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2 Sorbonne Université, Institut des Sciences du Calcul et des Données
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Abstract

Sequence functional classification has become a fundamental bottleneck to the understanding

of the myriad of protein sequences accumulating in our databases due to the recent progress in

genomics and metagenomics. The large diversity of homologous sequences hides, in many cases,

a variety of functional activities that cannot be anticipated. Their identification appears critical

for a fundamental understanding of living organisms and for biotechnological applications.

ProfileView is a novel computational method designed to functionally classify sets of homol-

ogous sequences. Its architecture strongly relies on the structure of biological data, and answers

to the challenge of automatically partitioning datasets of protein sequences in pertinent subfam-

ilies based on meaningful conservation patterns. It constructs a library of probabilistic models

accurately representing the functional variability of protein families, and extracts biologically

interpretable information from the classification process. It applies to protein families that are

not necessarily large, nor conserved, whose homologs might be very divergent and for which

functions should be discovered or characterised more precisely.

As a proof of concept, we apply ProfileView to the Cryptochrome/Photolyase family (CPF)

and to the WW domain family, two widespread classes of proteins showing a large variety of

functions and high sequence divergence. Decades of experimental studies on these families,

functionally characterizing sequences and highlighting constitutive motifs, allow us to validate

the two functional organisations obtained with the ProfileView approach. In addition, the

method allows to identify a distinct functional group for the CPF, likely corresponding to novel

photoreceptors. Thus, ProfileView appears as a powerful tool to classify protein sequences by

function, screen sequences towards the design of accurate functional testing experiments and,

possibly, discover new functions of natural sequences.

Software and data availability: http://www.lcqb.upmc.fr/profileview/ A restrained

access is momentarily set. Once the article is accepted, all information will be freely

accessible.

Key words: protein sequence; functional annotation; protein classification; cryptochrome; pho-

tolyase; photoreceptor; clustering; probabilistic profile.
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1 Introduction

The functional classification of biological sequences has become a fundamental bottleneck to

the understanding of the ever-increasing genomic and metagenomic sequence data accumulat-

ing in our databases. This quest depends on the correct domain annotation of coding genes [1–3],

which, in the past, was handled by sequence homology-, signature- and feature-based approaches.

The first and most intuitive approach searches for homologous sequences to already known pro-

tein or domain sequences. However, sequence homology conveys a serious pitfall: it is defined

on the basis of evolution, not function, and many homologues diversified their functions. More

reliable methods use protein signatures, which are descriptions of protein or domain families

derived from multiple sequence alignments. These approaches use consensus sequences to pro-

duce a probabilistic model describing the conserved characteristics of a domain across sequences

in the family and use it to evaluate sequence similarity. For protein families represented by

very divergent sequences, these models might provide a very weak description and become of

restrained use. The third class of methods selects an appropriate set of features (like short

sequence segments or wavelet decompositions) but needs the availability of a large and very

diversified dataset of sequences to perform classification successfully. Novel computational ap-

proaches classifying sequences by function and overcoming the limitations intrinsic to existing

methods would help screening millions of sequences to design accurate experiments directed to

functional testing and to discover new functions.

We designed ProfileView, a pipeline exploring homologous domain sequences and classifying

them into functional groups. ProfileView is strongly based on the understanding of the structure

of the data (imposed by the evolutionary history of the sequences), it is applicable at large

scale to classify hundreds/thousands of sequences, and it extracts biologically interpretable

information from the classification process.

The structure of the data is learned in the first step of the approach, where the set of

homologs is analysed within the larger space of natural sequences: for each homolog, a conser-

vation profile of the homolog and the sequences in its neighbourhood (sharing high sequence

identity) is constructed, as a probabilistic model, in order to reflect the structural and functional

characteristics of the homolog (Fig. 1A).

It is the usage of a multitude of probabilistic models that makes the distinctiveness of

ProfileView in the context of sequence classification. This multiplicity of models demonstrated

to be very powerful in the CLADE/MetaCLADE [4,5] pipelines, where it produces very accurate

domain annotations for full genomes and metagenomic/metatranscriptomic datasets, and allows

for the discovery of new homologous sequences enriching protein families [6, 7]. In ProfileView,

the ensemble of probabilistic models plays the role of the “expert” in classification, in the

same way as a biologist, looking at sequences, finds patterns by hand, learns about meaningful

characteristics from subsets of similar sequences and then uses combined information to classify

new sequences. Indeed, ProfileView codes the “biologist expertise” by using all models to look

at sequences to be classified. Each model will evaluate a sequence with a value representing the
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Figure 1. Schema of the ProfileView approach. A. Model library construction in ProfileView: a

pool of representative sequences from the Pfam domain library are selected for the domain under study.

For each representative domain sequence (coloured dots), ProfileView searches for close sequences in

UniProt and constructs with HH-Blits several probabilistic models making a library of models for the

domain. B. Sequences (dots in sequence space, top right) code for proteins with different functions.

ProfileView defines a probabilistic mapping from sequences onto the representation space (bottom right)

which is indicative of the function of the corresponding protein sequences. The mapping is realised through

the contribution of the domain probabilistic models that evaluate the probability of their match against

each sequence. Each protein sequence is mapped into a vector of real numbers (coloured row in the matrix,

bottom) representing the quality of the match of all models. C. ProfileView clusters sequences in the

representation space (B) to reconstruct a classification tree. It identifies best representative models for

subtrees and their characteristic functional motifs.
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probability that the sequence features the functional patterns encoded in the model. Hence, a

sequence becomes a vector of values, each one provided by a different model. In more abstract

terms, ProfileView transforms the space of sequences into a space of vectors of real numbers

in a high dimensional space, where the number of dimensions correspond to the number of

generated models (Fig. 1B). Sequence classification is then realised in the high dimensional

space, where nearby sequences are supposed to share the same functional patterns, and where

a functional tree is constructed (Fig. 1C, left). This simple schema, provided by a single-layer

architecture of models filtering the sequences in parallel, results in a powerful approach to screen

hundreds/thousands of sequences for functional classification and discovery of new functions. In

particular, ProfileView applies to protein families that are not necessarily large nor conserved.

Indeed, on the one hand, the construction of several models allows to classify protein families

that are not conserved, and, on the other hand, the procedure to construct the models demands

for a relatively small number of sequences (a minimum number of 20) allowing the method to

be applied to protein families that are not represented by many sequences.

ProfileView is a general method, applicable to any protein family. To highlight its power,

we applied it to the Cryptochrome/Photolyase Family (CPF), proteins widely distributed in all

kingdoms of life and controlling a variety of critical biological processes. CPF members bind

flavin chromophores and are characterised by peculiar photochemical and photobiological prop-

erties [8]. Although CPF proteins display similar structures and can use similar chromophores

for light sensing, they show an impressive functional diversification [9–12]: cryptochromes (CRY)

are mainly photoreceptors (PR) (specifically noted PR CRY in the following) involved in many

biological responses to light (e.g. photomorphogenesis, entrainment of the circadian clock).

However, some CRYs are light-independent transcriptional regulators taking part in the central

circadian oscillator generating biological rhythms. On the other hand, photolyases (PL) are

photoactive enzymes that use blue light to repair UV-damaged DNA (pyrimidine dimers) with-

out base or nucleotide excision. Photolyases can mend two different types of UV-induced DNA

damage, either dsDNA cyclobutane pyrimidine dimer (CPD) or (6-4) pyrimidine-pyrimidone

photoproducts, and are thus classified as either CPD or (6-4) photolyases. Moreover, some

photolyases can repair ssDNA cyclobutane pyrimidine dimer. The initially proposed functional

separation between CRYs and PLs has however gradually started to vanish, as there are now

several examples of CPF members exhibiting both functions [13–15]. In the last decade, new

CPF variants, exhibiting different photobiological properties or functions, have been discov-

ered, changing current views on their evolution [9] and functional diversification [13, 14, 16, 17].

Some CPF members have even been used for optogenetic applications [18, 19] or proposed as

magnetoreceptors [20].

Although a lot of experimental progress has been made, CPF functions could not be antici-

pated by the analysis of domain organisation due to a very simplified architecture of the CPF

sequences, nor by structural properties due to the high similarity of their protein structures,

nor by primary protein sequences. Tools employed for phylogenetic reconstruction [21–24] did

not allow to resolve different functions (e.g., light-dependent photolyases and light-independent
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transcriptional regulators) or to anticipate the function of new CPF sequences.

Here, we make the hypothesis that the FAD (flavin adenine dinucleotide) binding domain,

occurring in all CPF sequences, contains all functional information leading to a functional

diversification of the family. Indeed, this domain non-covalently binds the FAD chromophore

for light absorption or protein stabilization. It has been shown that the FAD chromophore

can be found in three redox states [10] possibly associated to different functionality, and that,

depending on the function of the CPF, the FAD binding domain interacts specifically either with

the damaged DNA or with other domains present in CPF proteins (e.g., C-ter extensions in

some PR CRY) or with other partners [25] suggesting that it could contribute in different ways

to the specificity of the CPF functions. ProfileView bases CPF analysis on the FAD binding

domain and positively confirms our hypothesis.

The probabilistic models identified by ProfileView as best characterising CPF functional

classes have been used to analyse the determinants of the functional specificity of CPF classes

and to bring new insights into biochemical mechanisms underlying the functional diversity of

CPFs. To validate our approach, ProfileView was assessed on known functionally characterised

CPF sequences, precisely on a large number of functionally known sequence positions for charac-

terised sequences, and on the modelling of CPF structures. It provided a functional classification

for a large number of previously functionally uncharacterised sequences, and novel information

on conserved amino acids that could be useful to design testing experiments.

