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DOMGEN-GRAPH BASED METHOD FOR PROTEIN DOMAIN DELINEATION ∗
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Abstract. The role of a protein depends heavily on its 3D shape, which is composed of semi-
independent three-dimensional blocks called domains. Domains fold independently and constitute units
of evolution. Most proteins contain multiple domains that are associated with a particular functions;
moreover, the same domain can be found in different proteins. Automated recognition of domains can
make prediction of proteins function easier and can support the analysis of proteins. Here, we propose a
novel algorithm designed for domain recognition by identification of domain boundaries in the protein
structure. The proposed algorithm uses a contact graph and an iterative approach to find meaningful
clusters corresponding to the protein domains. The distinctive feature of the method is its effective
complexity, that improves over other well-known methods, while holding a comparable level of correct
domain assignments.
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1. Introduction

The analysis of protein structure has created a fundamental challenge for many scientific institutes as well as
for pharmaceutical companies. The progress in that area drives the development of new drugs and leads scientists
to better understanding the machinery of life. The process of protein structure exploration is successfully
supported by various computational techniques developed in operation research area [27]. Those techniques
take into account various aspects of the protein universe, e.g. secondary structure prediction [5–7], tertiary
structure prediction [4, 44], protein function [8, 9, 30, 35, 45], or domain recognition [12, 23, 42]. One of the most
important steps in a process of protein analysis is the prediction of its three-dimensional structure, because the
shape is of crucial importance for identification of the function of particular protein [21]. Being more precise, the
function of protein is usually constituted by semi-independent three-dimensional folds of proteins substructure,
that may fold independently, called domains. Structural domains are regions that are either compact, globular
modules, or are clearly distinguished from flanking regions of proteins [22]. Most proteins contain multiple
structural domains and automatic recognition of that independent units can significantly improve the protein
function prediction process.
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Nowadays, protein domains are classified using various methods and gathered in publicly available
databases [17]. The most popular databases are SCOP [1, 28] (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), CATH [32] (hierarchical classification of domains into sequence and structure-based families
and fold groups according to significant sequence similarity), FSSP (classification based on structure-structure
alignment of proteins) [20] and DALI [18] (classification based on exhaustive all-against-all 3D structure com-
parison of protein structures currently deposited in the Protein Data Bank [3]).

Several computational methods to predict domains in proteins based on protein structural coordinates have
been introduced, namely DOMARK [36], DETECTIVE [37], DomainParser [16], STRUDL [41], PUU [20]. The
applied techniques are based mainly on the premise that the amino acids within a domain will make more
internal (intra-domain) contacts than external (inter-domain) contacts. Other methods are based on graph
theory − e.g. DomainParser, that employs Ford−Fulkerson algorithm [13] in a recursive way to partition the
graph into semi-independent units, using neural networks to test the quality of domains and guide the partition
process.

Sequence information is often insufficient to identify the structural domains in the protein, because the same
structure can be reached from widely divergent sequence space (typically down to 30% sequence identity).
Sequence based method has been presented in [2,26]. Therefore, knowledge of protein structure is often the only
criterion to recognize structural domains. Although the problem has been risen more than 30 years ago, it is
not completely resolved as of today.

In this paper we analyze only the problem of predicting domain boundaries from 3D protein structure. To
our knowledge, currently existed approaches are not efficient for domain prediction process. To fill that gap we
propose DomGen, a method which allows us to obtain similar results to the previous ones using less complex
heuristics and simpler criteria. In our study, the idea of graph clustering [34] algorithms used for decomposition
of protein contact graphs has been applied.

2. Problem definition

Domains are usually stabilized by specific set of interactions (e.g. chemical bonds or compact amino acid
packings enforced by solvent) among amino acids. Thus, the basic step necessary to identify protein domains
is the recognition of these interatomic interactions or spatial contacts between atoms in the protein under
investigation. Unfortunately, such contacts could also appear between separate domains, what makes the problem
harder to solve. It should be also mentioned that each protein domain consists of one or more continuous amino
acid subsequences − called segments, but in the nature, discontinuous domains also exist. Discontinuous domain
consist of multiple segments divided by at least one segment or subsequence not belonging to the considered
domain. During the analysis of domains from the biological point of view, one should take into consideration
additional information coming from so called secondary structure of protein. Secondary structure is a locally
ordered structure brought about via hydrogen bonding mainly within the peptide backbone. The most common
secondary structure elements in proteins are helices and strands.

