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Suboptimal alignment heuristic
To take suboptimal alignments into account, we used a simple heuristic method for selecting a set of high-scoring local alignments that do not conflict. Two alignments conflict if they overlap or do not appear in the same order in both sequences. More formally, let  
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 be the ith local alignment, where 
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. The heuristic for finding a set of non-conflicting, local alignments between sequences x and y proceeds as follows:

Let 
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Let C = {ai(x, y)|S(ai(x, y)) > threshold}
While (C = Ф){
Let ai(x, y) be an alignment in C with maximum score.
Remove ai(x, y) from C and place it in S .
Remove all alignments from C that conflict ai(x, y).
}

The length of the region of similarity is then calculated by summing the lengths of the alignments in
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Curation of test families
We curated a sequence benchmark for evaluation of homology detection methods, with an emphasis on multidomain homology. This test set is constructed from amino acid sequences drawn from twenty well-studied sequence families. For each family, we derived a list of designated gene symbols, Pfam [1] and/or InterPro [2] codes from publications by family experts, and reports from standards committees, such as the HUGO Gene Nomenclature Committee
. When the symbols of a family have been standardized, symbols are good criteria for family identification. For protein families that are characterized by specific domains, domain information can also used to identify protein family members. 
These lists were used to generate a preliminary roster for each family. We further confirmed family membership by referring to the evolution of specific gene families from the literature. The identification criteria and references used to confirm each family are given below. The complete set of SwissProt [3] accessions for each family is given in the next section.

Acyl-CoA synthetase long-chain (ACSL): Long chain acyl-CoA synthetases are members of an ancient superfamily of AMP-binding proteins involved in lipid metabolism [4]. Unlike other acyl-CoA synthetases, ACSLs primarily catalyze long-chain fatty acids. Eukaryotic ACSLs are uniquely characterized by a 30 to 70 residue linker sequence that is not present in bacterial ACSLs or in AMP-binding proteins that catalyze short-, medium- or very long-chain fatty acids [5]. The presence of this linker region, combined with a conserved single-domain architecture, supports common ancestry for this family.
Initial screen: Symbol list derived from HGNC.
References: [4, 6]

A Disintegrin and Metalloprotease (ADAM): ADAMs are zinc-dependent metalloproteases thought to carry out functions such as cell adhesion, fusion, signaling, and proteolysis in the context of processes including fertilization, development, and inflammation [7]. All ADAM sequences are characterized by a conserved extracellular domain architecture that includes metalloprotease, disintegrin, and cysteine-rich domains. Many ADAM sequences also contain EGF-like domains. Both the cysteine-rich and EGF-like domains are promiscuous and cause ADAMs to match unrelated sequences such as Tenascin, Notch, Integrin, and some Kinases. ADAMs have not been observed in yeast or bacteria, but do occur in fly and worm and, in much larger numbers, in human. The N-terminal domain architecture conserved in all ADAM proteins supports common ancestry for the family.
Initial screen: Symbol lists derived from HGNC.
References: [8​-12]

Dishevelled (DVL): DVL is a small family of multidomain proteins that participate in the WNT pathway, a developmental pathway that mediates cell-cell interactions during embryogenesis [13]. DVL domain architecture is largely conserved. In our dataset, all members of this family have DEP, DIX, and PDZ domains. DVL proteins
are adapters with many binding partners. This variety of interactions is achieved through its multidomain architecture, in which each domain is responsible for a specific set of interactions. Both the PDZ and the DEP domain occur in a number of unrelated signaling proteins. For this reason, DVL proteins match a large number
of sequences outside the family.

DVL homologs have been found in fly, worm, mouse, and human, but not in yeast or bacteria, suggesting that this family arose in metazoans. Both DVL sequence and domain architecture are highly conserved. This conservation, along with the small size of the family, suggest that the family arose through duplication of a single progenitor sequence.
Initial screen: Symbol list derived from HGNC.
References: [13, 14]

Fibroblast Growth Factor (FGF): FGF is a single domain family of developmental proteins involved in regulating cell differentiation, proliferation, and migration during embryogenesis as well as in tissue repair in adults [15]. In human, there are seven FGF subfamilies, each with similar biochemical and developmental properties. This
family has a conserved core roughly 120 amino acids in length with 30% to 60% identity within the core [15]. Overall, FGF sequences have low conservation, although sequence similarity is greater within each subfamily. FGF sequences have been only been observed in metazoans [16]. Phylogenetic analysis, exon-intron structure, and conserved synteny support the hypothesis that the vertebrate FGF gene family expanded by gene duplication in two phases, in early metazoan and early vertebrate evolution, respectively [16]. 
Initial screen: FGF proteins are uniquely identified by gene symbols with the prefix FGF [15].
References: [15​-17]