To demonstrate its generality, ProfileView was validated on a second important protein fam-

ily, the WW domain family, found in many eukaryotes. WW domains are protein modules

mediating protein-protein interactions through peptide motifs recognition. Their functional

classification is far from being straightforward because based on target peptide sequence motifs

and their binding affinity. In particular, it was observed that the same WW domain can bind

with variable affinity to multiple peptides [26–28], and that it is the modulation of binding prop-

erties that make hundreds of WW domains to interact specifically with hundreds of putative

ligands in mammalian proteomes [26]. A fine classification of WW domains based on sequence

analysis is of major interest for the functional annotation of novel (meta)genomic WW domain

sequences. ProfileView demonstrated to recapture, in a precise manner, the experimental di-

versification proposed in the literature [27, 29] and to functionally classify hundreds of novel

natural sequences.

2 Results

2.1 A highlight of ProfileView

Our methodological approach to sequence classification, named ProfileView, is presented for the

analysis of the cryptochrome/photolyase family (CPF). It bases the analysis on the FAD binding

domain, occurring in all CPF sequences, and considers the set SCPF of 397 CPF sequences

spanning the whole phylogenetic tree, of which 69 are functionally characterized CPF homologs
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and the remaining ones are known functionally uncharacterised sequences (Fig. S1, top).

ProfileView comprises four main modules (Fig. S1): (i) the model library construction for

the FAD binding domain, (ii) a sequence filtering, (iii) a multidimensional representation space

construction and (iv) a functional tree construction. We detail these steps below.

ProfileView starts with the construction of a library, MFAD, of probabilistic models [30] for

the FAD binding domain (Fig. S1 and Fig. 1). These models, called Clade-Centered Mod-

els (CCM) in [4], have been introduced to annotate domains in genomes and metagenomes [5]

especially characterised by very divergent sequences. Here, we build CCMs starting from homol-

ogous sequences which are much closer to each other than in previously constructed CCMs [4].

The rationale is to highlight conserved regions that might play a role towards the identification

of a specific function and that might remain hidden by considering distant homologues. We

constructed 4615 CCMs for the FAD binding domain.

The second step selects CPF sequences containing the FAD binding domain and filters models

in the MFAD library. All CCMs in MFAD are used to select those CPF sequences among the

397 ones in SCPF that contain the FAD binding domain. Those sequences showing very little

evidence of the domain presence are discarded. The remaining 386 CPF sequences are then

filtered further by considering the full set of models and evaluating the strength of their hits

against the sequences (see Methods). This testing is intended to discard sequences that end

with just a fragment of the domain (the corresponding hits are expected to be very weak and

this concerns 79 sequences; see yellow box in Fig. S1). For all remaining 307 CPF sequences,

we extract the three models inMFAD that best match the sequence and make the union of all of

them. Many CPF sequences are best matched by the same models and the final set is comprised

of 240 models that best identify the presence of the FAD binding domain in CPF sequences.

The third step contains the central idea of the ProfileView method: each CCM is matched

to each sequence to be classified and the scores of the hits (see columns of real numbers in

Fig. 1B) will provide a description of how close the model is to each sequence. In its turn, a

sequence can be represented by how close all models are to it through a vector of scores (see

rows of real numbers in Fig. 1B). In this way, we define a representation space of sequences

that does not reflect sequence similarity but, instead, the closeness of each sequence to each

model. Since a match of a model is evaluated by two scores (see Methods), the space will be a

2n-dimensional space (where n is the reduced number of models) and each sequence will be a

point in the space.

The fourth step classifies the set of protein sequences in the 2n-dimensional space. For the

generation of our ProfileView tree, we use a hierarchical clustering algorithm which allows to

build a tree that groups together the 307 sequences. We further associate several representative

models to subtrees of the ProfileView tree and extract from them functional motifs that are

specific of the sequences within each subtree.
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Figure 2. Topological comparison between the ProfileView tree and the canonical distance

trees for the Cryptochrome/Photolyase Family and the FAD binding domain. A. Schema

illustrating the main topological structure of the CPF tree constructed from the 307 FAD-binding domain

sequences. Colors correspond to groups of sequences clustering together and comprising sequences with

known function (bottom). The domain architectures known to be characteristic of each subtree is reported

(see B for more details). B. Domain architectures for proteins belonging to different subtrees of A are

reported (colours as in A). C- and N-terminal regions are indicated with blue boxes. Dotted border lines

indicate terminal regions only present occasionally in an architecture. C. Scheme of the main topological

structure of the CPF distance tree constructed from the 307 CPF sequences containing the FAD binding

domain. Colors as in A. See the CPF distance tree in Fig. S3. D. Scheme of the main topological

structure of the FAD distance tree constructed from the 307 FAD-binding domain sequences. Colors as in

A. See the FAD distance tree in Fig. S4. E, F. Main topological differences between trees in A, B, C.

Two zooms on subtrees involving corresponding classes of CPF sequences for the ProfileView tree in A, the

CPF distance tree in C and the FAD distance tree in D. Colors as in A.
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2.2 Multiple profiles organise sequences by function

We computed the ProfileView tree, the canonical distance tree for CPF sequences (CPF tree,

for short) and the canonical distance tree for FAD sequences (corresponding to the FAD binding

domain exclusively, see Methods; FAD tree). A comparison between these trees highlights an

important topological reorganisation of major classes (Fig. 2A).

The model-based ProfileView tree shows a coherent functional organisation of CPF sequences

in 11 different subtrees as illustrated in Fig. 2A (and in more detail in Fig. S2). Indeed,

sequences known to have the same functional characterisation are clustered together in large

subtrees of the ProfileView tree and this provides the first evidence of the classification power

of the method.

Most importantly, at the root, the ProfileView tree topology organises large subtrees consis-

tently with known functional classes. Namely, the ProfileView tree separates light-independent

circadian transcriptional regulator CRYs from the light-dependent (6-4) PLs and animal pho-

toreceptor cryptochromes (PR CRY; (Fig. 2E, top)), it reconciles classes I and III CPD PLs

into a single subtree, while keeping them distinct, and it clearly separates them from plant and

plant-like PR CRYs (Fig. 2F, top). At the best of our knowledge, these sharp separations,

in agreement with known functional characterisations, have never been obtained by sequence

analysis before.

Most interestingly, the ProfileView tree allowed for the discovery of a new subtree (named

NCRY; see Fig. 2A) of proteins showing strong sequence divergence and lacking functional

characterisation. This finding highlights the potential of the method to reveal the existence of

novel functional classes within a protein family.

Note that some of the characterised sequences display double function. As highlighted in

Fig. S2, their photolyase activity (either CPD or (6-4)) is consistently determined by Profile-

View that groups these sequences in the photolyase subtrees.

The ProfileView tree demonstrates that the sequence similarity measure producing the

canonical distance trees built from CPF sequences (Fig. 2C and Fig. S3) and FAD sequences

(Fig. 2D and Fig. S4) respectively, is not adapted to functional classification. The CPF dis-

tance tree incorrectly groups sequences exhibiting disparate functions, for instance plant PR

CRY and plant-like PR CRY are clustered within class III CPD PL (Fig. 2F, bottom). Sig-

nificantly, our new NCRY subtree appears hidden within class I CPD PLs (Fig. 2F, bottom),

which once more demonstrates that the distance tree is unfit to provide any useful insight at

the functional level, in contrast to our approach. As mentioned before, separation of light-

dependent and light-independent proteins have never been reached before by sequence analysis

and the CPF distance tree topology in Fig. 2E (bottom) witnesses this fact, where animal

PR CRY and circadian transcriptional regulators are clustered within (6-4) PL sequences. Fur-

thermore, the compatibility of domain architectures associated to different functional classes of

CPF sequences (Fig. 2B) is coherent with the ProfileView tree topology (Fig. 2A bottom)

and much less so with the CPF distance tree. Compare, for instance, the architectures for the
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classes plant-like PR CRY, plant PR CRY and NCRY, or those for classes I and III CPD PLs.

All members of these classes have a PHR domain in which a specific CPF FAD binding domain

is found, but C- and N-ter extensions of variable sequence or length. The architectures for

plant-like PR CRY, plant PR CRY and NCRY possess N- or C-ter extensions whereas classes

I and III CPD PLs only possess the PHR domain. Classes which are topologically close in the

ProfileView tree preserve sequence/length characteristics of C- and N-ter regions and agree with

what is expected in contrast to the subtrees of the CPF distance tree.

Similar observations can be highlighted by comparing the ProfileView tree with the FAD

tree (Figs 2EF, bottom). See trees in Figs S2, S3, S4 for a more precise tree reconstruction

compared to the topologies in Figs 2ACD.

The reconstruction of the tree topology highlights three important results for CPF sequences:

1. the resolution in two functional groups of light-independent proteins (transcriptional repressor

CRY) and proteins which bind the FAD chromophore and need light for their function (PL and

CRY PR); 2. the resolution of classes I and III CPD PL into two distinct sibling subtrees; 3.

the prediction of possible novel functions, by the identification of novel groups. We investigated

these three CPF subgroups in more detail by merging functional data derived from characterised

proteins and by structural modelling.

3 Representative models and conserved motifs

Previous functional and biochemical experimental studies of CPF proteins highlighted a number

of important specific sequence positions for each known CPF class. We used them to validate

further our ProfileView classification. For each one of the 11 subtrees highlighted by ProfileView,

we considered their set of sequences, we identified the probabilistic model that best represents

the sequences and we constructed from it a representative motif, based on conserved positions.

Then, we tested whether or not positions in the motif match known ones. If this is the case,

it means that the ensemble of sequences classified by ProfileView is indeed likely to share the

same function.

