH interfaces had no SCOP equivalent and 37.3% of SCOP interfaces had no CATH
equivalent in a non redundant set. Therefore, combining both classifications gives an increase
of between 23.6% and 37.3% in domain-domain interfaces. It is suggested that if possible,
both domain classification schemes should be used together, but if only one is selected, SCOP
provides better coverage than CATH. Employing both SCOP and CATH reduces the false neg-
ative rate of predictive methods which employ homology matching to structural data to predict
protein-protein interaction by an estimated 6.5%. 86.5% of the structures in which CATH inter-
faces had no equivalent SCOP interface can be attributed to SCOP assigning a single domain to
the region while CATH assigns two separate domains where as only 22.5% of SCOP interfaces

were in this category.

Introduction

The determination of protein-protein interactions is fundamental to the understanding of many
biological processes. High resolution structural data have been widely used in prediction and
investigation of protein-protein interactions since they provide information about the interfaces
at the atomic level. Such investigations and predictive methods which use structural data include

analysis of the properties of protein-protein interaction interfaces [1, 2, 3], prediction of protein



interaction sites [4, 5, 6], protein-protein interaction prediction based on homologues to known
structural complexes [7, 8, 9] and docking methods [10].

However, many types of protein-protein interactions are not represented in the available
structures found in the PDB [11]. Studies of protein interaction data from different sources have
produced estimates that there are about 10,000 distinct types of protein-protein interactions but
the number of non-redundant interacting pairs in the current PDB is approximately 2000 [12].
It has also been predicted that at the current rate of structure determination it will be 20 years
before a full complement of interactions is elucidated [12]. Given this paucity of data, it is
imperative that analytical procedures make the best use of all available information.

Analysis of protein-protein interactions is usually performed at the level of domains rather
than complete protein chains since domains are considered to be the fundamental functional and
structural unit of proteins. Investigation and prediction of domain-domain interactions from
structural data have typically employed systematic structural domain classifications, such as
SCOP [13, 14, 15], which classifies domains based on structural, evolutionary and functional
similarity, and CATH [16, 17, 18], which classifies domains primarily on the basis of structural
features. The majority of studies and predictive methods employ only one of these structural
domain classification systems.

Analysis at the level of domain-domain interactions is clearly dependent upon the nature of
the domain classification system. Hadley and Jones[19] and Veretnik et al.[20] examined the
differences between SCOP and CATH domain assignments and found that while there is a high
degree of correspondence between CATH and SCOP, there are instances where a domain found
in one classification has no equivalent in the other. Given these observations, it may also be
hypothesised that the set of domain-domain interactions that can be derived using SCOP will
contain interactions not found in the set derived using CATH and vice versa. If this were so, it
would be advantageous to employ the union of both sets of domain classifications. Accordingly,
in this paper, the validity of this hypothesis is investigated in addition to the differences in the

properties of domain-domain interactions observed using CATH and SCOP.



Materials and Methods

Hadley and Jones [19] and Veretnik et al. [20] have found that there are many differences in
the organisation of the CATH and SCOP hierarchies so no direct mapping between the two
domain classification systems was attempted here. Instead, this paper focuses on comparison of

interfaces implied by the two classification systems.

Terminology

SCOP and CATH are hierarchical domain classification systems. Domains within the same
SCOP superfamily have structural and functional similarities that suggest a common evolution-
ary origin but may not share a detectable sequence similarity. The equivalent CATH category
is the ‘Homologous Superfamily’ (H-level). Here, the term ‘superfamily’ is used for both the
SCOP level of superfamily and the CATH level of Homologous Superfamily. Similarly, the
term ‘family’ is adopted to mean both the SCOP family level and the CATH level of Sequence
families (S-level) which groups domains with detectable sequence similarity.

SCOP and CATH domains were classified at both the superfamily and family level of sim-
ilarity for their respective domain classification systems. Domain-domain interactions were
classified by ‘pairwise superfamily’ or ‘pairwise family’. In this paper, the term ‘pairwise
superfamily’ is used to describe, classification of a domain-domain interaction based on the
superfamily classification of each of the interacting domains. Similarly, the term ‘pairwise fam-
ily’ is used to describe the classification of a domain-domain interaction based on the family
classification of each of the interacting domains.