Forkhead box (FOX): FOX is a family of transcription factors involved in the regulation of developmental processes, including tissue determination, differentiation, and homeostasis [18,19]. FOX genes have been observed in yeast and animals but not in plants. FOX proteins share a conserved winged helix DNA-binding domain approximately 110 residues in length. Family members differ in their transactivation and transrepression domains; regions outside the conserved domain are highly divergent. Most FOX proteins have single-domain architectures, but a few also contain the promiscuous domain, FHA.
Initial screen: FOX proteins are uniquely identified by gene symbols with the prefix FOX [19] and HGNC.
References: [19-​21]

GATA binding protein (GATA): GATA is a family of transcription factors that play a role in determining cell fates during development. All six vertebrate GATA proteins have two tandem zinc finger domains. In addition, GATA 4/5/6 have an N-terminal transactivation domain that is unique to chordates [22, 23]. According to 
phylogenetic evidence, these six genes were generated by duplication from a common ancestral gene [23].
Initial screen: GATA proteins are uniquely identified by gene symbols with the prefix GATA [23].
References: [22, 23]

Kinases: The Kinases [24, 25], one of the largest known families, are involved in many aspects of cellular control, including cell cycle progression, signal transduction, metabolism, and cell movement. Kinases achieve this variety of cellular activity through modular domain architectures. All Kinases share a kinase domain derived from a common ancestor [26, 27]. In addition to the kinase domain, which mediates phosphorylation, many Kinases have additional domains for recognition of binding partners. The repertoire of such domains is large and diverse and many appear in other protein families as well. In our dataset, more than 100 non-kinase domains are found in combination with kinase domains, according to the CDD database [28].

Several lines of evidence support common ancestry for the Kinase family. All kinase domains share a common origin [26, 27]. In addition, there is evidence to suggest that kinase domains are not mobile; that is that, multidomain Kinases arose through insertion of other domains into existing Kinase genes. Tordai et al. have observed that mobile domains tend to be small and have 1-1 intron phase [29]. The pkinase domain is larger than typical promiscuous domains and is not 1-1. Moreover, mobile domains typically have auxiliary functions such as adapter and adhesion domains [29]. In contrast, pkinase has enzymatic function. Finally, roughly 40% of Kinases are single domain proteins [30]. These occur primarily in more ancient Kinase subfamilies (AGC, CAMK, CK1, STE, and CMGC). Single domain Kinases are relatively rare in the more recent TK and TKL subfamilies, which are specific to metazoans. This is consistent with the hypothesis that single domain Kinases represent the ancestral state and that multidomain Kinases arose through insertion of mobile domains into existing Kinases.
Initial screen: Symbol list derived from [24, 31]. The Pfam codes in PF07714, PF00069, PF06293, PF03881, PF02958, PF07914, PF01633, PF04655, PF01636, PF03109, PF05445, PF01163, and PF06176 are Kinase-specific [26]. If a sequence had either a symbol or a Pfam code from our candidate lists, it was placed on the preliminary Kinase roster.
References: [24​-26, 30​-41]

Kinesins: A family of microtubule-associated molecular motors that are transport regulators for organelles and vesicles, Kinesins are involved in cell division and play a role in pattern formation in embryogenesis. All Kinesins share a conserved motor domain ranging in length from 340 to 450 residues [42, 43]. A few family members contain other domains, including a number of coiled-coil (e.g., MAD, SF-assemblin, HOOK, Myosin-tail-1) and/or promiscuous domains (e.g., FHA, PH). It has been proposed that Kinesins evolved through a first round of duplication of a simple Kinesin, followed by domain insertions which formed the progenitors of the 14
modern Kinesin subfamilies. Additional duplications resulted in proliferation within these subfamilies [42, 44, 45].
Initial screen: Symbol list derived from [46] and HGNC. If a sequence had both a symbol in our candidate list and the Kinesin-specific InterPro code, IPR001752, it was placed on the preliminary Kinesin roster.
References: [42, 46​-49]