A representative model for a subtree of the ProfileView tree is a probabilistic model ofMFAD

that separates at least 50% of the subtree sequences from all other sequences in the ProfileView

tree. Interestingly, we found representative models associated to several of the internal nodes

of the ProfileView tree (Fig. S2, where the proportion of sequences supported by a model

is indicated), and many models separate subtree sequences sharply (100%). An automatic

procedure identified representative models. Interestingly, all “functional” subtrees highlighted

(by distinguished color) in Fig. S2 are characterised by a representative model.

From each representative model, we extracted the set of conserved positions and univocally

defined a motif for the corresponding subtree. Motifs associated to functional subtrees are

reported in Figs. S6, S7 with the exception of classes I and III CPD PL, known to share the

same function, that we grouped together by considering the representative model of the minimal

subtree including both classes. Experimentally validated positions within motifs are listed in
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Figure 3. Trans. regulators motifs and their comparison with (6-4) PL and animal PR CRY

motifs. A,B: two motifs of conserved residues present in light-independent transcriptional regulator

sequences. They are extracted from two representative models of the sequences (described in Fig. S5)

comprising the “yellow” subtree of Fig. 2AE (see also bottom). Numbers (under the letters) correspond

to positions in a model, and they are not comparable between motifs. Coloured dots, piled below the

motifs, indicate that the corresponding position is well-conserved (see Methods) for the subtrees with the

same colour in Fig. 2A. Circled dots indicate positions that are less conserved (see Methods). For each

motif, coloured dots are ordered, from top to bottom, depending on the best E-values given by hhblits to

the pairwise alignments. C. Three representative motifs associated to the trans. regulators (yellow), (6-4)

PL (red) and animal PR CRY (orange) subtrees of the ProfileView tree are aligned. Numbered positions

correspond to conserved positions belonging to the associated representative motif. The absence of the

number indicates less conserved positions. The alignment has been constructed using trans. regulators

motifs as template models and all others as query models. The length of a motif depends on the length of

the associated model, selected as best representing the sequences in a subtree.
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Figure 4. Five motifs for 5 subtrees in the ProfileView tree. Five representative models

associated to internal nodes in the ProfileView tree are aligned. Numbered positions correspond to

conserved positions belonging to the associated representative motif. The absence of the number indicates

less conserved positions. The alignment has been constructed using plant PR as a template model and all

others as query models. Neither plant-like PR CRY nor NCRY models were considered because no

functionally characterised sequences are known for these models. The NCRY motif (associated to the beige

subtree on the bottom) was not added because no functional information is available for comparison. The

length of a motif depends on the length of the associated model, selected as best representing the

sequences in a subtree.
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the Supplemental File. The only subtree where we found two distinct representative motifs,

covering two different regions of the FAD binding domain sequence, is the light-independent

transcriptional regulator tree (Fig. 3AB). When comparing with the other models, these two

models are the only ones which do not cover the FAD binding domainregion directly involved

in proton or electron transfer to the FAD chromophore, as illustrated in Fig. 3C with the

alignment of the two transcriptional regulator motifs, the (6-4) PL motif and the animal PR

CRY motif. This alignment indirectly shows that proton/electron transfer is not involved in

the function of light-independent transcriptional repressors (Fig. 3C) despite the importance

of the FAD chromophore in their regulation [31].

To validate our motifs, we looked at whether their amino acids would identify known func-

tional natural variations, single amino acid residue replacements by site-directed mutagenesis

or random mutagenesis, and structural specificity when structures were available. In the Sup-

plemental File, most of the reported positions display mutations causing loss of function or

phenotypic changes. They are often involved in binding with other proteins, DNA substrates or

with the cofactor FAD; active amino acids involved in catalytic or allosteric sites, such as DNA

repair for PLs or post-translational modifications in CRY, are also identified.

Some positions in a motif might be conserved also in other motifs (corresponding to other

subtrees), but some positions are motif specific. An example is motif 1 associated to the light-

independent transcriptional regulator sequences (Fig. 3A and yellow subtree in Fig. S2). As

expected, most of the positions in the motif are conserved in other subtrees as well, notably

(6-4) PL and animal PR CRY, because of the proximity of these subtrees in the ProfileView

tree. Highly conserved positions in most, if not all, models are clearly identified as highly

conserved also in the Pfam model (Fig. S5). However, four positions (L6, N38, L42 and K44 in

Fig. 3A) appear to be specific to light-independent transcriptional regulators. Three residues

belong to the same helix (α12) and two of these positions (N38, K44) are known to belong to

the interaction site with a partner and to the ubiquitination site [32, 33]. The two remaining

conserved positions (L6, L42), at the best of our knowledge, have not been identified before and

open ways to new investigations. Similar considerations can be drawn on motif 2 associated to

the light-independent transcriptional regulator sequences (Fig. 3B).

The analysis of the ProfileView tree can be performed for different internal nodes by using

representative models and their associated motifs. By construction, representative models split

sequences in subclasses supported by specific motifs, hence being susceptible to functionally

characterise the associated sequences. To illustrate the great deal of information that can be

extracted from these models, we considered a group of motifs, involving class I CPD PL, class

III CPD PL, NCRY, plant CRY PR and plant-like CRY PR subtrees (see Figs. 4). Classes I

and III CPD PL and plant CRY PR are well-studied families in terms of function and molecular

mechanisms, and present numerous specific mutants leading to a loss of function. Remarkably,

by crossing the functional characterisation of specific residues in this collections of mutants

(described in Supplemental File) with our motifs of classes I and III CPD PL and plant CRY

PR, we validate 32 and 25 of their positions, respectively.
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By comparing the motif representing classes I and III CPD PL with those representing either

class I CPD PL or class III CPD PL, we notice that there is almost no amino acid which is

motif-specific among the three models. The strong closeness between motifs of class I and class

III agrees with their shared function. We especially notice the conserved amino acids involved

in FAD binding or FAD binding pocket such as R74, D102, D104, N108 (directly involved in

the proton transfer to the FAD), F129 and Q134, or those involved in CPD lesion binding sites

such as W7, N71, M75, W114 (where numbers refer to the motif accounting for both classes I

and III CPD PL; see Supplemental File). This example demonstrates that the analysis of

the different motifs at different nodes might be used to deduce common functions. However, it

is possible to extract some differences among the two motifs, where specific amino acids such

as W60 (for class III CPD PL) versus Y56 (for class I CPD PL) were suggested to make an

alternative electron transfer pathway possibly important in some specific condition [34]. Other

interesting differences are W29, D63 and T64 from class III CPD PL which have been identified

as interacting with the MTHF in a specific binding site of MTHF from class III CPD PL [34].

By comparing the three CPD PL motifs/models with the one from plant CRY PR, we

remark: 1. conserved amino acids involved in FAD binding, 2. a short motif (L104, E105, D107

and L109, where D107 is known to be directly involved in the proton transfer to the FAD)

representing the specificity in the binding pocket of plant CRY PR, 3. the absence of the CPD

binding sites. Interestingly, at two specific positions of the CPD binding sites (M75, W114),

two specific amino acids (V74, Y114) are found in the motif of Plant CRY PR which have been

involved in the ATP binding site described up to now as specific for Plant CRY PR [35, 36].

Moreover, despite very conserved amino acids in class I CPD PL model such as D45, D49 or E54

(involved in the proton transfer to the FAD), the latter ones are present but not fully conserved

in class III CPD PL and are clearly absent in the plant CRY PR model. This observation

suggests that these amino acids might also be involved, directly or indirectly, in the CPD repair

function, and that some variability is not expected to disrupt the function.

The analysis of the motif representing plant-like, plant CRY, NCRY and classes I and III

CPD PL (Figs. 4, bottom) on available protein structures and mutants, clearly highlights amino

acids involved in the FAD binding as well as the conserved tryptophan (W) triad involved in

electron transfer to the FAD, which is in agreement with available functional data on this

family [37]. Moreover, despite the position of the node in the tree leading to the identification

of highly conserved amino acids among the whole CPF family, this motif highlights one specific

amino acid (V15) and to some extend two other positions (G78 and D80) suggesting that these

three amino acids might play a critical role and might be a specific signature for the whole

family.

Last, some promising new information can be extracted by the comparative analysis. Indeed,

despite many studies on these PL classes, we could identify 2 specific amino acids (F27 and I55)

with yet undefined function. When looking at their position in the structure, these amino acids

do not seem to be directly involved neither in DNA nor in FAD binding. Nevertheless, they are

highly specific suggesting their involvement in the CPD repair mechanism.
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All these examples, experimentally validated by the genetic and functional analysis of se-

lected mutations, illustrate the strength of ProfileView representative models in extracting im-

portant amino acids information from sequences that can be used to design tailored experiments

for discovering new functional activities or novel biological mechanisms involving the FAD bind-

ing domain.

4 Structural analysis of NCRY as potential photore-

ceptor sequences

ProfileView allowed to identify a new functional subtree of previously uncharacterised sequenced,

which we called NCRY. As noticed, it is positioned close to the Plant PR CRY and plant-like

PR CRY, suggesting it to be a photoreceptor. In contrast, the CPF tree includes NCRY within

class I CPD PL and, the FAD tree distinguishes the NCRY as a separate subtree placing it close

to the animal PR CRY and CRY DASH. To our knowledge only one protein from this family

has been characterised and it was shown to bind FAD but to lack photolyase activity [36]. The

architecture of the NCRY protein with the presence of a C-ter extension which might prevent

DNA binding as well as the absence of photolyase activity are fully in accordance with the

position of this family in our functional tree.