The region where the residues from one domain interact with the residues from another
domain is termed the inferface. The domain classification system employed as the base is
referred to as the ‘reference’ classification system and the classification system to which the
reference is compared is referred to as the ‘alternative’ classification system. For example,
when SCOP interfaces are compared to CATH interfaces the reference classification system is

SCOP and the alternative is CATH.



The Data

This study employed SNAPPI-DB (Structures, iNterfaces and Alignments of Protein-Protein
Interactions DataBase) [21], a high performance object-oriented database.ssemblies from the
PQS Database [22] were employed rather than the asymmetric units seen in PDB files since this
increases the number of non-redundant domain-domain interfaces by 34.5% over that seen in
the PDB and removes 2981 probable crystal packing artefacts [23]. Only structures that had
both CATH and SCOP definitions assigned were considered in this study.

SCOP (release 1.65) and CATH (version 2.5.1) domains were assigned to positions on
chains for each protein structure in the database using the mapping provided by the Macro-
molecular Structure Database [24, 25]. Interfaces between domains were determined based on
distance. Atoms were considered to interact if the distance between them was less than the sum
of their van der Waals radii (using the radii determined in [26]) +0.5 Angstroms. Two domains
were considered to interact if there were 10 or more interacting residue pairs between the do-
mains. The threshold of 10 residue-residue interactions was chosen based on visual inspection

of domain-domain interactions sites and published evidence [27, 28, 29].

Determination of equivalence in domain-domain interaction interface

A method was devised to compare coverage at interfaces for CATH and SCOP interactions
which involved no direct mapping between the two domain classification systems. Compari-
son of interfaces between SCOP and CATH is complicated since interface residues in a SCOP
domain pair may be split across more than two domain pairs in CATH and vice versa. For
this reason, a flexible definition of equivalence was developed which allows a reference inter-
face to be composed of several equivalent alternative interfaces. Figure 1 illustrates how the
flexible definition of equivalence was implemented. A valid alternative interface is defined as
an interface generated from the alternative domain definition that contains > 5 of the pairwise
residue-residue interactions found in the reference interface. Since a reference domain may cor-

respond to more than one alternative domain, the reference interface may have several disjoint



alternative interfaces that each contain > 5 residues from the reference interface; in this case,
the alternative interfaces are merged and treated as a single alternative interface. This definition
of equivalence does not penalise situations where the alternative definition splits a single refer-
ence domain into two or more alternative domains. The definition is appropriate since only the
coverage of interface sites of SCOP and CATH are compared rather than direct comparison of
the single domains.

In the example shown in Figure 1 the reference interface (Figure 1a) consists of 50 inter-
acting residues and is shown in red (domain labelled Ref1) and orange (domain labelled Ref2).
The equivalent interface shown in Figure 1b is composed of 3 different alternative interfaces:
the first is between domains coloured purple (Altl) and yellow (Alt2) and has an interface size
of 20 interacting residue pairs; the second is between domains coloured purple (Altl) and green
(Alt3) and has 17 interacting residues and the third is between domains coloured cyan (Alt4)
and pink (Alt5) and has 3 interacting residue pairs. In this example, the alternative interface
between domains coloured cyan (Alt4) coloured pink (Alt5) has < 5 interacting residues and so
is considered to be too small to be counted as an equivalent interface. The purple domain (Altl)
is the interaction partner for both the green (Alt3) and yellow (Alt2) domains. This can occur
when one of the reference domains is considered to be two domains by the alternative domain
definition. To determine the percentage of overlap at the interface site the number of common
interacting residues for each of the valid alternative interfaces were summed and the total di-
vided by the number of interacting residues seen in the reference interface. For the example
discussed above, there were three possible alternative interfaces, but only 2 of these (Alt1-Alt2
and Altl-Alt3) had an interface of > 5 residues in size. Accordingly, the number of equivalent
interacting residues for the two equivalent interfaces in the example was 37 (17 + 20) and since

the reference interface site comprises 50 residues this gave the percentage overlap of 74%.