Killer cell Immunoglobulin-like Receptors (KIR): A family of type-1 transmembrane glycoproteins active in innate immune response through regulation of natural killer cells and some T cells, KIR proteins have an extra-cellular ligand-binding region containing two or three Ig domains and an intracellular portion responsible for signal inhibition or activation [50]. This family is largely specific to primates: Only two KIR-like genes have been identified in mouse and it is not known whether these are functional [51]. The analogous function in mouse is carried out by the lectin-resembling Ly49 receptors [52]. 
The pattern of gene family evolution observed in the KIR family is unique within our test set [53, 54]. The KIR family appears to have descended from an ancestral gene in the primate/rodent ancestor. Many KIR genes are specific to a small number of primate species, suggesting lineage-specific duplication and specialization.
Human KIR genes are arranged in a tandem cluster on chromosome 19. Repetitive sequences are dispersed throughout this region, in both intergenic and intronic DNA, conferring an extraordinary degree of plasticity on the region. The number of KIR genes varies within the human population, consistent with frequent changes in
copy number due to unequal crossing over. Moreover, there is evidence of repeated recombination at domain boundaries between individual KIR genes, resulting in continual swapping of Ig domains within the family [53]. The Ig domains in the KIR family are highly conserved (90% identity), when compared with other members
of the highly promiscuous Ig domain superfamily. This evidence suggests that all human KIRs are descended from a single gene via duplication. While there has been domain swapping within the family, no insertions of domains from outside the family have occurred since its inception.
Initial screen: Symbol list derived from [50] and HGNC.
References: [50, 53​-55]

Laminin: Laminin is a key component of the extracellular matrix with a broad range of functions related to tissue morphogenesis. There are three Laminin subfamilies (, β, and γ. In vertebrates, peptides from these subfamilies unite in different combinations to form trimeric subcomplexes with varying functional specificity [56, 57]. Laminins are primarily composed of Laminin N, EGF Lam, Laminin B, and LamG domains repeated in tandem formation. Domain composition and the number of domain copies differs in each subfamily. The similarity in domain content is suggestive of common ancestry, followed by changes in copy number through unequal crossing over. Laminins contain a number of highly promiscuous and/or low complexity domains, including Laminin-II, EGF Lam, Laminin B, LamG, SF assemblin, Laminin N and Myosin-tail-1, that result in a large number of unrelated matches.
Initial screen: Laminin proteins manually identified based on SwissProt description field.
References: [56, 58]

Myosin: Myosins are a family of actin-associated molecular motors implicated in a broad range of functions, including cell polarity, cytokinesis, organelle transport, motility, muscle contraction, and, in some cases, signal transduction [59-​61]. All Myosins exhibit the same general organization: an N-terminal motor domain (the
Myosin head), a light-chain domain, and a C-terminal tail that confers specific functional properties [62​-64]. The domain content of the tail region is highly variable and can include a number of promiscuous domains (e.g., SH3, PDZ, B41) and coiled-coil regions (e.g., Myosin-tail-1). In mammals, there are at least 11 Myosin sub-classes. Each class is distinguished by a characteristic motor domain and a specific combination of C-terminal domains, implying a mode of evolution through early duplication and domain insertions, followed by additional duplications within the subclasses. 
Initial screen: Symbol list derived from HGNC.
References: [62-​65]

Notch: Notch is a small developmental gene family. Notch genes encode multi-functional transmembrane proteins that take on a broad range of signaling functions that determine cell fate [66-​68]. Notch domain architecture consists of a series of tandem calcium-binding EGF domains in the extracellular region, several NOD domains, and a number of intracellular ankyrin repeats. Although EGF-CA and Ank are promiscuous domains, the sequence of these domains is highly conserved within the family. This family has only been observed in metazoans. The degree of conservation at both the sequence and domain architecture level indicates common ancestry.
Initial screen: Notch proteins are uniquely identified by gene symbols with the prefix NOTCH (HGNC).
References: [66​-68]

Phosphodiesterases (PDE): PDEs are a family of enzymes that regulate intracellular concentrations of cAMP and cGMP [69]. Since these small molecules act as intracellular mediators, PDEs indirectly influence many biological processes. Mammalian PDEs share a highly conserved C-terminal catalytic core of ~270 residues. The N-terminal regions of these proteins contain sequence motifs that determine the magnitude, duration, and location of their activity through regulation by small molecules specific to each PDE subfamily. The N-terminal portions of these proteins are highly variable due to their modular nature. However, since these regions do not contain promiscuous domains, PDEs match relatively few unrelated sequences. The PDE subfamilies arose from the same ancestral single-domain gene through repeated gene duplication and domain shuffling early in metazoan evolution [70].
Initial screen: Symbol list derived from HGNC.
References: [69​-71]

Semaphorin (SEMA): SEMA is a family of functionally diverse multidomain ligands. First studied in the context of neuronal cell migration during development, Semaphorins also play roles in a number of other processes related to tissue formation and restructuring during development [72, 73]. Recent evidence suggests an immunological role for Semaphorins as well. Semaphorins encode both secreted and transmembrane proteins and are characterized by a conserved extracellular core roughly 500 residues long. Five classes of Semaphorins have been identified in vertebrates. These are distinguished by their C-terminal domain structure, which confers the broad functional variation associated with this family. C-terminal domains found in Semaphorins include the promiscuous Ig and TSP1 domains. Semaphorins have been observed in metazoans and viruses, but not in yeast, protozoa or plants.
Initial screen: Symbol list derived from [74] and HGNC.
References: [74​-77]


