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Supplementary material:
Supplementary Figure 1. Species (x-axis) ordered by their genome sizes (y-axis) in the eukaryotic a) and prokaryotic b) samples. Genome size is measured as the number of sequence domains found in the Gene3D database. Whilst the prokaryotic sample shows an almost continuous representation of genome size values, the eukaryotic sample shows a heterogeneous distribution with at least three different groups: Group 1, 2 and 3 in the a) plot.

Supplementary Figure 2. Comparison of Euclidean (Ed) and Bit (Bd) values. Comparison for the sample of significant predictions (Zs ≤ -3.0) provided by the Phylo-Tuner method. (A) Euclidean distance (y-axis) versus Bit distance (x-axis), and (B) Zs values based on Ed (y-axis) and Bd (x-axis) distributions. Trend line equations, R-squared values, and correlation coefficients are also indicated.

Supplementary Figure 3. Profile comparison of the 3.50.7.10 domain cluster against the rest of profiles in the extended matrix (see prediction examples section). a) Number of domain copies (y-axis) for the 3.90.640.10 cluster (thick blue line) is shown and for the cluster with the closest Euclidean distance (3.50.7.10  - CCT- thick red line). The number of domain copies in the different sub-clusters (S35) of the 3.50.7.10 CCT cluster are also shown. b) Euclidean distance (y-axis) versus the corresponding bit distance (x-axis) for the comparison of 3.50.7.10 cluster against all other clusters.

Supplementary Figure 4. Profile comparison for the 4.10.900.10 cluster against the rest of the profiles in the extended matrix (see prediction examples section). a) Number of domain copies (y-axis) for the 1.10.880.10.2 cluster (thick blue line), for the cluster with the closest Euclidean distance (4.10.900.10, thick red line). The number of domain copies in different sub-clusters (S35) of the 4.10.900.10 Nt b-catenin binding subunit cluster are also shown. b) Euclidean distance (y-axis) versus bit distance (x-axis) for the comparison of 4.10.900.10 cluster against all other clusters.

Supplementary Figure 5. Profile similarity score analysis. For eukaryotic -a) and b)- and prokaryotic -c) and d)- profiles:  a) and c) Euclidean distances for profile pairs (y-axis) versus the average sizes of the profiles (x-axis); and b) and d) logarithm of the Euclidean distances for the profile pairs (y-axis) versus logarithm of the average profile sizes (x-axis).

Supplementary Figure 6. Comparison of the analysis with homologous pairs against the analysis without homologous pairs. The frequency distribution (left hand y-axis) of True Positives and False Positives is plotted for the original analysis with homologous pairs (blue and light-blue respectively) and without (red and pink respectively). The percent precision distribution (right hand, y-axis) is shown for the analysis with homologous pairs (blue line) and without (red line) for all Zs value bins (x-axis for both distributions). Standard deviations are also indicated for the False Positive rates (vertical lines). Precision percentages were calculated based on the True Positive and False Positive frequencies for every Zs bin in the “no homologous pairs” sample, using for this new analysis the same profile matrix (with 3,721 protein clusters) and following the same procedure as described in the section “Validation of Associated Profiles With GO Annotations and SS Scores” (Material and Methods) and the section “Assessment of Profile Similarity and Predicting Functionally Related Clusters” (Results and Discussion). It can be seen in this plot that the True Positive (TP) rate in the “no homologous pairs” sample drops slightly from 0.041% to 0.035% in the highest Zs class (≤ -3.5), compensated by a proportional decrease of the False Positive (FP) rate in the same Zs bin, giving virtually no variation in the precision ratio compared to the original analysis. For the remaining Zs bins no significant differences are observed in the TP rate, the FP rate or the precision values, demonstrating that no significant upward bias of the precision ratio is caused by the inclusion of homologous pairs in the analysis.

Supplementary Figure 7. Pair-wise Euclidean distance (x-axis) distributions by percentage (y-axis). (A) the homologous (blue line) and the non-homologous (red line) pairs; (B) distributions for the clusters in the homologous 3.40.50.300 superfamily (blue line) against the rest of clusters in the matrix (red line). Using the same matrix of 3,721 protein clusters referenced above, the Euclidean distance distributions of homologous and non-homologous pairs were calculated independently and compared between both sets (plot A). Homologous pairs count for only 6% of all pair comparisons and these pairs therefore have a low statistical weight in the whole statistical analysis. From this comparison it can be seen that the homologous pairs show a very slight bias towards lower Euclidean distances. However, if the Euclidean distance distribution of homologous pairs from the superfamily 3.40.50.300 (a superfamily which is large enough for significant statistical comparison) is compared with the distance distribution for all the remaining 3.40.50.300 non-homologous clusters (plot B), no significant difference is seen. Therefore, the likelihood of finding significant partners within or outside the superfamily are practically the same. These results indicate the possibility that homologous clusters could be co-evolving in a similar manner to non-homologous pairs when a functional association between them is retained in evolution. For this reason the co-evolution signal arising from the comparison of homologous profiles is retained within the Phylo-Tuner analysis.

