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the other (see Fig. 3). The fusion protein is
termed as the ``Rosetta Stone'' protein, because
it allows us to infer that the two original pro-
teins are functionally related [Enright et al.,
1999; Marcotte et al., 1999a]. As in previous
methods, pairs of proteins that are linked via a
``Rosetta Stone'' protein typically belong to the
same cellular pathway. Often, enzymes within a
metabolic pathway are fused to achieve greater
catalytic activity.

The last analysis we perform on bacterial
genomes is the reconstruction of operons. Genes
within the same operon tend to have very short
intergenic spacing, while genes at the boundary

of two operons tend to be further spaced. Thus
one can use the intergenic distance to estimate
whether two consecutive, co-directional genes
are in the same operon or not. Once again, the
fact that two or more genes are part of the same
operon is an indication that they are likely to
be part of the same pathway.

The observation that these four techniques
cluster proteins together that are in the same
pathway is in some sense not surprising. It
seems reasonable to assume that bacterial cells
have evolved to ef®ciently express genes that
have related functions by placing them in a
clustered fashion on the genome, and that these
clusters are conserved to some degree across
species.

Since each of these methods is statistical in
nature, we can compute a probability associated
with each pair-wise relationship. For instance,
we can compute the probability of observing a
certain similarity between two phylogenetic
pro®les, by measuring how often this degree of
similarity would be found if we randomly assign
gene families to organisms. Furthermore, since
the E. coli genome has been extensively anno-
tated, we can directly measure how often genes
related by one of these four methods with a
certain probability are found in the same path-
way, as seen in Figure 4.

The ability to ®nd pathway associations
between all the proteins in a genome allows us
to construct genome-wide pathway maps. One
way to visualize such maps is by linkage ana-
zlysis. We consider pairs of proteins that have a
greater than 50% chance of belonging to the
same pathway by the above criteria to be linked.
By combining all the links between the proteins
in a genome we are able to construct a protein

Fig. 1. Flow chart illustrating the construction of phylogenetic
pro®les. a: We begin with four fully sequenced genomes from
which the protein sequences have been predicted. b: The
®rst sequence, P1, within E. coli is compared to that of the
proteins coded by the other genomes and homologs are iden-
ti®ed. If the genome contains a homolog of P1, a 1 is placed
in the corresponding phylogenetic pro®le position, a 0 other-
wise. A similar analysis is performed on all the E. coli proteins.
c: Phylogentic pro®les are clustered based on similarity.
d: Genes with similar phylogenetic pro®les are likely to parti-
cipate in the same pathway.

Fig. 2. The second method for deducing functional relation-
ships between genes relies on the observation that certain gene
pairs are coded nearby on multiple genomes. In the ®gure we
see that genes A and B are coded nearby on all four genomes,
while the C gene is not coded near A and B in three out of the
four genomes. We therefore conclude that the A and B genes are
functionally related to each other but not to the C gene.

Fig. 3. The Rosetta Stone method searches for gene fusion
events. In the ®gure we see that the A and B proteins are
expressed as separate proteins in one organism. However, in a
second organism a sequence exists that represents the fusion of
the two proteins. The fusion protein is termed the Rosetta Stone
protein since it allows us to deduce that the A and B proteins are
typically functionally related.

Computational Method to Assign Microbial Genes to Pathways 107



function network (see in Fig. 5 the network for
Mycoplasma Genitalium). This network is a
®rst attempt to understand a cell on a genome-
wide scale.

One possible use of these networks is to assign
uncharacterized genes to pathways [Marcotte
et al., 1999b; Huynen et al., 2000]. In the case of
E.coli, for example, about half the genes have
been placed within a pathway according to the
NCBI annotation scheme. This leaves about
2000 genes that cannot be placed within a
pathway using any of the standard homology
based bioinformatics techniques (for some of
these, however, the biochemical function may
be inferred from homology to characterized
proteins). We can use our methods to assign
genes to the pathway which is most represented
among the proteins it is linked to. This concept
has often been called ``guilt by association'': if we
know a gene is linked to histidine biosynthesis
proteins, it is likely to be part of this pathway.

As before, in E. coli we can measure our
ability to recover the pathway of previously
annotated genes, and use this knowledge to
estimate the accuracy with which we assign
uncharacterized ORFs to pathways. As shown
in Figure 6, we ®nd that for most ORFs our
assignment accuracy is about 70%, while for a
few hundred it is much higher. Therefore, we
can use this technique to signi®cantly enhance
the pathway annotation of a complete genome.

The ability to assign uncharacterized pro-
teins to cellular pathways should allow scien-
tists to mine genomes for potential vaccines and

Fig. 4. We have described four methods to associate pairs of
proteins that are functionally related: phylogentic pro®les,
conserved gene order, Rosetta Stone, and operon analysis. We
®rst associate a probability with the pair-wise relationship
inferred from each method. This probability represents the
likelihood of ®nding the relationship between the two genes
when the genomes are randomized. In the ®gure we relate the
log base 10 of the probability to the likelihood that the two
proteins are in the same pathway, as determined by the COG
annotation [Tatusov et al., 1997].