As input of the DomGen approach the tertiary structure of protein (Figs. 1a) is provided; as output, domains
assignments are obtained (Figs. 1b and 1c).

Although it is hard to define domain as a formal entity, it is possible to provide some basic features of the
valid domain. According to literature [20, 42] a domain should have following properties:

(1) should have at least 40 residues (amino acids);
(2) in general β-strands should not be cut too frequently − at most one β-strand can be cut at the interface

between two domains and a β-strand having more than 2 residues in each strand can belong to one domain
only;
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(a)

(c)(b)

Figure 1. Structure of two-domain protein from PDB (id:3CD4) without domains highlighted
(a); two domains of the same protein highlighted based on SCOP classification in atom view
(b) and cartoon view (c).

(3) must be compact enough to satisfy the following condition [19]:

∑
i,j pi,j

na
≥ gm, (2.1)

where i and j are any two atoms belonging to the domain separated by at least three other amino acids
along the sequence; pi,j = 1 if the distance between i and j is 4.0 Å or less, otherwise pi,j = 0; na is the
number of atoms in the domain; gm is some threshold determined from known domains (e.g. gm = 0.54).

(4) the interface between domains must be small enough, such that the number of intra-domain contacts or
interactions between amino acids composing domain should be much larger than the number of inter-domain
contacts that these amino acids have with other amino acids not belonging to the domain.

(5) the number of segments in a domain – D, should not be to great. More formally, the following condition
should be fulfilled:

r(D)
s(D)

≥ ls (2.2)

where r(D) and s(D) are the numbers of amino acids and segments in domain D respectively; ls is some
threshold determined from known domains (e.g. ls = 35).

Most of the above conditions are not used directly in the method outlined below, but they could be used for
validating its results.
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Figure 2. Graph representation of contacts between amino acids in protein; spheres correspond
to amino acids, black lines denote contacts between particular amino acids, blue lines denote
covalent bonds between consecutive amino acids in sequence.

3. Method description

Models based on graphs are very often used to solve biological problems, e.g. analysis of DNA [4], protein [25]
and RNA [38] as well as for virus analysis [40]. Problems based on graphs are often computationally efficient,
easy to understand and can be solved by powerful GPU computing [14, 15]. The key element in finding the
solution to a particular biologically related graph problem is its correct transformation into a suited graph [39].

In order to solve the considered problem one has to use some mathematical abstraction to represent protein
structure. The most straightforward approach is to represent protein structure as a graph of contacts (see Fig. 2).
Each residue in protein chain is converted into a vertex in the graph, and each contact is presented as an edge in
this graph. Additionally, a weight w can be assigned to an edge to denote the contact strength. In DomGen, the
default weight of an edge is equal to 1 (if not given explicitly). Such a graph can be used to recognize potential
domains by means of graph clustering, graph partitioning, or min-cut algorithms. Graph clustering methods [34]
that have been applied include traditional graph partitioning algorithms based on max-flow/min-cut paradigm
(as in Ford−Fulkerson algorithm [13]) or minimal spanning trees [43], as well as more complex methods such
as spectral methods [29], kernel-based clustering [10], divide and merge strategies [46], random walks based
methods, including Markov clustering [11, 33].

We now describe DomGen, a novel, parameterized, iterative algorithm based on the contacts between amino
acids in protein. It incorporates information about secondary structures of proteins in the process of splitting a
graph into clusters that corresponds to domains.

DomGen uses the definition of contact similar to the one proposed by Daniluk [9] to delineate protein domains.
This definition of a contact is based on the following assumptions:

• each amino acid is represented as two points in three-dimensional space: the first one corresponds to Cα

atom and the second one corresponds to the geometrical center of the side chain. For given position i in
protein chain let us denote these points respectively as Cα

i and Si;
• amino acids in the positions i and j in a given protein chain are in contact if any of the following conditions

is fulfilled:
(1)

∥∥Si − Sj
∥∥ ≤ rÅ,

(2) rÅ <
∥∥Si − Sj

∥∥ ≤ r + 1.5Å and
∥∥Si − Sj

∥∥ <
∥∥Cα

i − Cα
j
∥∥ − 0.75Å, where r is method parameter –

distance threshold (e.g. r = 4.5Å).

