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1 Introduction
Finding the three-dimensional structure of proteins is one of the fundamental problems in molecular biology today. The improvements in throughput of
classical methods for determining the structure | e.g., using x-ray di raction analysis or NMR | could not keep up with the ever-increasing speed
with which proteins are sequenced. This resulted in a desire for methods for
structure prediction solely from sequence data, either ab initio, modeling the
molecular folding process, or homology based, using protein sequences with
known structures as a template. The main idea is based on the fact that sequence similarity allows to detect homology, i.e., the existence of a common
evolutionary predecessor, and thus to infer similar structure and even function
virtue of this shared history [10,15]. Note, that the same structure or function does not imply a common ancestor, likewise a common ancestor does not
imply a common function, but probably a shared fold.
The relation of sequence similarity as obtained by pair-wise alignments and
structural or functional properties has been the goal of a number of publications [3,10,9]. The established and widely accepted rule-of-thumb seems to
be that 30% identity over aligned regions [4] is sucient. More recent studies [13,11] quali ed this rule. We will call a sequence similarity above this
threshold signi cant. There are many examples of homologue proteins with
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Fig. 1. The problem arising from multi-domain proteins is illustrated. In the
un-directed case the solid black edges provide a path from protein #1 to protein
#4. Directed edges are displayed in grey.

a sequence similarity below any reasonable signi cance threshold. Detecting
those distant homologues, sheading light into the so-called twilight zone of low
similarity has been approached in a number of di erent ways [1,8,10,5,6,12,2]:
transitivity of homology was a common concept.
That is, if proteins A and B as well as B and C have the same ancestor than
also A and C have the same mutual ancestor. Even if A and C have a sequence
similarity below the threshold for a pair-wise comparison then the existence
of a third sequence B with a large enough similarity to both A and C can be
used to infer the homologous relation between A and C . The question remains
if transitivity extends to arbitrary numbers of intermediate sequences.

2 Algorithm
To answer this question we designed a method for partitioning the sequence
space into maximal transitive sets, where clusters correspond to vertex sets of
a threshold graph. We identi ed protein sequences with nodes and each node
was labelled with a sequence identi er and weighted with the length of the
corresponding sequence. At rst a complete undirected graph G was considered
where each edge was weighted with the raw Smith-Waterman [14] alignment
score, denoted by raw(P; Q). Note, that an arbitrary similarity measure can
be used as input for the clustering.
One concern in clustering protein-sequences are multi-domain proteins which
form unwanted \bridges" between distinct clusters in protein space. As Fig. 1
shows, not using a directed relation between proteins, i.e., protein A is a domain of protein B instead of A and B are similar at a certain level, will result in
false positives during clustering [8]. A computationally inexpensive method for
reliable prediction of domains would be highly desirable to accurately establish such a relation between protein sequences. Unfortunately, no such method
exists to our knowledge.
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A very simple heuristic for approximating the e ect of a domain-prediction
method for use in our clustering algorithm was obtained in the following way.
Noting that there has to be a di erence in length between sequences in such
a multi-domain situation we decided to direct the edges in the graph. Each
undirected edge was replaces by two directed edges where the weight of the
edge from P to Q, (P; Q), was computed as

P; Q)  100
w(P; Q) = raw(raw(
P; P )
resulting in a similarity score between zero and one-hundred percent scaled by
the raw score of an alignment of P with itself. If P and Q are two sequences
of distinct length, then the weights of the edges (P; Q) and (Q; P ) will di er.
The resulting graph is denoted by Gd .

Clustering

The next step in the procedure is to proceed to a threshold graph. That is
all edges from Gd with a similarity score of less or equal than some xed
threshold  were removed resulting in the graph Gd ( ). All similarity values
below this threshold are assumed to be produced by chance and not to be an
indicator of true structural homology. Again motivated by the problems with
multi-domain proteins and after observing the size and composition of the
resulting clusters obtained with a single-link cluster algorithm, we decided to
use strongly connected component (SCC), a standard concept in graph theory.
Note, that in Fig. 1 only proteins number two and three are in a SCC and
thus using a SCC as a cluster discards a substantial amount of information.
Nevertheless, we choose to evaluate the performance of our algorithm on the
basis of the SCCs alone to establish the validity of our approach. An extension
of the method is in preparation.
The Structural Classi cation of Proteins (SCOP) data base [7] provides very
high quality hand-crafted partitions of protein sequences at di erent levels.
For this paper the relevant level are family, i.e, sequences with more than 30%
sequence identity and possible functional identity, super-family, i.e., sequences
likely to have a common ancestor, low sequence identity, but structural and
functional similarity, and fold, i.e., sequences having structural similarity. We
evaluated out clustering procedure on SCOP and a number of additional data
sets.
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