An in silico structural model of the Phaeodactylum tricornutum NCRY sequence, called

PtNCRY, shows a unique FAD active site where the classical tryptophan triad, involved in

the photoreduction of most CPF members, is replaced by an atypical chain of two tyrosines

and one tryptophan (orange in Fig. 5C). In addition, a histidine is found to face the flavin

N5 position (usually protonated after photoreduction). The NCRY motif obtained from the

representative model characterising the set of NCRY sequences, is represented in the structural

model of Fig. 5D (orange residues), where well-conserved positions are localised around the FAD

binding site. In particular, the set of conserved positions (from 104 to 120) that are specific

to the NCRY motif describe the FAD binding site (Fig. 5D, green) highlighting substrate

binding. These structural characters support the existence of a novel functional class within the

CPF, where the atypical electron and proton pathways are expected to produce quite unusual

photochemical properties.

5 WW domains and their functional classification

WW domains are protein modules mediating protein-protein interactions through recognition

of proline-rich peptide motifs and phosphorylated serine/threonine-proline sites. They are in-

volved in a number of different cellular functions [29] such as transcription, RNA processing,

receptor signalling and protein trafficking. WW domains have been experimentally classified in

six interaction groups by Otte et al [27] (Y, Ra, Rb, L, poly-P, poS/poT), in 3 groups by Ingham

et al [29] (A, B and C) and in 6 groups by Russ et al [28] (I, Im, I/IV, II, III, IV). Starting
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Figure 5. Motif for the NCRY sequences and structural modelling. A. Motif resulting from the

representative model of class I CPD PL sequences (see Figure 2). The positions of this model that are

also conserved in the model representative of the NCRY sequences in B are indicated with beige bullets,

below the motif. B. Motif resulting from the representative model of NCRY sequences (see Figure 2).

The positions of this model that are also conserved in the model representative of the NCRY sequences in

B are indicated with beige bullets, below the motif. C. Homology model of the FAD binding site of

PtNCRY. The template we used is PDB: 6fn3. An atypical chain of two tyrosines and one tryptophan,

possibly involved in photoreduction, is coloured orange. In addition, a histidine is found to face the flavin

N5 position (usually protonated after photoreduction). H-bonds are indicated in green. The FAD cofactor

is pink. D. Homology model of the FAD PtNCRY structure where all conserved residues in the NCRY

motif unique to the motif (all beige dots) are highlighted. E. Homology model of the FAD PtNCRY

structure where all conserved residues in the NCRY motif that are NCRY specific (beige dots that are not

cyan) are highlighted.
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Figure 6. ProfileView tree of WW domains. The tree is constructed from natural sequences studied

in [27–29,38]. All subtrees with a representative model are indicated by a root labeled by the percentage of

sequences in the subtree best matching the model (see Methods). Among these subtrees, those containing

at least 3 sequences are coloured. Sequences in a coloured subtree that are matched by the associated

representative model are highlighted in black, in the first circular stripe surrounding the tree. The

functional group/class associated to natural sequences experimentally tested in “Otte” [27] (brown scale,

see legend on the left), “Ingham” [29] (blue scale) and “Ranganathan” [28] (purple scale) are reported in

small squares on the three subsequent circular stripes. “Tubiana” computational classification [38] is also

reported (green scale). The two most external circular stripes report the compatibility between the

grouping suggested by Otte et al. and Ingham et al. with ProfileView subtrees. The larger subtree

comprising a given function, in the sense of Otte et al. or Ingham et al., is assigned the colour of the

function. Note that one of our trees is not functionally annotated by experimental data coming from

Ingham et al.
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Rb-group

Figure 7. Representative models in ProfileView tree of WW domains. Models are

representative of the sequences organised in the colored subtrees of Figure 6. For Otte’s classes containing

more than one representative model, the order, from top to bottom, corresponds to subtrees read

anticlockwise in the outer circle (brown scale) of Figure 6, corresponding to Otte et al classification.
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from sequence data, a computational classification in 3 groups (I, II/III, IV) describing protein

binding motifs has been proposed by Tubiana et al [38].

All natural sequences analysed in [27–29] and upgraded with a set of natural sequences

randomly selected from [38], have been considered for classification by ProfileView. ProfileView

tree highlights a subtree (coloured purple in Fig. 6) that agrees with the four classifications

above. It organises the remaining sequences in several subtrees corresponding to the remaining

five groups proposed in Otte et al [27]. Namely, all Ra-group WW domains experimentally

identified in [27] appear in the same subtree, for instance, and the same is true for all groups

in Otte’s classification. The ProfileView tree is also compatible with the experimental data

organised in the three groups by Ingham et al [29], where group A corresponds to Y in Otte’s

classification, and C to the union of L, Ra, Rb, poly-P sequences. Due to missing experimental

data in Ingham et al experiments, B consistently matches a part of poS/poT (see the two most

external circles in Fig. 6). The comparison with the three groups identified computationally

in Tubiana et al [38] is less sharp even though this grouping follows the same tendency as in

Ingham et al (Fig. 6). In contrast, our computational approach has the advantage of organizing

sequences in the large group II/III, indistinguishable in Tubiana et al, into subtrees of sequences

known to bind to specific peptides, as shown in [27], providing a refined analysis of binding

motifs. ProfileView tree also classifies, within its subtrees, many experimentally uncharacterized

WW domain sequences, largely agreeing with Tubiana’s classification but not always, as seen

in Fig. 6.

As shown in Fig. 6, not all Otte’s WW domain classes in the tree are associated to a unique

representative model (see legend). Multiple models might be associated to the same Otte’s class

and describe different groups of sequences within the class. All identified representative models

are reported in Fig. 7 and their associated motifs in Fig. S8.

6 Discussion

The availability of large quantities of (meta)genomic data is allowing for a deeper exploration

of living organisms and of the processes underpinning their genetic, phylogenetic and functional

diversification. Computational approaches, able to highlight these diversities and to identify

what is functionally new within the realm of sequence information, will make the first funda-

mental step in the discovery of new candidates to be experimentally tested for their functional

activity. Moreover, due to the huge quantity of sequences to be acquired in years to come (1

zetta-bases/year are expected in 2025 [39]), there will be no more way to look into this mass of

data with an “expert eye” and computational approaches will play a key role on the extraction

of novel information and in functional classification.

Today, we can characterise sequences based on their similarity through distance measures

modelling the evolution of entire sequences. However, as shown for CPF sequences, this com-

putational approach is insufficient to provide insights on protein functional activities, and a

large number of CPF sequences remain not yet functionally annotated. This protein family is
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extremely important in medicine, biology, environment and biotechnology due to its key roles

in cancer biology and DNA repair, drug delivery strategies, global circadian rhythms, optoge-

netics. Thanks to its key role, for decades now, experiments have accumulated a huge amount

of functional information that we used to validate the ProfileView approach. Similar consider-

ations hold for the WW domain family, of crucial importance for understanding the formation

of eukaryotic protein-protein interaction networks. ProfileView functional organisation of these

two families perfectly agrees with what is known.

By constructing multiple probabilistic profiles characterising different conserved motifs in

CPF/WW domain homologous sequences, ProfileView captures functional signals and, by com-

bining them, is able to successfully classify large datasets. It obtains a striking improvement

compared to previous attempts. The main advantages of ProfileView approach compared to

those developed before are as follows: (i) it is alignment-free and avoids errors due to the diffi-

culty of comparing distant homologues; (ii) several probabilistic models represent more precisely

than a single consensus models the functional variability of protein families; (iii) large quantities

of data are not needed to learn features and run the classification; (iv) functional annotation

of many sequences does not need to be known to explore with precision the space of sequences

and classify them.

ProfileView uncovered a new family of photoactive proteins in CPF and provided new candi-

dates for functional and photochemical characterisation. This study realises the preliminary step

in the discovery of potentially interesting proteins whose function could be experimentally tested

with the purpose of enlarging our understanding of the mechanisms exploiting light to perform

functional activities in natural environments. These proteins are of interest for biotechnology

and any computational approach to highlight them is desired.

ProfileView organised the WW domain family in subtrees of sequences, corresponding to a

large spectrum of differences in binding affinity to various ligands, which have been experimen-

tally observed. It demonstrates that a large variety of sequence motifs covers this spectrum and

it identifies these motifs. Compared to Tubiana et al [38], a computational approach also based

on sequence analysis, it describes differences among binding motifs in much greater detail, open-

ing new avenues in the discovery of alternative binding patterns in protein-protein interaction

networks.

On the methodological side, ProfileView addresses the problem of extracting biological in-

formation on protein families from the huge space of natural sequences. Starting from a set

of homologous sequences, it samples hundreds of them ensuring their pairwise low sequence

identity, and for each selected sequence, it samples its close neighbourhood and uses it to con-

struct a multiple probabilistic model aimed to represent the space (Fig. 1A). Note that classical

approaches construct a unique model as representative of the entire space, with obvious limita-

tions when the space is characterised by many divergent homologs (see the model degeneracy

for the FAD binding domain in Fig. S5). Sampling of distant sequences could be realised using

different distance measures. This is an important direction of investigation possibly leading to

more refined biological information extracted from sequences.
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The resulting set of probabilistic models is employed by ProfileView in a single-layer archi-

tecture to transform sequences in sequence space into vectors of reals in the representation space

to be classified (Fig. 1B). A possible direction of investigation is the design of multiple layers

for an architecture that analyses finer motifs as well as proteins comprising multiple domains.

The fine understanding of functional mechanisms for CPF classes might need more sophisti-

cated computational approaches than ProfileView. Indeed, based on the FAD binding domain,

ProfileView highlights functional differences between large classes of CPF sequences, helping to

model the proximity between these classes with an appropriate identification of a functional tree

topology. To find functional differences within classes and to anticipate the existence of a double

function (see Fig. S2), the entire CPF sequence is likely to be necessary, possibly because of the

interaction between domains which might have functional consequences as highlighted in [40].

In this respect, notice that the 79 sequences discarded because of the absence of a sufficiently

strong signal detecting the FAD binding domain, might be retrieved and classified on a larger

scale analysis, involving more sequences and more models.