The visualization of a contact graph for a protein (PDB id:3CD4) is shown in Figure 2.
Existing efficient clustering methods need prior knowledge of a number of clusters, so to use these methods

one has to know a priori the number of domains. To overcome this problem, the idea of coloring the structure
iteratively using simple rules (see Fig. 3) has been proposed. Colors with sufficient coverage should point to
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Figure 3. Initial coloring (clustering) of the protein structure based on contacts (different
colors correspond to different clusters).

a core elements of the protein domains and give an estimated number of clusters. Moreover, it is possible to
incorporate information about secondary structures into clustering strategy (protein secondary structure can
be generated using DSSP algorithm [24]).

Our algorithm contains two main phases: graph construction phase and graph clustering phase. Clusters in
a graph correspond to domains.

A cluster Di in a given graph G is an induced subgraph that contains all vertices of a particular color ci

assigned by the clustering algorithm. Each vertex from G can belong to one cluster only.
The DomGen algorithm is described (Algorithm 1).
Clusters Di and Dj are considered as neighboring in graph G if there exists an edge e = {vi, vj} connecting

two vertices vi ∈ Di and vj ∈ Dj. Let us denote links(Di, Dj) to be the sum of the edge weights w between
nodes in subgraph Di and subgraph Dj . In other words:

links(Di, D − j) =
∑

i∈Di,j∈Dj

w{i, j}, (3.1)

where w{i, j} − is the weight of the edge e = {i, j}.
Also, let us assume that there are no loops in the considered graph G. This condition is enforced by the

procedure constructing a contact graph.
As a result of the clustering stage of the Algorithm 1, one gets small, potentially very stable elements of

the protein structure. These small elements can be treated as the potential seeds of the domain cores (Fig. 4).
These seeds have then to be merged into larger entities to compose the domains. It is important to notice
that during clustering, only contacts between nonconsecutive amino acids are considered. The exclusion of the
contacts between consecutive amino acids make globally stable substructures more preferred than local motifs.
The procedure assigning initial colors can assign colors misleadingly.

To avoid wrong clusters, a cluster quality measure qi has been introduced:

qi =

∑
j �=i links(Di, Dj)
links(Di, Di)

· (3.2)

Let tmerge be the threshold for merging clusters, and tinvalidate the threshold for invalidating clusters. If the
qi > tinvalidate then cluster i becomes invalid and all its vertices are “grey colored”, and they are returned to the
set of unassigned vertices. In the refinement procedure such vertices can be reassigned to the proper clusters.



368 M. MILOSTAN AND P. LUKASIAK

Algorithm 1. Pseudocode of DomGen basic algorithm.
Require: Protein structure P , number v of contacts for amino acid to assign new color
Generates: Division of P into domains

G← contacts(P )
//contacts(P ) – generates graph of contacts
assign grey color to all vertices in G
(optional) assign colors to known secondary structures taking into account special presumptions about β-strands
L← sort vertices V in G by their degree d (descending)
while (L is not empty) and (maximal degree of the vertex V ′ ∈ L > v) do

pick the first element from L→ l
if l has color then

assign l′s color to all grey colored vertices in contact with l that are not consecutive to l in amino acid
sequence

else
check the color of all neighbors
if the most popular color among neighbors = grey then

assign new color to l
else

assign to l the most popular color
end if

end if
assign current color of l to all grey colored vertices in contact with l that are not consecutive to l in amino acid
sequence

end while
G ← merge(G); //iterate through the graph G and merge clusters that have large cross-color contacts
G ← refine(G); //refine clusters
print the number of colors //(in ideal case the number of colors should correspond to number of domains)
print all vertices in G with assigned colors

Next, our algorithm merges small clusters into larger domains. The weights of the edges between consecutive
amino acids belonging to different clusters are enlarged to some value wc to increase the probability of merging
clusters with large number of backbone contacts.