Supplementary Figure 8. Percentage of profile pairs (y-axis) in each Euclidean distance bin (x-axis) for eukaryotic profiles with gene representation in 6 or more organisms a) and in 5 or more organisms b), for the real matrix (blue), the genome shuffling model (pink, GS), and for the profile shuffling model (yellow, PS). c) analysis of the increase in precision obtained by having at least 6 species in the profile. The plot on the right hand of c) shows, for the smallest Euclidean distance bin, the percentage of profile pairs from the real matrix as true positives (TP5), and the percentage of profile pairs from the random models as false positives (FPps5 and FPgs5). In the left hand plot of c), the same is shown but for the 6 species matrix. And in d), precision values are estimated for the two different sources of false positives (PS and GS random models) and for the two different real matrices: 5 and 6 species.

Supplementary Text 1: Detailed bibliographic analysis of the ten pairs selected for Supplementary Table I. For three of the pairs it has not been possible to find any evidence from the literature supporting the putative functional associations, while for the remaining seven pairs the bibliographic study has provided information that supports the clusters’ functional links. The literature analysis for the ten examples is reported below:
Pair: 2.60.40.840 - 4.10.400.10.25.2

2.60.40.840 arrestin domain. Arrestins comprise a family of closely-related proteins, including beta-arrestin-1 and -2, which regulate the function of beta-adrenergic receptors by binding to their phosphorylated forms, impairing their capacity to activate G(S) proteins. Arrestins have also been implicated in the endocytosis of receptors and cross talk with other signalling pathways (Gurevich et al. 2006; Buchanan et al. 2006).

4.10.400.10.25.2: The low density lipoprotein (LDL) receptor protein binds LDL and transports it into cells by endocytosis. Low density lipoprotein (LDL) is the major cholesterol-carrying lipoprotein of plasma (May et al. 2007). There is some experimental evidence that functionally relates the Arrestins with the LDL receptor proteins (Wu et al. 2003).

Pair: 2.60.40.720 – 1.10.10.60.7.1:

2.60.40.720  corresponds to the Runt and p53-like domains. Drosophila melanogaster segmentation gene runt is very similar to the acute myeloid leukemia (AML1) gene and the mouse transcription factor PEBP2 alpha subunit gene. The protein (known as acute myeloid leukemia 1 protein, oncogene AML-1) binds to the core site, 5'-pygpyggt-3', of a number of enhancers and promoters (Miyoshi et al., 1995). P53 domain is found in p53 transcription factors, where it is responsible for DNA-binding. These transcription factors play diverse roles in the regulation of cellular functions: the p53 tumour suppressor upregulates the expression of genes involved in cell cycle arrest and apoptosis (Sutcliffe et al., 2003)

1.10.10.60.7.1 corresponds to a homeobox domain, hox gene cluster. This domain was first identified in a number of drosophila homeotic and segmentation proteins, but it is now known to be well-conserved in many other animals, including vertebrates (Gehring, 1992). Hox genes encode homeodomain-containing transcriptional regulators that operate differential genetic programs along the anterior-posterior axis of animal bodies PUBMED:12445403. The domain binds DNA through a helix-turn-helix (HTH) structure. The 1.10.10.60.7.1 cluster includes NK-like and T-cell leukemia homeobox related genes.

There are various clues in the literature that relate the homebox genes in hematopoiesis and leukemogenesis, including  acute myeloid leukemia (Shimamoto et al., 1998), and p53 with NK-like homeobox genes (Di Stefano et al., 2004; Lei et al., 2006).

Pair: 1.10.510.10.13 – 1.10.10.10.18.1

1.10.510.10.13 is a cluster of a tyrosine kinase domain proteins that mediate the response of eukaryotic cells to external stimuli by phosphorylation of hydroxyamino acids. The 1.10.510.10.13 cluster is represented by the ABL2, FRK, or CSF-like genes.

1.10.10.10.18.1 cluster corresponds to the ETS transcription factor domain. ETS family members have a highly conserved 85-amino acid ETS domain that binds purine-rich DNA sequences (PFAM data base code: PF00178; Ets).  The 1.10.10.10.18.1 ETS domain cluster is represented amongst others by the FEV, ERF(ETS2), ELK, ELF, ETV like protein families.

There are numerous studies that relate members from these two domain clusters: ETV6-ABL Griesinger et al, 2002), FRK-ETV6 (Hosoya et al., 2005); ETS1–FLK1 (Elvert et al., 2003); ELF4 - CSF1: Yao et al., 2007); ETS2-CSF (Lu et al., 2003); ELK1–CSF1 (Yao GQ et al., 2005).