Overall, ProfileView highlights that protein functional classification depends on a non-linear

contribution of many probabilistic models and that conserved patterns in sequences are not

sufficient alone to discriminate diversified functions of complex protein families. This change

of perspective in functional classification, underlies the complexity of the question and explains

why this problem is wide open today despite the clear interest in classifying protein families

that have been amply studied in molecular biology, like transporters, signalling, transcription

factors.

ProfileView computational method is general and applicable to contexts other than the CPF

as we demonstrated with the analysis of the complex WW domain family. It is computationally

efficient in screening millions of sequences in a reasonable time. When crossed with the CLADE

and MetaCLADE methods, it can be applied to a very broad ensemble of sequences found to be

homologous to a given domain. It can classify these sequences and discover which ones behave

differently from known ones. It can provide a description of the putative functional motifs of a

given domain and highlight mutational tests one might want to realise experimentally.

The majority of metagenomics and metatranscriptomics data come from organisms that

cannot be cultured and that will, possibly, never be isolated. Hence, conceptual new approaches

to explore their biology in complex ecosystems is desperately needed. ProfileView allows to

increase knowledge on the biology of organisms whose ecological role has been recognised (e.g.

marine phytoplankton) but that are still not accessible to functional investigations, opening a

new avenue to functional exploration.

7 Methods

For clarity, this section will preferentially borrow examples from the CPF application. Informa-

tion relevant to the WW domains analysis will be provided for each step of the construction.
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7.1 Clade-centered models and the ProfileView space

Widely used search methods [41–43] are based on a mono-source annotation strategy, where a

single probabilistic model (e.g., a pHMM [30]), generated from the consensus of a set of ho-

mologous sequences, is used to represent a protein domain. The mono-source strategy usually

performs well for rather conserved homologous sequences, but when sequences have highly di-

verged, consensus signals become too weak to generate a useful probabilistic representation and

global-consensus models do not characterize domain features properly. A multi-source domain

annotation strategy [4], in which protein domains are represented by several probabilistic mod-

els, called Clade-Centered Models (CCM), was implemented in CLADE [4] and MetaCLADE [5]

for genomes and metagenomes/metatranscriptomes respectively.

To construct CCMs, we considered the full set of sequences Si associated to a domain Di

of Pfam [44] and, for some representative sequences sj ∈ Si, we constructed a clade-centered

profile HMM, in short CCM, by retrieving a set of homologous sequences close to sj . Such a

model displays features characteristic of sj and that might differ from other domain sequences

sk ∈ Si. The rationale is that the more sj and sk are divergent, the more clade-centered models

are expected to highlight different features. It has been shown that CCMs significantly improve

domain annotation (either for full genomes [4] or for metagenomic/metatranscriptomic datasets

with MetaCLADE [5]) and, due to their closeness to actual protein sequences, they are more

specific and functionally predictive than the canonical global-consensus approach. In this work,

however, we build and use CCMs differently aiming at better resolve the functional organisation

of sequences within a protein family (the cryptochrome/photolyase family).

ProfileView consists of four main stages (Fig. S1):

1. the construction of a CCM library (e.g. for the FAD binding domain or the WW domain);

2. a sequence selection based on matching or non matching of CCMs to a sequence (according

to a posterior phylogenetic analysis, very divergent sequences are discarded) and a sequence

filtering evaluating the importance of a match;

3. a model filtering identifying a set of models that best match the selected sequences and

the construction of a ProfileView multi-dimensional space of sequences;

4. the construction of the ProfileView tree (a hierarchical representation of the sequences)

and the identification of best representative models/motifs for functional clades.

7.1.1 CPF protein sequences dataset

The set SCPF of CPF protein sequences was retrieved from publicly available databases such as

UniProt, JGI projects (genome.jgi.doe.gov), and OIST projects (marinegenomics.oist.jp).

It is comprised of 397 sequences, and was manually constructed following two main criteria: 1. it

contains 69 CPF sequences known to have a specific function according to experimental evidence

reported in the literature (see Supplemental File for bibliographical references); 2. it contains

CPF sequences that span the whole tree of life; they belong to 146 species, 74 classes, and 40
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phyla (see Supplemental File for the detailed list). The distance tree constructed from the

307 CPF sequences is reported in Fig. S3.

In the text, a “CPF sequence” refers to the full length CPF sequence comprising the PHR

domain, including the FAD binding domain, and possibly the C- and N-terminal extensions,

while a “FAD sequence” refers to the FAD binding domain sequence exclusively.

7.1.2 WW domain sequences dataset

The set of WW domain sequences was constructed by combining the datasets of natural se-

quences analysed in [27–29,38]. It is comprised of 349 sequences, 60 of which have been experi-

mentally classified [27–29] and the remaining ones have been randomly selected, in comparable

proportion, from the three sets classified in Tubiana et al (types I, II/III, IV) [38].

7.1.3 Model library construction

To construct a library of models for a domain, we considered sequences from the Pfam v31 [44]

database and, for each sequence, we built a CCM [4] by searching in UniProt (version 2017_10)

for highly significant matches of homologous sequences having at least 60% identity with the

query domain sequence and covering at least 70% of it. More precisely, a multiple sequence

alignment is built using the command hhblits of the HH-suite [43] (with parameters -qid 60

-cov 70 -id 98 -e 1e-10 and database uniclust30_2017_10) and subsequently converted

into a pHMM with HMMER [30] in order to perform a sequence-profile comparison. Moreover,

a pHMM is considered only if it is trained with a minimum number of 20 sequences.

The set of Pfam sequences used to construct the ProfileView’s model library for CPF is

mainly different from the set of classified sequences: among the 240 models taken into account

for the classification of the 307 sequences, just 17 of these models were built from a (Pfam)

sequence in SCPF and only one is a representative model (for the (6-4) PL subtree) in the

ProfileView tree. Moreover, the average identity and similarity (based on pairwise alignments)

between the set of 307 sequences to classify and the set of the 240 sequences generating the

models are 26.35% and 36.73%, respectively.

In order to capture conserved motifs likely to be of functional relevance for domain sequences,

we built highly specific clade-centered models. Indeed, we are not concerned with improving

domain annotation of divergent sequences [4] but, instead, we aim at classifying proteins sharing

their domain architecture from the perspective of their function and expect their functional

motifs to be represented by positions in the sequence that remain conserved on representative

subsets of homologs.

In the analysis of CPF sequences, we focused on the FAD binding domain of DNA photolyase

from Pfam version 31 (accession number PF03441), due to its functional importance for CPF

activity. More in detail, we selected all 4615 sequences which belong to the FULL alignment in

Pfam. For each one of them, a CCM has been constructed with the command mentioned above.

Finally, our model library MFAD for the FAD-binding domain comprises 3735 CCMs, because
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for some sequences we could not collect a minimum of 20 homologs. The pipeline for MFAD

construction is depicted in Fig. 1, top.

For the analysis of WW domains, we constructed models from the set of sequences in Pfam

version 32 (accession number PF00397). They have been extracted from the reference pro-

teome RP15 comprising 5634 sequences. We could construct 3733 models based on at least 20

homologs.

7.1.4 Sequence selection

After building MFAD, we discarded from SCPF all sequences against which we were not able

to find any domain hit (independently of the hit score). SCPF domain annotation was carried

out by considering HMMER best hits (version 3.1b2) for models in MFAD. An a posteriori

phylogenetic analysis of the original set of CPF sequences has been carried out with RAxML

version 8.2.11 (with parameter -m PROTGAMMAAUTO). We observed that the set of discarded

sequences, presenting no FAD binding domain match, correspond to long branches in the tree

(see red labeled sequences in Fig. 1). This preliminary filter led us to consider a set of 386 CPF

sequences over the 397 we started with.

For the analysis of WW domains, the sequence selection step had no effect.

7.1.5 Sequence filtering

In this phase of the pipeline, each CCM belonging to the model library MFAD is mapped

against the set SCPF of all input sequences using HMMER. Let H = {hs,m | s ∈ SCPF, m ∈
MFAD, score(hs,m) > 0} be the set of hits hs,m provided by hmmsearch, where s is a sequence

of SCPF, m is a model ofMFAD and score(hs,m) is the bit-score assigned to hs,m. The bit-score

is a log-odds ratio score (in base two) comparing the likelihood of the pHMM to the likelihood

of a null hypothesis (i.e. an i.i.d. random sequence model). More formally,

score(hs,m) = log2
Pr(s | m)

Pr(s | null)

where Pr(s | m) is the probability of the pHMM m generating the sequence s and Pr(s | null)

is the probability of s being generated by the null model [45].

We partitioned the hit set H in three subsets Full(H), Overlap(H), Partial(H), where

Full(H) contains all hits that fully cover the associated model, Overlap(H) contains all hits

concerning the extremes of a sequence covered only partially by the associated model (this

situation corresponds to an “incomplete” sequence), and Partial(H) contains all remaining

hits. (See Fig. 1 for an illustration of the three matching types.) More formally, given a hit

hs,m ∈ H, it belongs to Full(H) if the aligned region of m to s (excluding gaps) is at least 90% of

the length of m. If hs,m represents an overlap between s and m (allowing an overhang length of at

most the 10% of the sequence length) then hs,m ∈ Overlap(H). Otherwise, hs,m ∈ Partial(H).

The definition of such a partition is carried out to keep only sequences that are not potentially

incomplete (e.g., due to assembly errors). More precisely, a sequence s is retained if any of the
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following two conditions holds:

i. at most the 30% of its hits belong to Overlap(H);

ii. at least the 50% of its hits belong to either Full(H) or Partial(H).

These two conditions have been introduced in order to take into account the fact that Pfam

might also contain partial sequences that could lead to the construction of very short models

(that could be fully aligned in potentially incomplete sequences). For the CPF analysis, we

remained with 307 sequences corresponding to the leaves of the ProfileView tree.