Results and Discussion

Several properties of CATH and SCOP domain-domain interactions where investigated includ-
ing the promiscuity of domains, the classification into pairwise superfamilies and families and
the sizes of the domains and interaction interfaces. These results are all available in the sup-
plementary material. In summary, it was found that SCOP interfaces (mean of 39.8 residues)
where generally smaller than CATH interfaces (mean of 45.7 residues) which can be explained
by the difference in single domain sizes when comparing SCOP and CATH i.e. SCOP single
domains are generally smaller than CATH single domains. The promiscuity of domains was
found to be similar for both CATH and SCOP. The frequencies with which domain-domain
interactions are observed in different pairwise superfamilies was similar for the two domain
classification systems however, since CATH uses a more stringent sequence similarity thresh-
old to define families than SCOP (5406), there are more CATH pairwise families than SCOP
pairwise families (2932).

Table I summarises the degree of overlap between reference interfaces and their alternatives.
Analysis of the full redundant set of domain pair interfaces found that 77.4% of the reference
SCOP interfaces had either full 100% overlap with an equivalent CATH interface (69.1% of in-
terfaces) or 0% overlap (8.3% of interfaces). When CATH was taken as the reference interface,
89.9% of the CATH interfaces either had 0% (13.1% of interfaces) or 100% (76.8%) coverage
by SCOP equivalents. Between the extremes of 0 and 100% overlap, the percentage of inter-
faces with a given coverage increases steadily for both domain definitions. Comparison of the
fully redundant sets of interfaces showed no significant difference between CATH and SCOP.
When a percentage overlap of 75% or more was taken to be sufficient to consider two interfaces
to be equivalent, 17.1% (15776 interfaces) of the CATH interfaces had no equivalent SCOP
interface and 16.5% (13131 interfaces) SCOP interfaces had no equivalent CATH interface.

To ensure these results were not biased by the redundancy of the data, the overlap of the
interfaces was also analysed in a non-redundant set. For each pairwise superfamily, 10 in-

teractions were chosen at random to represent the superfamily interaction. The overlap was



determined for each of the 10 different random selections and the mean overlap taken to repre-
sent the pairwise superfamily. Table I shows the overlap for the non-redundant set compared to
the redundant set. The analysis of interfaces generated by a non-redundant set suggested that
the coverage of CATH interfaces by SCOP was greater than the coverage of SCOP interfaces
by CATH. If a percentage overlap of 75% or more is again taken to be sufficient to consider two
interfaces to be equivalent, 23.6% of the CATH interfaces had no equivalent SCOP interface and
37.3% of SCOP interfaces had no equivalent CATH interface. Only 39.6% of the SCOP inter-
faces had 100% overlap by equivalent CATH interfaces whereas 61.3% of the CATH interfaces
were covered 100% by SCOP interfaces.

Although one reference interface may have no equivalent alternative domain-domain inter-
action in the structure where it was observed, there may be a valid alternative to the domain-
domain interaction in a homologous structure. Therefore, the overlap at the interface was also
investigated by analysing equivalences for all available interfaces in a given pairwise superfam-
ily. The reference interfaces were classified at the pairwise superfamily level and if any of the
reference interfaces within a pairwise superfamily classification had equivalent alternative in-
terfaces then the entire superfamily of interfaces was considered to have an equivalent interface.
So, for a reference interface to be considered to have an equivalent at 75% overlap, at least one
of the interactions belonging to the same pairwise superfamily classification needed to have an
equivalent interface which covered at least 75% of the interface area.

Table II shows that at 75% overlap 77.8% of the SCOP pairwise superfamily interfaces have
an equivalent CATH interface and 84.7% of the CATH pairwise superfamily interfaces have
an equivalent SCOP interface. The percentage of non-redundant interfaces with equivalent
interfaces decreases steadily as the degree of overlap at the interface increases. At 25% overlap,
82.5% of SCOP interfaces and 87.8% of the CATH interfaces had equivalents decreasing to
67.3% and 79.4%, respectively, for 100% overlap.