T-box (Tbx): T-box transcription factors are a single-domain family of developmental genes, characterized by a conserved segment of 180-190 amino acids (the t-box) as well as C-terminal sequences required for transcriptional regulation activity [78, 79]. Both phylogenetic evidence and conserved synteny support the hypothesis that members of the Tbx family are descended from a single ancestral gene through several rounds of gene duplication [78, 80]. Tbx genes have been observed in worm, fly, mouse and human, suggesting an early metazoan origin.
Initial screen: Symbol list derived from [79, 81] and HGNC. If a sequence had both a symbol in our candidate list and the Tbox-specific InterPro code, IPR001699, it was placed on the preliminary roster.
References: [78​-81]

Tumor Necrosis Factors (TNF): The Tumor Necrosis Factors, acting in concert with the TNF receptors, are primarily associated with signaling pathways in the adaptive immune system [82]. They control cell proliferation and differentiation, as well as apoptosis. TNF is a single-domain family characterized by the ~150 amino acid THD
domain. Although TNFs have a single-domain, that domain is not highly conserved within the family, having only 20-30% sequence identity. Tumor Necrosis Factors evolved through repeated duplication that coincided with the emergence of the adaptive immune system and MHC expansion [83​-85]. Detailed studies, including
comparison of phylogenies, and structural and functional relationships, suggest that all vertebrate TNF proteins share a common origin with the Drosophila TNF protein [85].
Initial screen: Symbol list derived from [84, 86, 87] and HGNC. If a sequence had both a symbol on our candidate list and the TNF-specific InterPro code, IPR006052, it was placed on the preliminary TNF roster.
References for TNF, TNFR and TRAF: [82, 84, 85, 87​-92]

Tumor Necrosis Factor Receptors (TNFR): TNF receptors are transmembrane glycoproteins characterized by a cysteine-rich extracellular domain. Two of the three TNFR subfamilies are defined by cytoplasmic DEATH domains and TRAF interaction motifs, respectively. The third subfamily has no cytoplasmic signaling motifs. TNF receptors have low sequence conservation within the family. Phylogenetic evidence, as well as chromosomal location, supports a history of co-evolution with the TNF ligands [83​-85]. This evidence is consistent with
evolution of both families by vertical descent.
Initial screen: Symbol list derived from [84, 86, 87] and HGNC.
References: see TNF.

Tumor necrosis factor Receptor Associated Factors (TRAF): TRAFs mediate a broad range of functions associated with the innate and adaptive immune responses, stress response, and embryogenesis [93]. They act through many signaling molecules including, but not restricted to, TNF receptors. Most TRAFs contain a C-terminal
TRAF-specific RING finger domain, one or more zinc-finger domains, and an N-terminal MATH domain. The latter is also found in an otherwise unrelated family of metalloendopeptidases, the meprins. TRAF is an adaptable family of genes that has been recruited to varied functions over evolutionary history in response to changes
in genomic environment. Small family size, highly conserved sequence motifs, and little variation in domain architecture support descent from a single common ancestor. Although TRAF proteins mediate TNFR function, as a family they are much older [94].
Initial screen: TRAF proteins are uniquely identified by gene symbols with the prefix TRAF [93]
References: see TNF.

Ubiquitin Specific Proteases (USP): USPs are deubiquitinizing enzymes involved in coordinating many eukaryotic cellular processes that are mediated by modification of proteins by ubiquitin [95, 96]. These processes include cell cycle progression, DNA repair, transcriptional activation, vesicle trafficking, and signal transduction. USPs are characterized by a catalytic domain containing two highly conserved motifs responsible for catalytic activity. Outside of these conserved motifs, USP sequences vary greatly due to the broad range of substrate specificities exhibited by this family as well as diverse cellular localization signals [97]. USPs can match non-homologous
sequences with which they share a limited region of sequence similarity that confers shared functional properties (e.g., substrate specificity).
Initial screen: Symbol list derived from HGNC and MEROPS [98].
References: [95-97, 99, 100]

Wingless-related MMTV integration site (WNT): A highly conserved family of single-domain signaling proteins that regulate cell-cell interactions during development of the embryo [101]. There is also evidence that WNT proteins play a role in tissue homeostasis in adults. WNT homologs have been observed in fly, worm, and mammals but are absent from plants, yeast, and bacteria. The WNT family is defined in terms of conserved sequence motifs, rather than functional properties. These motifs include a specific pattern of cysteines as well as other conserved residues [101]. The observation that WNT is a conserved single-domain protein and that the WNT domain exists only in this family, supports the view that all WNT proteins arose from the same ancestor.
Initial screen: Symbol list derived from HGNC.
References: [102-​104]
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