Moreover, in order to restrict our analysis to a set of representative models, we kept inMFAD

only those models that achieve one of the k best scores for at least one sequence of SCPF (setting

k = 3). The rationale of this model filtering is to get rid of “noisy” models and, at the same

time, significantly reduce the size of MFAD. From 3 735 CCMs, the number of models reduces

to 240 and we refer to this reduced set M∗FAD.

Finally, let Ls be the length of the region in s aligned to m. For each hit hs,m we define the

following two scores:

• a normalized bit-score ns(hs,m) =
score(hs,m)

Ls
;

• a normalized weighted bit-score nws(hs,m) =
Wscore(hs,m)

Ls
, where Wscore(hs,m) is the sum

of bit-scores over the positions in the sequence-profile alignment where the bit-score is

greater than 3 (that is, the positions where m and s strongly agree). More formally, let

σ(si,mj) = log2
e(si,mj)
bg(si)

be the log-odds ratio of a residue si being emitted from a match

state mj with emission probability e(si,mj) and with null model background frequency

bg(si), defined by HMMER during the model construction and differing between amino

acids [30]. Given the list 〈(si1 ,mj1), . . . , (siK ,mjK )〉 of the aligned residues of s against the

model states of m and such that the posterior probability, computed by HMMER, of each

aligned pair is greater than 75%, we define Wscore(hs,m) =
∑K

z=1|σ(siz ,mjz )≥3 σ(siz ,mjz).

They will be used to construct the ProfileView space of sequences.

For the analysis of WW domains, three sequences have been filtered out using the criteria

described above and a total of 346 sequences were retained for classification. To reduce the

number of models in the library, we selected the 5 best matching models for each of the 346

sequences and obtained a total of 1244 CCMs considered for the construction of the ProfileView

space of WW domain sequences. The number of best matching models was increased from 3

(value used for the CPF analysis) to 5 to consider more WW domain models, that is 1244 versus

the 845 obtained with k=3. The idea being that when the dataset of sequences to be classified

is very diversified, as in the case of the WW domain family, the number of models should be

large (> 1000) to explain diversity, eventually through non linear effects captured by multiple

conserved motifs defining the ProfileView space.
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7.1.6 The construction of a ProfileView space of sequences

For each sequence s ∈ SCPF , we construct a vector vs, where the dimension of vs is 2|M∗FAD|
and |M∗FAD| is the number of models in M∗FAD. The vector vs contains the pairs of values

ns(hs,m) and nws(hs,m), for each m ∈M∗FAD. If a model m does not have a hit on the sequence

s ∈ SCPF , then we assume that hs,m 6∈ H and let ns(hs,m) = 0 and nws(hs,m) = 0. Hence,

we say that the ProfileView space PV is a 2|M∗FAD|-dimensional space, where each dimension

is associated to either the normalized bit-score or the normalized weighted bit-score for some

model m ∈M∗FAD. Each sequence is a point in PV and its position reflects the proximity of the

sequence to CCMs in M∗FAD.

7.1.7 The ProfileView tree construction

After the construction of the ProfileView space PV for sequences s ∈ SCPF , Principal Compo-

nent Analysis (PCA) is performed in order to reduce its number of dimensions. More precisely,

PV is reduced to a p-dimensional space PV∗, where p is the minimum number of principal com-

ponents that explain the 99% of the variance for the set SCPF . In practice, from 480 dimensions,

the reduction produces a space of 37 dimensions. Sequences are thereby clustered in PV∗ using

a hierarchical agglomerative strategy. Namely, we considered the euclidean distance between

vectors and Ward’s minimum variance method for cluster merging. The rationale of this cri-

terion is to select, at each step, the pair of clusters which minimizes the total within-cluster

variance after the merging. Starting from all clusters being singletons, this bottom-up algorithm

completes in |SCPF|−1 agglomerative steps and allows to represent clusters in a hierarchical way

and to define a rooted tree. More precisely, it produces a binary tree where every internal node

defines a cluster of two or more elements (according to the chosen merge criterion). Moreover,

in such a tree, distances/dissimilarities between merged clusters are encoded as edge weights.

The ProfileView tree built for the CPF sequences is depicted in Fig. S2, where internal colours

are identified by representative models and external strips are associated to known functions

(according to the literature, see Supplemental File for the detailed list of publications).

For the WW domain analysis, we started from a space in 2488 dimensions (equivalent to

2×1244, where 1244 is the number of models), performed PCA analysis and reduced the number

of dimensions to 11 by explaining the 80% of the variance. Due to the diversity of the 346 WW

domain sequences, we relaxed the constraints on the variance, compared to the CPF analysis,

to obtain a few tens of dimensions versus the 206 obtained with a threshold of 99% used for

CPF.

Representative models for clustered sequences. To better explore subtrees in the

ProfileView tree, potentially associated to known functions, we associated a representative model

to the sets of sequences labelling their leaves. Intuitively, a representative model separates a

subset of sequences C from the rest of the sequences of the tree (this set is denoted SCPF \ C)
in the ProfileView space PV. Given a model m in the library, let us call C∗m the maximal
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subset of C where the model assigns higher scores to sequences in C∗m than to sequences in

SCPF \ C. This has to hold for at least one of the metrics – ns and nws – defining PV (see

section “Sequence filtering”). For each model m in the library, we compute C∗m and choose the

model with a C∗m of largest cardinality as the representative model of C. If two models have

the same maximum cardinality, then we choose the model m that provides the best separation,

that is the model maximizing the distance between the centroids of the sets C∗m and SCPF \ C
(again, computed according to the metrics ns and nws). If C is the set of sequences of a subtree

T of the ProfileView tree (which is not the whole tree), then a representative model m for C is

associated to the root of T when the following two conditions are satisfied: 1. C∗m comprises at

least half of the sequences in C and 2. C∗m contains at least a sequence from each one of the child

subtrees of T . Note that a node in the ProfileView tree might remain without representative

model. Fig. S2 indicates which nodes of the CPF tree are represented by a model. When

a ProfileView outputs a representative model for a node of the tree, it also outputs a list of

suboptimal models which cover either the same amount of sequences |C∗M | or the 90% of |C|.
Model logos were built using the python package of Weblogo [46] (version 3.7) which allowed

us to easily export sequence logos [47].

Motifs identified from representative models. A motif extracted from a represen-

tative model is defined to be the set of all amino acids characterizing well-conserved columns

(i.e. match states) in the sequence alignment associated to the model according to hhblits’

definition. Namely, given a column of the multiple sequence alignment related to the model, an

amino-acid is well-conserved if it occurs with a probability ≥ 0.6 before adding pseudo-counts

and including gaps in the fraction count.

For each motif illustrated in the text, we highlighted, by a coloured “dot”, positions in it

found to be well-conserved in other representative models. Given a reference model Mr and a

query model Mq, a dot is put under a well-conserved column of Mr, if there exists a column in

the query model Mq: 1. aligning in hhblits with a score greater than +1.5 (i.e. fairly similar

amino acid profiles) and posterior probability greater than 0.8; 2. containing a most conserved

amino-acid which is the same as in Mr and is also well-conserved.

A circled dot indicates an aligned column in Mq satisfying 1 but not 2. This means that the

most conserved amino-acid in Mr shows < 60% frequency in Mq. Note that, in this case, Mr

and Mq might display different most conserved amino acids.

It is important to notice that given two models and a position, the score assigned to that

position in the hhblits pairwise alignment of the models depends on the reliability of the query-

template alignment (https://github.com/soedinglab/hh-suite/wiki). Depending on which

one of the models is considered as a template, the scores assigned to the same position might vary

(the confidence values are obtained from the posterior probabilities calculated in the Forward-

Backward algorithm of hhblits). In particular, hhblits is warning that the confidence score

for an aligned position depends on the confidence on the alignment of the close by region. As a

consequence, certain conserved positions might see their alignment score to decrease because of
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the presence of a very variable region in their vicinity, possibly containing gaps. This explains

why, for aligned positions of two motifs, we might miss to indicate related positions or we

might display different color dots. An illustrative example of missing related positions is made

by position 102 in the NCRY motif and position 103 in the plant PR CRY motif. The two

motifs clearly diverge within the region just following position 102/103, justifying a difficult

model alignment and a low confidence score for 102/103. A second example, illustrating the

asymmetricity of the coloured dots, is position 102 in the NCRY motif aligned with position 95

in CRY Pro. While the CRY Pro motif records the coloured dot for a matching with NCRY,

this is not true for the NCRY motif. Indeed, while the two positions align together with a

confidence score of 0.8 for the CRY Pro model taken as a template, they also align together

when the NCRY model is taken as the template but with a confidence score dropping at 0.6.

7.1.8 Distance tree construction for CPF and FAD sequences

The multiple sequence alignments of CPF sequences and FAD sequences were computed using

MUSCLE version v3.8.31 [48], and were then trimmed using trimAl version 1.4.rev22 [49] with

a gap cutoff of 0.01 (i.e. columns containing more than 99% of gaps were removed). Then,

for each sequence alignment, we selected the best evolutionary model using ProtTest (version

3.4.2) [50]. More precisely, the evolutionary model best fitting the data was determined by

comparing the likelihood of all models according to the Akaike Information Criterion (AIC).

The model optimisation of ProtTest was run using a maximum-likelihood-tree strategy and the

tree generated for the best-fit model (VT+G+F) was considered as input for the construction

of the final phylogenetic tree (with parameter α = 1.061). In particular, the construction

of a maximum-likelihood phylogenetic tree has been carried out with PhyML 3.0 [51] that

optimized the output tree with Subtree-Prune-Regraft (SPR) moves and considering the SH-

like approximate likelihood-ratio test. Finally, branches with a support value smaller than 0.5

were collapsed. The distance tree for SCPF is reported in Fig. S3 and contains 307 leaves

corresponding to the 307 CPF sequences containing the FAD binding domain. The distance

tree for the set of 307 FAD sequences is reported in Fig. S4.