The difference in the overlap again shows that the interfaces derived using the SCOP clas-
sification were less well covered by CATH equivalents than CATH interfaces were covered by

equivalent SCOP interfaces. This can partly be explained by the larger size of SCOP domains



and the SCOP interfaces thereby providing a greater coverage of the equivalent CATH interfaces
than CATH interfaces provide of equivalent SCOP interfaces. These results suggest that, as the
coverage of CATH interfaces by SCOP was greater than the coverage of SCOP interfaces by
CATH, SCOP should be a better choice of domain definition for analysing protein-protein inter-
actions if interface coverage is the principal criterion. However, using both SCOP and CATH in
conjunction leads to a significant increase in the number of interfaces observed. As the shortage
of domain-domain interfaces is a limiting factor in the use of structural data in protein-protein
interaction investigation and prediction and the majority of work in this area is performed using
only one domain classification system this result represents a significant finding.

To illustrate this point, if CATH is used as the domain classification system for prediction
of protein-protein interactions through homology matching of sequences to domains observed
interacting in structural data then there would be 1961 pairwise superfamiles with which to
match. If the domain-domain interactions observed in SCOP that had no CATH equivalent
were added there would be 2606 pairwise superfamilies with which to match (1961 + 645).
Aloy et al. predicted that the number of types of protein-protein interaction is 10,000 [7].
If a pairwise superfamily is considered to be a type of protein-protein interaction then just
using CATH would mean that 19.6% (1961/10,000) of protein-protein interaction types are
observed in structural data. Including the SCOP pairwise superfamily interactions where there
is no equivalent CATH interaction would increase this value to 26.1% (2606/10,000). This
could reduce the false negative rate of predictive methods which employ homology matching to

structural data (such as [7, 8, 9]) by approximately 6.5%.

Reasons for no equivalent interface

The interfaces of domain-domain interactions where there was no equivalent interface observed
were classified according to whether one or both of the interacting domains had no correspond-
ing domain in the other classification system. Figure 2 shows the different classifications of

interaction site state. If there was no equivalent interface because there was no alternative do-
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main present for one of the interface partners then this is described as ‘one absent’. If there was
no alternative domain present for both of the interface partners then this is described as ‘both
absent’. If there were alternative domains present for both interface partners but these domains
were not present at the same area of the interface then this is described as ‘both present but not
overlapping at the interface’. If there was one alternative domain covering both of the reference
domains then this is described as ‘one alternative domain covering both sides of reference in-
teraction’. A non-redundant set was determined by taking a random sample of 10 interactions
from each pairwise superfamily where non equivalent interface had been found.

Table III shows the properties of the interfaces which had less than 75% interface site over-
lap. As only interactions where there is no equivalent interface are considered the number of
interactions are considerably smaller than in Tables I and II. When there was no equivalent
SCOP interface for a CATH interface, 86.4% of the interfaces were in the ‘one alternative do-
main covering both sides of reference interaction’ category (93.4% for a redundant data set).
As the number of known proteins increases this problem may be alleviated by an increase in the
number of SCOP domains seen as a separate domain in isolation or in more than one context in
different multi-domain proteins. CATH defining the region as a single domain but SCOP clas-
sifying the region as two separate domains was not as important a reason for why there was no
CATH equivalent interface for SCOP reference domain-domain interactions with only 22.5%
(40.0% for the redundant data set) of the interfaces with no equivalent being in this category.
The reasons why there was no CATH equivalent interfaces for SCOP reference domain-domain

interactions were split more evenly across the 4 different scenarios.

Number of equivalent alternative interfaces per reference interface

Protein chains can be split into several domains by one classification and considered to be only
one domain by the other classification [19, 20]. This situation may cause one reference interface
to comprise several equivalent alternative interfaces. For example, in Figure 1, the reference

interface comprises 2 equivalent alternative interfaces. Table IV shows the number of equivalent
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alternative interfaces for each reference interface. The non-redundant set was determined by
taking a random sample of 10 interactions from each pairwise superfamily. The size of the non-
redundant set is therefore an order or magnitude greater than is seen in Tables I and II. 70.9%
(83.4% redundant set) of the SCOP interfaces had only a single equivalent CATH interface and
83.2 (85.8% redundant set) of the CATH interfaces had only a single SCOP equivalent. For the
fully redundant set there were 2 SCOP interfaces which each had 8 equivalent CATH interfaces,
18 SCOP interfaces that each had 6 equivalent CATH interfaces and 45 SCOP interfaces that
each had 5 equivalent CATH interfaces. There were no CATH interfaces which had more than
4 equivalent SCOP interfaces.