Pair: 1.10.30.10.6 – 4.10.400.10.25

1.10.30.10.6 cluster is a DNA-binding HMG (high mobility group) domain of the SOX (SRY-related HMG-box) family of transcription factors involved in the regulation of embryonic development and in the determination of the cell fate (Lefebvre et al., 2007).

As described above, the 4.10.400.10.25 cluster corresponds to the low density lipoprotein (LDL) receptor protein. Although there are only a few clues about the functional relationship between these two domains, it seems likely that they are both associated with chondrogenesis (Kirton et al., 2007).

Pair: 2.60.40.720 - 1.10.30.10.6.1.1

As described above, 2.60.40.720 corresponds to the Runt and p53-like domains, whilst the 1.10.30.10.6.1.1 cluster is a DNA-binding HMG (high mobility group) domain cluster of the SOX (SRY-related HMG-box) family of transcription factors.

There appears to be even stronger evidence of a functional relationship between the Sox and Runt domain families in skeletogenesis and osteogenesis (Noda et al., 1998; Zhou et al., 2006; Zou et al., 2006). There are also some clues about a possible relationship between Sox genes and p53 in the regulation of the IEX-1 gene that controls cell growth and apoptosis. (Im et al., 2002).

Pair: 1.10.150.20 – 3.40.50.2060:

1.10.150.20  cluster is an exonuclease 1-like domain present amongst other in relatives to the FEN1 (flap structure-specific endonuclease 1),  DNTT (deoxynucleotidyltransferase), and  polymerase (DNA directed – lambda) protein families. 3.40.50.2060 cluster corresponds to the Sec1 domain family involves in vesicle transport. Currently, there is no obvious evidence of a functional connection between these two domain clusters, in the literature.

Pair: 2.40.10.170 – 3.40.50.850

2.40.10.170 is the N_terminal domain of the ATP synthase alpha/beta family which are membrane-bound enzyme complexes/ion transporters that combine ATP synthesis and/or hydrolysis with the transport of protons across a membrane (PFAM database code: PF02874). 3.40.50.850 is a Isochorismatase family domain. Isochorismatase, also known as 2,3 dihydro-2,3 dihydroxybenzoate synthase catalyses the conversion of isochorismate, in the presence of water, to 2,3-dihydroxybenzoate and pyruvate. However, little is known about the functional diversification and roles of these enzymes in eukaryotes and there is no evidence of a functional relationship between these two protein domains in literature.

Pair: 3.20.19.10 – 3.70.10.10

3.20.19.10 is the C-terminal domain cluster of the aconitase enzyme. The 3.20.19.10 domain cluster is specifically related to the C-terminal domain of the iron regulatory element binding protein 1 (IREB1). IREB1 is a cytosolic protein which binds to iron-responsive elements (IREs). IREs are stem-loop structures found in the 5' UTR of ferritin mRNA, and in the 3' UTR of transferrin receptor mRNA. The iron-induced binding to the IRE results in repression of translation of ferritin mRNA, and inhibition of degradation of the otherwise rapidly degrading transferrin receptor mRNA. Thus, IREB1 plays a central role in cellular iron homeostasis. Iron acquisition is a fundamental requirement for many aspects of life, but excess iron may result in formation of free radicals that damage DNA (Cairo et al., 2002). 

3.70.10.10 is a domain cluster required for transient cell-cycle arrests and transcriptional induction of DNA repair in response to DNA damage.  This domain is specifically present in the PCNA -proliferating cell nuclear antigen- and RAD genes as RAD9 and RAD1 -also known as Rec1- proteins involved in cell cycle checkpoint of DNA damage or incomplete DNA replication (Niida & Nakanishi, 2005, Helt et al., 2005). 

There is a clear functional relationship between iron regulation and cell cycle checkpoint proteins in the following studies - Philpott et al, 1998; Gazitt et al., 2001.

Pair: 1.10.8.60 – 2.20.25.10

There are no clear functional relationships in the literature between the 1.10.8.60 ATPase domain, which is associated with various cellular activities, and the 2.20.25.10 Transcritption Factor TFIIB-like zinc-binding domain.

Pair: 3.10.110.10.17 – 2.60.34.10.2.1.1.1

3.10.110.10.17 is the ubiquitin-conjugating E2 enzyme domain related to the UBE2W-like proteins, while 2.60.34.10.2.1.1.1 is the heat-shock 70 domain of the HSPA9P-like proteins. Despite the fact that there is no direct evidence in the literature supporting a functional relationship between the UBE2W and HSPA9P proteins, the functional involvement of Hsc70 chaperone in ubiquitin-dependent degradation is well supported and documented (Bercovich et al., 1997; Esser et al., 2004).
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