Two clusters Di and Dj in G, that in fact are potential fragments of domains, can be merged when the
following conditions are fulfilled:
• Di and Dj (i �= j) are neighboring cluster in G,
• the ratio m given by the following equation:

mi,j =
links(Di, Dj)
links(Di, Di)

(3.3)

is greater than threshold tmerge set as a parameter.
This ratio is computed using an asymmetric function, so it cannot be treated as a measure of distance between

the clusters. However it is sufficient to judge if clusters should be merged. The values of the ratio mi,j for the
whole contact graph can be represented as the matrix M of the size n × n, where n is the number of clusters.
If for given cluster i exists more than one cluster that fulfills the above conditions then the cluster i is merged
into cluster j, such that mi,j = maxj(mi,j). The clusters are analyzed in descending order of mi,j values. If, for
a given cluster i, exists more than one cluster that fulfills the above conditions, then the cluster i is merged into
cluster j, so that mi,j = maxj(mi,j) (i is fixed, so it is omitted in the max function). After merging the clusters
according to matrix M , m ratios for a smaller number of clusters will be recalculated. This step is repeated
until all m ratios in matrix M will be lower than tmerge threshold.

The detailed description of steps of merge(G) procedure are shown in pseudo-code as Algorithm 2. In the
refinement step of Algorithm 1, elements from cluster i that are surrounded by elements from cluster j in the
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Algorithm 2. Pseudocode of procedure merge(G).
for each edge e = {i, i + 1} ∈ G, such that i ∈ Di and i + 1 ∈ Dj do

w{i, i + 1} := w{i, i + 1}+ wc

//wc method parameter
end for
for each color ci do

compute qi

end for
for all i such that qi > tinvalidate do

assign grey color to all vi ∈ Di

end for
for all pairs of ci, cj do

compute mi,j

end for
merge each pair of cluster Di and Dj such that mi,j > tmerge

if ∃mi,j > tmerge then
change weights w{i, j} to default values (e.g. equal to 1) and go to 1.

end if
return G

sequence are reassigned to cluster j. In Figure 4, an example of the results after merge and refinement steps
of the algorithm are shown. The improvement in assignment of domains (Fig. 4a) is noticeable.

For further improvement of the results quality, it is possible to incorporate knowledge about the secondary
structures into the decomposition scheme. Assigning two different colors to two parallel fragments of strands can
spoil the overall results, so special precautions must be incorporated. In case of tightly packed two interacting
helices, the large number of geometrical contacts can appear although the chemical interactions could be much
weaker. Overestimation of contacts can be misleading and can cause the merging of two individual domains
together.

The algorithm has been tested on the data from SCOP [1,28] and CATH [31] databases. Both of these domain
databases contain domains for protein structures deposited in PDB [3].

4. Complexity of the algorithm

The novel algorithm proposed above (see Algorithm 1) has polynomial complexity. The generation of contact
graphs takes time O(n2), where n is the length of the amino acids sequence. The sorting of vertices has complexity
O(n log(n)), the generation of initial colors takes O(n2) in the worst case. The complexity of the merge procedure
is O(n3) (to be precise it is O(n2m), where m is the number of colors). The number m is not greater than n/2.
The computation of the links(Di, Dj) takes O(n2) for all i, j in total. Computation of the quality measures qi

for all i takes additional O(m) time assuming that links(Di, Dj) values have been computed. The mi,j ratios
can be computed in O(m2) time. The merging procedure is iterated no more the n

2 − 1 times, so it gives the
overall complexity O(n3).

The complexity of the DomGen algorithm is very similar to the complexity of other popular graph clustering
algorithms. Walktrap [33] algorithm has time complexity O(kn2), where k is the number of edges; MCL [11] has
complexity O(nl2), where n is the number of nodes in the graph, and l is the number of resources allocated per
node, for extremely tight and dense graphs this might become O(n2 log(l)). The MCL seems to have the best
performance but it is not straightforward to incorporate additional biological information such as secondary
structures or specific conditions, which is included in DomGen (e.g. in cluster merge procedure).
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Figure 4. Domain assignments before merge and refinement procedures) of the Algorithm 1
for chain H of the protein with PDB id: 12e8 (a); Domain assignments after merge and refine-
ment (b).

5. Parameter tuning in DomGen

In DomGen there are various parameters that have to be properly set up to give the best results. These
parameters are:

• tmerge threshold for merging clusters,
• tinvalidate threshold for invalidating clusters,
• wc the weight increment and v the minimum contacts parameter.

The default value of the v parameter is 1, but it can be risen even up to 12 (more stable fragments of a structure
are analyzed). As it has been presented in Figure 5 (based on 14 347 109 amino acids from proteins available in
SCOP, CATH and DALI domain databases), the distribution of contacts is not a normal one and in most cases
the amino acids have around 5 neighbors. In practice, it means that, if parameter v is set around 5, then the
initial colors in the algorithm will be assigned to almost all amino acids. This information can be used to set
up wc parameter as well. For the initial tests let us assume that wc = 5. The tinvalidate is by default set up to 1
(the cluster is invalid if the sum of weights of external contacts is greater than a number of internal contacts).
The parameter tmerge was determined experimentally, and for the purposes of initial validation it has been set
to tmerge = 0.41.

A simple adjustment of these parameters leads to the correct domain assignments for the majority of the
analyzed structures. Although adjustment of parameter is possible, in our approach we have used the same set
of parameters after little tuning (pointed out above). The robustness of the results with respect to parameters



DOMGEN-GRAPH BASED METHOD FOR PROTEIN DOMAIN DELINEATION 371

Figure 5. Distribution of contacts: numbers of amino acids with particular numbers of contacts.

adjustments can be consider as a strength of DomGen, where other methods appear to be very sensible to small
parameters adjustments.

6. Comparison with the other methods

The comparison of the performances of DomGen algorithm with those of the other methods considered from
the literature (DomainParser [20], Consensus approach [23], and SCOP is presented (Tab. 1). The DomainParser
algorithm uses a network flow algorithm and the definition of contacts based on distances between the closest
atoms of the amino acids. The Consensus method proposed by Jones uses results of other methods to generate
the prediction. Results of the SCOP classification is also presented for the comparison. We have tested the
performance of DomGen on a set of 55 proteins provided by Xu [42]. Among 55 proteins, 30 are single-domain
proteins, 20 are two domain proteins, 3 are three-domain proteins, and 2 are four domain proteins. In the
analyzed benchmark, domain decomposition is treated as correct if the number of decomposed domains is the
same as in the literature (based on structure manual inspections), and the residue assignments is at least 85%
in agreement with the structure [23]. Results presented in Table 1 consist of results for multi-domain proteins
only (domains in one-domain proteins have been assigned correctly). We do not provide the validation of our
algorithm against all SCOP domains, because the domain assignments tend to differ significantly between
SCOP and other databases or methods [16], as well as those given by human experts. As it can be noticed,
the level of domain recognition is at least on the same level as reported by other applied methods (78.2% −
the best reported result for the considered data set [42]), and for the chosen set of multi-domain proteins is
around 78.6%. The precision for two-domains proteins was 80.7%, for three-domains proteins 67.7%, and for
four-domains proteins 82.3%.
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The difficult cases for which the proposed approach fail correspond to multi-domains proteins of different
sizes (in some cases the number of domains and their limits do not agree with those in CATH or SCOP).
Analyzed protein architectures consist of smaller structural units, often containing contiguous chain segments
with a completely different architecture. It is hard to recognize them as completely separated units, because
they usually form shapes, which are tightly associated with the main architectural motif.

Various disagreements between our assignments and the ones in the literature could be the result of the lack
of precise definition of a structural domain, as mentioned by experts [41]. The manual assignments by experts
can be also quite subjective, depending on their own interpretation of protein domain definition. It is worth
to mention that different experts may propose different domain assignments for the same protein. Another
uncertainty is related with the assignment of the short segments. If a short segment is in and out of one domain,
while most of its flanks are in another domain, it can be assigned to the domain of its flanks depending on the
size of the segment.

7. Conclusions

We have developed a novel algorithm for splitting tertiary structure of proteins into domains. Proposed
solution uses specially crafted contact graph and graph clustering method to detect potentially stable substruc-
tures, and has been tested on the data from SCOP and CATH databases. Domain assignment has been done
automatically, and, based on the results obtained, one can noticed that the proposed algorithm gives at least
comparable result to the other currently used methods, but with polynominal time complexity. DomGen can be
easily applied for the considered problem and extended by additional analytical modules devoted to recognition
of similarity of domains cores in proteins. It can be also applied in protein quality assessment, especially in
blind tests like CASP experiments, where fast and efficient analysis is one of the crucial points. Our approach
can successfully support domain recognition, delivering plausible results of the prediction, together with fast
and efficient computational time.
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