The SCOP interactions which had 8 equivalent CATH interfaces were both formed between
two copies of Nitrogenase iron protein-like domain (Scop family ¢.37.1.10), in PDB entries
110oo[30] and 1j4b[31]. Although these are seen as single domains in the PDB entries, PQS[22]
was employed for this study shows the biological unit to be a dimer. CATH divides the single
domain assigned by SCOP into 3 separate domains. Therefore, in the PQS structure one interac-
tion was observed between the two SCOP domains but when the CATH domains were analysed
the 6 CATH domains were seen to form 8 different interfaces along the interaction surface of
the SCOP interaction. This example shows the advantages of using PQS as the structures of
11oo[30] and 1j4b[31] are those proposed as the biological units by the authors of the original
structures.

The SCOP interfaces which had 5 or more CATH equivalents were found to be classified into
4 different SCOP family level interactions, all of which were homo-fam-pairs (both interaction
partners have the same family classification). These domains included the Reverse transcriptase
domain (e.8.1.2), the L-aspartase/fumarase domain (a.127.1.1), the Cystathionine synthase-like

domain (c.67.1.3) and the Nitrogenase iron protein-like domain (discussed above).
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Conclusions

The effect of including data from both CATH and SCOP domain assignments on observed

domain-domain interactions has been systematically investigated. The general conclusions are:

e 23.6% of CATH interfaces had no SCOP equivalent and 37.3% of SCOP interfaces had no
CATH equivalent. Therefore, using both SCOP and CATH domain classification systems
significantly increases the number of domain-domain interaction interfaces observed in
structural data. As the shortage of domain-domain interfaces is a limiting factor in the
use of structural data in protein-protein interaction investigation and prediction this result

represents a significant finding.

e [f only one domain classification is to be used, SCOP should be a better choice of do-
main definition for analysing protein-protein interactions since the coverage of CATH

interfaces by SCOP was greater than the coverage of SCOP interfaces by CATH.

e Employing both SCOP and CATH reduces the false negative rate of predictive methods
which employ homology matching to structural data to predict protein-protein interaction

by an estimated 6.5%.

e 86.5% of the structures in which CATH interfaces had no equivalent SCOP interface can
be attributed to SCOP assigning a single domain to the region while CATH assigns two

separate domains.

e Only 22.5% of the structures in which SCOP interfaces had no equivalent CATH interface
can be attributed to CATH assigning a single domain to the region while SCOP assigns

two separate domains.
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Figures
Referfenc.:e domain- Alternative domain-domain interface
domain interface involving 2 equivalent interfaces

(a) (b)

Small interaction site of less than 5
residues so not considered to be
an equivalent interaction

Two domain-domain interactions which
are considered to be large enough to
count as equivalent interactions.

Figure 1: The determination of equivalent domains. The reference interface is between the
domains labelled Refl and Ref2. There are 3 interfaces using the alternative domain defini-
tion which cover the same interaction site as the reference interface. The interface between
the domains labelled Alt4 and Alt5 is < 5 residues in size and so is not considered to be an
equivalent interaction. The other two interfaces are > 5 residues in interaction site size and so
are considered to be equivalent to the reference interface.
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Reference domain-domain interaction

Reasons for no equivalent
alternative domain-domain
interaction

One absent Both present but Both absent One alternative
not overlapping domain covering
at the interface both sides of

reference
interaction

Figure 2: Examples of situations where there is no equivalent alternative interface for a ref-
erence interface. ‘One absent’ is where there is no equivalent interface because one of the
reference domains has no equivalent in the alternative classification. ‘Both absent’ is where
there are no equivalent domains for both of the domains in the reference pair. ‘Both present but
not overlapping at the interface’ is where there are equivalents for both domains in the reference
interface but the coverage of the interface by the alternatives is too small. ‘One alternative do-
main covering both sides of reference interaction’ is where one alternative domain covers both
of the reference domains observed interacting.