Phylogenetic and ProfileView trees have been generated with iTOL [52].

7.1.9 Output files of ProfileView

ProfileView produces several output datasets: the model library, the ProfileView tree, the list

of representative models associated to internal nodes of the tree.

Also, ProfileView provides to the user the possibility to choose a list of representative models

to be compared. The first model of this list is considered as a reference model. A first output

describes and provides the logo reporting all conserved positions together with a list of coloured

dots (possibly circled) obtained after a pairwise comparison of a model in the list with the

reference model (see Methods above; see for example Fig. 3AB). A second output describes

and provides the logo reporting an intermediate representation of the positions in the reference
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model, namely reporting all conserved positions in the associated motif and all positions that

are not conserved in the reference model but that are conserved in some other model in the list

(see for example Fig. 3C and Fig. 4).

7.1.10 Implementation and software availability

ProfileView has been developed and tested under a UNIX operating system, using Bash, Python,

and R scripts. It exploits GNU parallel [53], if available on the system, in order to perform some

jobs in parallel. It is implemented in three main parts carrying out the following modules of the

pipeline: the construction of a single-domain model library, the generation of the ProfileView

tree along with its representative models, the comparison of selected representative models

and the identification of conserved positions/motifs. ProfileView is available at http://www.

lcqb.upmc.fr/profileview/ under the version 2.1 of the CeCILL Free Software License. A

restrained access is momentarily set. Once the article is accepted, all information

will be freely accessible.

7.1.11 Data accessibility

The set of CPF sequences, FAD domain sequences, WW domain sequences, model libraries,

distance trees, ProfileView trees are available at http://www.lcqb.upmc.fr/profileview/.
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Figure S1. ProfileView pipeline applied to CPF sequences. The ProfileView pipeline is organised
in four main steps: (i) the model library construction for the FAD binding domain and the collection of
CPF sequences to classify, (ii) a sequence selection based on matching/unmatching of the models to a
sequence and on sequence filtering evaluating the importance of a match, (iii) a model filtering step
reducing model redundancy and the construction of a ProfileView space of sequences, (iv) the construction
of the ProfileView tree and the identification of both the best representative models for functional clades
and their characteristic functional motifs.
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Figure S2. ProfileView tree of 307 FAD-binding domain sequences built from FAD-binding
domain (PF03441) models from Pfam v31 using a hierarchical agglomerative clustering
strategy. Colors of subtrees are identified by representative models and correspond to known CPF classes,
with the exception of the Ncry subtree. External coloured labels define known functions for the sequences.
Some of the 307 sequences are known to hold multiple functions and are labelled by two colors. The
function “signalling” (grey) refers to signalling processes of different nature (photoreceptor, transcription,
unknown). Numbers on the internal nodes correspond to the percentage of sequences in the corresponding
subtree that are separated from the remaining sequences in the tree by the best representative model
occurring in the model library.
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Figure S3. Distance tree constructed from 307 CPF sequences. Each sequence in the distance
tree is coloured as in the ProfileView tree. Colors of internal subtrees are induced by sequence coloring.
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branches are bootstrap values.

4

.CC-BY-NC-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted July 28, 2019. ; https://doi.org/10.1101/717249doi: bioRxiv preprint 

https://doi.org/10.1101/717249
http://creativecommons.org/licenses/by-nc-nd/4.0/


Anid Q
5BG

E3

Xmac M4A4A5

Bjap U
PI000365C

0F2

C
zem

 B
2C

G
58

Bnap I6LME3

Dm
el 

O77
05

9

H
sa

p 
Q

16
52

6

Gsul M2X0A7

M
pu

s 
C

1M
Q

J1

C
tel R

7U
L99

S
pu

r 
U

P
I0

00
26

52
92

A

Trub H2V6H4

Cmyd
 U

PI00042C0C52

Msed A4YDW4

D
re

r Q
9I

91
6

Pbla A0A0F7W019

A
vas Q

86R
A

1

Cvar E1ZS30

O
luc A4R

S79

Sm
in sym

bB1.v1.2.025343.t1

Cmer M1V623

Toce K0SBV5

Oluc A4RWX3

Acap O82779

C
gig K

1P
M

J9

T
ru

b 
U

P
I0

00
29

90
D

31

Cgi
g 

K1Q
HW

3

N
vi

t K
7I

V
D

0

Psat Q6YBV7

Ngad K8Z8X9

Aano F0Y1C4

P
pat A

9S
FA

1

Xm
ac

 M
3Z

PM
5

Fcyl jgi262687

O
la

t U
P

I0
00

2A
47

9B
4

Dmel Q
24281

Olat UPI0002A4A14C

Alai F0W1D4

Sgri P12768

T
gon V

4Z
M

07

Atha O48652

M
m

us
 P

97
78

4

Bnat jgi19501

O
tau U

PI0000E45546

Ncra P27526

C
cre Q

9A8C
6

P
tri

 B
7F

W
G

0
Fc

yl
 jg

i2
04

36
9

Mrcc C1FH66

Psoj G4Z5B3

Psat Q6EAM9

Aae
g 

Q17
DK5

Styp P25078

A
que A

0A
1X

7U
X

A
7

C
m

il 
V

9K
H

I9

G
the L1IW

67

Acap O82786

C
m

er M
1V

878

Cgig K1Q6J3

Cmer M1V828

Fm
ed UPI000440845C

R
cas A

7N
R

T
2

D
pl

e 
Q

0Q
W

P
3

Mdom UPI000498AE12

Fc
yl

 jg
i1

57
33

3

Dpl
e 

Q
2T

JN
5

C
m

il 
V

9K
IN

5

Eh
ux

 R
1D

8F
8

C
m

er
 M

1V
52

2

Bfuc M7UBN5

O
la

t U
PI

00
02

A4
79

70

B
jap U

P
I00037009A

A

Xtro
 U

PI0
00

1D
E7E

6E

C
rei Q

9X
H

E
2

P
sp

e 
A

0A
14

2Y
4D

8

E
sco M

9W
R

88

S
m

in
 s

ym
bB

1.
v1

.2
.0

00
80

6.
t1

A
ga

m
 Q

0Q
W

07

Vcar D8U4Q6

Smin symbB1.v1.2.021362.t1

Drer Q4KML2

Scys Q55081

Tru
b 

H2U
JL

0

Acap O82769

M
pus C1N4D5

Bnap I6LNT6

Afab A9C
JC

9

C
pr

o 
Q

6M
D

F
3

B
na

t j
gi

19
87

9

Tr
ub

 H
2R

V
V

2

P
fal Q

8I0W
8

Fcyl jgi183137

Crei Q
42696

Cmyd
 U

PI00042BFF16

G
the L1IY

Q
3

C
cha Q

4K
T

12

Sbic C5XXX7

B
m

al U
P

I000161D
D

67

Osat Q948J6

M
pus C

1M
Z

V
7

P
dum

 U
5N

D
X

3

Gmax I1JUL6

Gmax B8K2A4

Ggal Q
2TV23

A
m

el
 A

4G
K

G
5

Scle A7EIM0

F
cy

l j
gi

25
30

64

Bnat jgi79996

O
la

t Q
91

18
6

Dple A4GKG4

T
ree A

0A
024S

E
H

5

Cnip E0D3C5

A
m

il B
0E

V
Y

4

Ppat A9RJ31

Anid P05327

E
hu

x 
R

1C
P

W
3

N
can F

0V
A

X
5

G
su

l M
2Y

3R
8

B
an

t U
P

I0
00

01
67

09
A

Bnat jgi58130

Xlae Q
9I910

Pnye
 U

PI0003AFC662

A
pe

r A
4G

K
G

3

Crei A8J8W0

Vca
r D

8UF46

M
m

us
 Q

9R
19

4

Tca
s A

4G
K

G
6

Bnap Q1JU52

Ecol P00914

B
na

t j
gi

13
96

44

Pinf D0NSW4

Tatr G
9PA82

A
aeg Q

16N
I2

D
re

r Q
4V

9Q
3

B
nat jgi45378

Cnip E0D3D8

C
m

yd
 U

P
I0

00
42

C
0A

D
7

Gmax I1NI99

Sm
in

 s
ym

bB
1.

v1
.2

.0
37

49
1.

t1

Bpra K8F4K3

Hsal Q9HQ46

M
rcc C

1FD
S

1

O
la

t U
P

I0
00

2A
4A

FA
5

Gsul M2Y6Y9

Ayun M9QVZ7

Fcyl jgi274402

Aano F0Y049

M
rcc C

1E
8K

0

Osat Q9SXI0

O
la

t U
PI0

00
2A

49
E9F

Csub I0YUW
2

Ayun M
9QS48

Imul G0QTG6

Fcyl jgi137610

Ffuj H6SG34

P
tri B

7F
Z

06

Olat U
PI0002A4845E

O
luc A

4R
V

87

Otri J9I3B5

Ptri B7FV99

A
m

il B
0E

V
Y

5

A
fab A

9C
H

39

B
glu C

5A
H

E
5

Esil D7FPZ3

S
ynp B

1X
JB

0

R
sp

h 
Q

3J
4I

8
Gmax K7L7W1

Slyc Q9LDJ5

Bjap Q
89JH

3

Vcar D8TIN9

Onil U
PI0003945D5B

C
cr

i R
7Q

9J
2

Ccri R7QSK1

D
m

el
 Q

24
44

3

Esc
o 

M
9W

RN9

Ppat Q
9SXG9

Bfuc G
2YAZ8

Cgig K1R2B2

E
hux R

1B
P

27

Otri J9J1P3

Ehux R1E9B6

Ehux R1E582

E
sil D

8LQ
K

0

Ccri R7QKC4

Mze
b U

PI000329E9BD

Osat Q651U1

Atha Q43125

Tpse B8C682

Agam Q7Q8F7

M
pu

s 
C

1M
T4

0

Ayun M9QQN9

E
ru

b 
A

0A
14

2D
84

2

Hsal Q9HP89

Xlae Q75WS4

Slyc Q9XHD8

Pinf D0NSW0

Sbic A0A194YQH9

Acap Q
9S7R6

Acap Q9S794

A
ga

m
 Q

7Q
9T

5

Ppat A9U403

T
ru

b 
U

P
I0

00
29

8C
F

4E

A
loc Q

5U
U

Y
8

R
sph Q

3IX
P

1

Osat Q712D5

D
re

r A
4Q

N
37

Bpra K8F1Y9

Rcas A7NS81

Fcyl jgi202669

Esil D7FPZ4

A
flo

 U
P

I0
00

25
2B

46
4

Tpse B
8B

Y
L4

Xl
ae

 Q
90

W
Y1

Dre
r F

1R2R7

S
m

in
 s

ym
bB

1.
v1

.2
.0

23
06

0.
t1

G
ga

l Q
8Q

G
61

Ehux R1DXK6

P
du

m
 A

0A
07

5F
4M

7

X
la

e 
Q

90
W

Y
0

Atha Q84KJ5

Sbic Q8H6B3

Ptri B
7FZ64

D
re

r 
Q

7Z
U

53

Psoj G4Z6R1

E
m

ax U
6M

9J8

G
th

e 
L1

J2
95

E
m

it U
6JN

B
1

Ehux R1DYM9

Pdum A0A1V0ELI4

Fcyl jgi269244

Bn
at

 jg
i4

33
43

E
ru

b 
A

0A
14

2D
84

1

C
cre Q

9A
A

F
5

O
sat Q

6F
6A

2

Adar U
PI0001E94E34

Mory Q2KFA3

Bfir Q04449

Otau UPI0000E4B1E2

Sros F2U6L6

X
la

e 
Q

90
W

X
9

Drer Q
9I911

Cmyd UPI00042C2D47

V
cho Q

9K
S

67

G
ga

l Q
8Q

G
60

C
gi

g 
K1P

R
K6

Cpsy Q485Z2

Tpse B5YN80

Csub I0Z5H7

T
gon S

7U
T

S
7

B
nat jgi57588

Pinf D0MTX4

Fcyl jgi272842

D
re

r B
0S

7X
5

S
ole Q

84JX
2

Stod F9VNB1

T
ps

e 
B

8L
C

K
6

Abis UPI00029F5B0C

Spur W
4YV73

Aga
m

 Q
7P

YI7

Sros F2UPH2

Dre
r E

7F
FE4

Cte
l R

7V
1J

3

Abac A0A1V5R3I2

Tnig
 Q

4T
4M

6

Sm
in

 s
ym

bB
1.

v1
.2

.0
12

12
6.

t1

Esil D7FPP0

A
da

r 
U

P
I0

00
1E

93
6

1D

T
pse B

8C
5K

8

Mpus C1MZJ3

Trub UPI000298CB37

C
m

yd
 U

P
I0

00
42

B
D

50
9

V
car D

8U
3Z

0

Taes A9Q6J1

Aaeg Q17M01

Vcho Q9KNA8

Tpse B8C
520

A
que A

0A
1X

7U
X

67

M
rc

c 
C

1E
A

54

S
pur U

P
I00026539C

A

Fpsy A
6H

180

O
la

t U
PI

00
02

A4
C

18
A

Tp
se

 B
8C

6C
5

Cmer M1V3I5

Ncra Q7SI68

Cvar E1ZDG
8

Scys P77967

Atha Q96524

Ape
r Q

9B
M

D6

Tr
ub

 H
2U

G
25

Mbre A9V4B6

G
th

e 
L1

JG
S

1

Sbic A0A1B6PL97

C
fer Q

0Y
V

00

G
su

l M
2W

8G
4

Osat Q0E2Y1

Taes A9Q6I9

Dsal Q52Z99

T
gon S

8G
N

02

P
tet A

0E
5N

7

Psoj G4Z6R5

C
su

b 
I0

Y
JU

5

C
cr

i R
7Q

2P
4

Psat Q6YBV9

Mbre A9UXR7

Csub I0YV35

H
sa

p 
Q

49
A

N
0

P
tri B

7G
0J7

0.94

0.63

0.
99

0.
91

0.94

0.99

0.87

0.
84

0.
82

1.00

0.85

0.85

0.99

0.97

1.00

0.
94

1.00

0.88

0.
92

0.
90

0.78

0.86

0.97

1.00

0.92

0.61

0.
78

1.00

0.99

0.
75

0.
97

0.
98

0.81

0.
99

1.00

0.92

0.
53

1.00
0.95

0.
94

0.
76

0.88

0.98

0.
89

1.00

0.
95

0.67

0.78

1.00

0.
86

1.00

0.94

1.00

0.89

0.89

0.
91

0.91
0.95

0.
91

0.51

0.93

1.00

0.
82

1.
00

1.
00

0.91

0.99

0.
96

0.94

0.
60

0.75

0.
95

0.80

0.
83

0.
99

0.
94

1.00

1.
00

0.
88

0.
89

0.95

1.00

1.00

0.88

0.97

0.85

0.94

0.
90

1.00

0.74

0.95

1.00

0.68

0.95

0.96

0.
59

0.96

0.93

0.85

0.80

0.99

0.95

0.97

0.
88

0.88

0.78

0.91

0.84

0.83

0.96

0.
81

0.98

0.69

1.00

0.98

0.98

0.94

1.
00

0.97

0.
96

0.
97

0.82

0.81

0.92

0.93

0.
79

0.
71

0.73

0.89

0.91

1.00

0.
84

0.99

0.71

0.
57

0.94

0.
95

0.94

1.00

0.66

0.70

0.63

0.93

0.
63

0.68

0.73
0.86

1.
00

0.
69

0.85

0.
96

0.91

0.
95

0.81

0.
81

0.93

0.90

0.
99

0.89

0.
85

0.99

0.89

0.98

0.58

0.72

0.93

0.99

0.90

0.95

0.
70

0.
93

1.00

0.94

0.98

0.80

1.00

0.66

0.99

0.89

1.00

0.90

0.96

0.
75

0.89

1.
00

0.80

0.52

0.58

0.90

0.79

0.90

0.83

0.93

0.94

0.52

0.
78

0.
82

0.99

0.73

0.97

0.77

0.99

0.73

0.98

1.
00

0.76

0.
88

0.99

0.
76

0.98

0.95

0.
95

0.
99

0.97

0.84

0.85

1.00

0.94

1.
00

0.98

0.
76

0.98

0.
76

0.92

0.
99

0.
93

0.94

0.93
0.93

0.78

0.
96

0.68

0.76

0.98

1.
00

0.97

0.96

0.91

0.
99

0.77

0.85

0.96

0.92

0.59

0.84

0.57

0.
94

0.64

0.
77

0.93

0.78

0.
78

0.75

0.74

0.94

0.98

PHR/CRY Family

(6-4) photolyase

Animal photoreceptor CRY

Trans. regulators

CRY DASH

Class I CPD photolyase

Class III CPD photolyase

NCRYPlant-like photoreceptor CRY

Plant photoreceptor CRY

Class II CPD photolyase

CRY ProN/A

Function

Circadian 6-4 photolyase CPD photolyase ssDNA photolyase Photoreceptor Signaling

Figure S4. Distance tree constructed from 307 FAD-binding domain sequences. Each
sequence in the distance tree is coloured as in the ProfileView tree. Colors of internal subtrees are induced
by sequence coloring. External labels report known functions for the sequences (see legend of Fig. S2).
Numbers on the branches are bootstrap values.
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Figure S5. Comparison between trans. regulators models and Pfam models. Alignment of the
two full models, corresponding to the trans. regulators motif 1 in A (top) and the trans. regulators model
2 in B (bottom), on two distinct regions of the Pfam FAD model PF3441 (grey background). The regions
do not overlap.
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Figure S6. Eleven motifs for 10 subtrees in the ProfileView tree of CPF. Each motif for a class
is represented by the most conserved positions in the corresponding representative model, that is positions
showing > 60% frequency in the associated alignment (see Methods). Below each position, the coloured
dots indicate that the position is well-conserved in other motifs (after their alignment; see Methods).
Circled dots indicate that the position in the motif is not conserved as much in another motif (see
Methods). The possible asymmetric distribution of color dots or an absence of dots between comparable
positions in motifs is explained in Methods. Specific positions in a motif have no additional dot. The
transcriptional regulators’ subtree, represented by two distinct representative models, is provided with two
independent motifs. For each motif, coloured dots are ordered, from top to bottom, depending on the best
E-values given by hhblits to the pairwise alignments.
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Trans. regulators

CRY DASH

(6-4) Photolyase Animal PR CRY Plant PR CRY Plant-like PR CRY

NCRY Class I & III CPD PL Class II CPD PL CRY Pro

Consistent match

Figure S7. Eleven motifs for 10 subtrees in the ProfileView tree (continued). See legend in
Fig. S6.
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Rb-group

Figure S8. Ten motifs for 11 subtrees in the ProfileView tree of WW domains. Each motif for
a group is represented by the most conserved positions in the corresponding representative model, that is
positions showing > 60% frequency in the associated alignment (see Methods). Notice that by using the
threshold of > 60% frequency from hhblits, one of the Ra models does not provide any conserved motif.
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