Fig. 5. In Figure 4 we are able to assign a con®dence measure
to the likelihood that a pair of proteins is acting within the same
cellular pathway. If the con®dence exceeds 0.5 we consider the
two proteins linked. We are able to generate such links for all
the related proteins with a genome. In the ®gure we represent
the linkage map for the proteins contained within Mycoplasma
Genitalium, the organism with the smallest of all the available
genomes.

Fig. 6. We attempt to assign a COG (1) category to genes that
are un-annotated within the COG scheme. To do this we
consider all the links, by our four methods, to the un-annotated
proteins. The protein is assigned the most highly represented
COG category of the linked proteins. For proteins whose COG
category has been assigned we may then check to see the
accuracy of our assignments using this scheme. In the ®gure we
plot various points corresponding to different thresholds for
determining a link. On the right hand side all links above 0.1
con®dence are retained, while on the left hand side only links
above 0.9 con®dence are used. As we vary the con®dence
threshold from 0.1 to 0.9 we are able to assign fewer genes (X-
axis) to their COG categories, but with higher accuracy (Y-axis).

108 Pellegrini et al.



����	��� 1�	�������� ������	�� �
 �	� ������	�
��� ����	�� �� ��������� �	���	� ���� �	����	
���� ���
��������� �	������	� �	 ���
�	� ����
������������
�� 	%
	���	���� �	������	�� 1�
�� ��� 
������	 �� ����	��������� ��������� ���
�	�	� ������ � �	���	� �� ������	� ����� ��	
	��	����� 
�� ��	 ��������@� �������� ��� �����
��	 ���� ��	 ����������� �
 	%
	���	���� ��
���
������ ���� 
������ ���������� 
�����	� ��
��	���� 	�����	 ��	 ������� �
 
������	������
���
���	� �� ���	 �	���	� 
�� ��������������
����	��� ���� �� ���� ������ 
��������	 ��	 ����
���	�� �
 �	� �������������� ���
����� ����
��� �	 ��	� �� ������ ��	�	 
�����	���

9:+:9:;	:�

����	��� �� .�	� (� '���	� 5� (��� ,� $))*� 2���	����
���� �
 �	�	 ���	�4 / ���	�
���� �
 
���	��� ���� 
���
������� ���	����� ��	��� (�����	� .�� "949"6E9"*�

;������ /F� 1����
���� 1� G��
��	� B2� �� ����� 2/� $)))�
,���	�� ���	������� ��
� 
�� ���
�	�	 �	���	� ���	� ��
�	�	 
����� 	�	���� B����	 6#"4*CE)#�

'���	� 5/� (��� ,� $))*� 5	������� �	���	 	���������
,��� B��� /��� .�� H./ )747*6)E7*7C�

'���	� 5� .�	� (� :���	 !� (��� ,� "###� ,�	�������

���	�� 
������� �� �	����� ����	%�4 I����������	 	���
������� ��� ����������	 ��
	�	��	�� 8	���	 �	�	���� $#4
$"#6E$"$#�

5������	 ;5� ,	��	����� 5� B� ':� ���	 �!� J	��	� ���
;��	��	�� �� $)))�� �	�	����� 
���	�� 
������� ���

���	��E
���	�� ���	�������� 
��� �	���	 �	��	��	��
.��	��	 "*7=76"*>4D7$ED79�

5������	 ;5� ,	��	����� 5� ����
��� 5F� J	��	� ���
;��	��	�� �� $)))�� / ������	� ��������� 
�� �	���	�
���	 
�	������� �
 
���	�� 
�������� B����	 6#"4*9E*C�

��	��		� �� 0����	��5� �@.�� �5� ,���� 8��5����	� B�
$))*� H�	 �
 ���������� �� ��	 ���������	 �� 
�	����

��������� ���
����� 1� .����� (������ $4)�

��	��		� �� 0����	��5� �@.�� �5� ,���� 8��5����	� B�
$)))� ��	 ��	 �
 �	�	 �����	�� �� ��
	� 
��������� ���
��
���� ,��� B��� /��� .��	 H./ )C4"*)CE")#$�

,	��	����� 5� 5������	 ;5� ����
��� 5F� ;��	��	�� ��
J	��	� ��� $)))� /�������� 
���	�� 
�������� �� ����

������	 �	���	 ��������4 ,���	�� 
�����	�	��� 
����	��
,��� B��� /��� .�� H./ )C=*>46"*7E6"**�

������� �:� G����� ;K� :�
��� �F� $))D� / �	�����

	��
	����	 �� 
���	�� 
�����	�� .��	��	 "D*=799*>4C9$E
C9D�

	������������  
���! �� "���#�  �
��$��� %
�
� �� &���'��� ���


