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ABSTRACT

Proteins with similar phylogenetic patterns of con-
servation or loss across evolutionary taxa are strong
candidates to work in the same cellular pathways
or engage in physical or functional interactions.
Our previously published tools implemented our
method of normalized phylogenetic sequence pro-
filing to detect functional associations between non-
homologous proteins. However, many proteins con-
sist of multiple protein domains subjected to differ-
ent selective pressures, so using protein domain as
the unit of analysis improves the detection of simi-
lar phylogenetic patterns. Here we analyze sequence
conservation patterns across the whole tree of life
for every protein domain from a set of widely stud-
ied organisms. The resulting new interactive web-
server, DEPCOD (DEtection of Phylogenetically COr-
related Domains), performs searches with either a se-
lected pre-defined protein domain or a user-supplied
sequence as a query to detect other domains from
the same organism that have similar conservation
patterns. Top similarities on two evolutionary scales
(the whole tree of life or eukaryotic genomes) are
displayed along with known protein interactions and
shared complexes, pathway enrichment among the
hits, and detailed visualization of sources of de-
tected similarities. DEPCOD reveals functional rela-
tionships between often non-homologous domains
that could not be detected using whole-protein se-
quences. The web server is accessible at http://
genetics.mgh.harvard.edu/DEPCOD.
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INTRODUCTION

A shared evolutionary history of two proteins across var-
ious organisms may suggest similar functions, shared cel-
lular pathways and protein complexes, or functional inter-
actions between these proteins regardless of whether they
are homologous to each other (1-6). Our first generation
PhyloGene webserver (7), publicly available since 2015, im-
plemented our method of normalized phylogenetic profiling
(NPP) of whole-protein sequences, which has been used to
detect protein functional associations and predict function
of previously uncharacterized proteins, identify new mem-
bers of metabolic and regulatory pathways, and reveal pro-
tein and pathway adaptions of specific organisms (8-17).
Proteins that act in the same pathway often have very sim-
ilar patterns of conservation, retention, or loss of their ho-
mologs in particular taxa of organisms, which can be rep-
resented in the form of their phylogenetic profiles. As an

*To whom correspondence should be addressed. Tel: +1 617 643 5697; Email: sadreyev@molbio.mgh.harvard.edu
fThe authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors.

© The Author(s) 2022. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.


https://orcid.org/0000-0002-4240-5466
http://genetics.mgh.harvard.edu/DEPCOD

intensively studied example, a query of one electron trans-
port complex protein will reveal many other complex I pro-
teins with no homology to the query protein but a similar
phylogenetic pattern of sequence conservation, instantly re-
vealing functional connections established by 50 years of ex-
perimental mitochondrial biochemistry (18). This approach
can be applied to less studied pathways as well.

Phylogenetic profiling depends on detecting conservation
between individual representatives of the same sequence
family in taxonomically distant organisms. However, dif-
ferent domains within the same protein often evolve un-
der different evolutionary constrains and occur in various
combinations in different species, especially between taxa
at higher levels of taxonomic hierarchy. Protein domains
are the functional modules of proteins that can fold, func-
tion, and evolve often independently of other domains in
the same protein. Variation of particular protein domains
or even abrupt changes of domain architecture during evo-
lution may often be due to the relaxation of past functional
requirements and changing evolutionary pressures on do-
main function as organisms specialize for new niches or
evolve displacing pathways. These differences of conserva-
tion patterns among different domains of the same protein
reduce the level of sequence similarity in the analyses of
conservation at the level of the whole protein. Therefore,
focusing on protein domains as independent evolutionary
units should bring more biological relevance and clearer
correlations in detecting similar patterns of sequence con-
servation. Every protein domain in a given genome can be
assigned a phylogenetic profile of its relative conservation,
variation, or loss based on its sequence similarity to the ho-
mologs across hundreds of diverse eukaryotic and prokary-
otic species. This phylogenetic pattern can be used to search
for non-homologous protein domains with a similar pattern
of conservation or loss. This general approach has been dis-
cussed and implemented previously, but mainly in the con-
text of domain identification within protein sequences (19—
21) and prediction of protein-protein interactions (22). To
our knowledge, there are no publicly available web server
tools for the similarity detection and visualization of phylo-
genetic profiles of individual protein domains.

Here, we developed a new interactive web server, DE-
PCOD (DEtection of Phylogenetically COrrelated Do-
mains), which allows the user to submit a query protein do-
main from an individual protein in a selected organism and
(a) instantly identify the taxa of organisms that have con-
served, varied, or lost this domain; (b) detect other protein
domains in the same organism that have a correlated pat-
tern of sequence conservation across a wide range of taxo-
nomically diverse species; (c) understand functions of these
domains, known physical interactions and shared protein
complexes with the query and (d) inspect possible sources
and evolutionary relevance of the similarity between their
conservation patterns.

This new web server reveals functional relationships be-
tween individual domains beyond the detection based on
whole-protein sequences. In addition, DEPCOD introduces
a combination of methodological and functional features,
including: (i) expanded scope of species in evolutionary pro-
files at two scales: 244 cukaryotic genomes or 506 genomes
from all three domains of life: Eukaryota, Bacteria, and
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Archaea; (i) incorporation of phylogeny of the searched
genomes into the correlation of conservation patterns; (iii)
visualization of known BioGRID (23) and hu.MAP (24) in-
teractions and shared protein complexes between the query
and the detected hits; (iv) analysis of GO (25,26), KEGG
(27,28) and Reactome (29) pathway enrichment among
the detected hits and (v) visualization of details and sources
of detected patterns similarities (conservation values for in-
dividual species, taxonomic trees, links to the information
about detected domains and domain families, etc).

MATERIALS AND METHODS

Using PFAM (30) domain annotation within protein se-
quences in the genomes of widely studied organisms (H.
sapiens, M. musculus, D. melanogaster, C. elegans, S. cere-
visae, A. thaliana, E. coli, B. subtilis), we split the whole se-
quence of each protein into PFAM domains (30) and parts
without detected PFAM homologs.

The resulting sequences were used to generate a domain
based normalized phylogenetic profile (NPP) for each do-
main across a wide range of sequenced genomes in a fashion
similar to our previously described approach (7,9). In brief,
each domain was used as a query for the BLASTP search in
our comprehensive database compiled of all proteins from
506 representative genomes from all three domains of life.
Scores of top BLAST hits with moderate to high signifi-
cance were normalized by the BLAST score of the query to
itself, and then transformed into genome-specific Z-scores
based on the distributions of normalized BLAST scores
across a given representative genome. As a result, each do-
main from the query genomes of model organisms was as-
signed a NPP, a vector of Z-scores for its closest homolog
in each of 506 representative target genomes.

To assess the similarity between evolutionary conserva-
tion patterns of two domains from the same query genome,
their NPPs were compared to each other. As a measure of
similarity between profiles, we used Pearson correlation co-
efficient between two vectors of corresponding Z-scores. We
chose Pearson R over an alternative of Spearman correla-
tion coefficient (a more robust but less sensitive measure of
correlation) since in our tests Pearson R produced more ac-
curate and functionally relevant results. As DEPCOD pro-
files are based on a larger number of target genomes, we
introduced a new modification into the calculation of Pear-
son correlation coefficient, which downweighs closely re-
lated species among 506 genomes by weighing each tar-
get genome proportionally to the number of genomes sam-
pled from the same taxonomic clade in the NCBI taxon-
omy (31,32). To estimate statistical significance of the re-
sulting profile similarity, we calculated a Z-score using the
empirical distribution generated by random shuffling of
weighted Pearson coefficients across target genomes. Based
on extensive manual inspection of DEPCOD hits for multi-
ple queries, we suggest the approximate cutoffs of Pearson
R >0.6 and significance Z-score >4.0 as a combined crite-
rion of a confident profile similarity to the query. To high-
light these confident hits, we introduced a separate column
in the output heatmap, ‘Correlated and significant’. How-
ever, the user is encouraged to inspect the hits beyond this
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combined criterion, as these domains can sometimes also
show functional associations with the query.

For each pre-defined standard domain from a model
genome, the NPP is pre-computed and stored along with
the top correlated NPPs from the same genome and the cor-
responding Pearson correlation coefficients and their statis-
tical significance. If the user selects the query from the menu
of pre-defined domains in the model genome of choice,
then the query NPP and top hits are quickly retrieved from
the pre-computed set of domain NPPs. If the user chooses
to submit an amino acid sequence as a query, then query
NPP is calculated by first running BLASTP with the user-
supplied sequence against the set of proteins in all target
genomes. Depending of the user’s choice, these calculations
can be performed across 244 eukaryotic genomes or the full
set of 506 species including Archaea and Bacteria.

To provide the information about known physical
protein-protein interactions of each hit with the query, we
used the confidence values for interactions from BioGRID
(23) and Hu.Map 2.0 (24), as well as predictions of protein
complexes from Hu.Map 2.0.

To implement the analysis of functional enrichment
among detected hits, we used protein lists for GO bio-
logical process level 3 (25,26), KEGG (27,28) and Reac-
tome databases (29). The statistical significance of path-
way enrichment is calculated as a hypergeometric P-value
with Benjamini-Hochberg False Discovery Rate correction
for multiple testing. These P-values are pre-computed and
stored for the standard pre-defined query domains or cal-
culated in real time for the hits based on a user-supplied
domain sequence.

To evaluate the accuracy of detection of functional asso-
ciations, we generated precision/recall curves using protein
pairs sharing the same functional pathway as a reference
of true associations. We used GO biological process level
3(25,26), KEGG (27,28), and Reactome databases (29) as
three alternative sources of these reference associations. For
each protein domain in human genome, top 100 hits with
Pearson R >0.6 were selected, the resulting hits for all do-
mains were ranked, and precision (TP/(TP + FP)) and re-
call (TP/(TP + FN)) were calculated for each position 7 in
the list, where TP, FP and FN are the numbers of true posi-
tives, false positives, and false negatives among top # hits in
the list.

RESULTS
Input and output

DEPCOD webpage (Supplementary Figure S1) includes
three main areas. The top area includes buttons for ba-
sic information (‘About’), more detailed manual (‘Help’)
and selection of major search flavors (‘Eukaryotes’ vs ‘All
clades’), which gives the user the choice of evolutionary
range across which the phylogenetic profiles are compared
(Supplementary Figure S1). ‘All clades’ option corresponds
to the construction and comparison of phylogenetic profiles
across the whole tree of life (Eukaryota, Bacteria and Ar-
chaea), whereas ‘Eukaryotes’ option is focused on eukary-
otic species, which would be more relevant for eukaryote-
specific query domains or for more detailed analysis of con-
servation patterns among cukaryotes only.

The area on the left of the webpage (Supplementary Fig-
ure S1) includes menus and windows for query submission
and defining search parameters. The user can choose the
query organism from the set of widely studied species: H.
sapiens, M.musculus, D. melanogaster, C. elegans, S. cere-
visae and A. thaliana for the search among profiles based on
eukaryotic genomes, with the addition of bacterial genomes
of E. coli and B. subtilis for the search among profiles based
on the whole tree of life. After the organism is selected,
the user can use the autocomplete search menu to quickly
choose the query domain from the pre-defined list of pro-
tein domains in the given genome. The user can also select
the number (50, 100, or 200) of top correlated protein do-
mains to display in the output. Alternatively, the user can
provide an arbitrary amino acid sequence as a query, either
by pasting this sequence in the window or by uploading a
sequence file.

Clicking the Submit button starts the search and gener-
ates the output in the main area of the webpage (Supple-
mentary Figure S1), which includes the interactive heatmap
of phylogenetic profiles for the top hits, the display of pro-
tein function enrichment among these hits, and buttons to
save the link to this output page (‘Share’), download the de-
tailed numerical profiles as an Excel or tab-delimited file
(‘Download’), or navigate directly to the function enrich-
ment results (‘Gene Set Enrichment’). In the heatmap of top
correlated phylogenetic profiles, the main discovery tool,
the top row corresponds to the query domain and each row
below corresponds to an individual protein domain whose
phylogenetic profile is similar to the query. Each column
corresponds to an individual species from the selected taxo-
nomic range. Shades of blue denote the normalized BLAST
similarity score against the query and white denotes the ab-
sence of similarity detected above the BLAST cutoff in the
given species. When such absence is observed in multiple
related taxa within the taxonomic tree shown above this
heatmap, this indicates a stronger variation or a complete
loss of the protein domain in that taxonomic group. Apart
from more trivial profile similarities between domains from
the same protein or protein paralogs when entire proteins
co-evolve as single units, there are frequent cases of de-
tecting other non-homologous protein domains with highly
correlated phylogenetic profiles. These domains from non-
homologous proteins are likely candidates for functional as-
sociations with the query.

Examples of DEPCOD output are shown in Figures
1A, B. When DEPCOD is supplied with Kinesin domain
from human MAP2K6 protein as a query, it displays the
heatmap of top eukaryotic phylogenetic profiles most sim-
ilar to that of the query (Figure 1A) and the enrichment
of functional gene categories among these hits based on
three alternative functional gene set databases (Figure 1B).
Names of top hits are shown to the left of the heatmap and
are ranked by the correlation of their conservation pattern
to the query domain shown at the top of the heatmap (Fig-
ure 1A). Pearson correlation coefficients (‘Profile correla-
tion’) and Z-scores of their statistical significance (‘Signif-
icance Score’) are shown by color in two leftmost columns
of the heatmap adjacent to the hit names. The third column
(‘Correlated and significant’) highlights the most confident
hits which satisfy the suggested cutoffs of Pearson R > 0.6
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Figure 1. (A) Example of DEPCOD output: the heatmap of top eukaryotic phylogenetic profiles most similar to that of Protein Kinase domain from
human MAP2KG6 protein as a query. Rows, top human domain hits, with query domain on top. Columns, individual species within a chosen evolutionary
range (eukaryotes in this example), with taxonomic tree of these genomes shown on top. Hues of blue indicate normalized sequence similarity scores across
all species to the human domain. Two yellow-brown columns on the left: Pearson correlation coefficient (left) and the corresponding statistical significance
Z-score (second left) for the comparison between the given profile and the profile for the query domain (top row). The third column (‘Correlated and sig-
nificant’) highlights the most confident hits that satisfy the cutoffs of both Pearson R and Z-score. Next three white-green columns on the left: BloGRID
and Hu.Map scores for the physical interactions between the corresponding proteins and Hu.Map score for sharing the same protein complex. (B) The
barplot of statistical significance of functional enrichment among the top domain hits (-logl0 of Benjamini-Hochberg False Discovery Rate) based on
functional gene sets from the KEGG database. (C) Evolutionary rearrangements of domain architecture between different species reduce the similarity of
whole-protein phylogenetic profiles. PFAM domain architecture for human STARD?9 protein (UniProt ID Q9P2P6) and corresponding proteins in mouse
(Stard9, UniProt ID Q80TF6), fly (KIp98A, UniProt ID Q9VB25), and worm (unc-104, UniProt ID P23678). Kinesin domain at the N terminus is high-
lighted in orange. Changes in composition of other domains between species obstruct the detection of profile similarity using whole-protein sequences.
(D) As a result, our previous PhyloGene method based on whole-protein sequences was not able to produce strong correlation estimates between phy-
logenetic profiles of STARDY and two functionally related non-homologous proteins EIF4A3 and RAN, whereas DEPCOD detected strong correlation
between individual domains of these proteins. Heatmaps of Pearson correlation coefficients for whole-protein sequences (PhyloGene, left) compared to
individual domain sequences (DEPCOD, right). (E) Example of increased correlation between phylogenetic profiles when these profiles were expanded
from eukaryotic species to the whole tree of life. Heatmaps of all-to-all Pearson correlation coefficients between tRNA synthase 1 domain of human LARS
protein as a query and domains of functionally associated proteins POLR3A, POLR1B and RIOK 1. Phylogenetic profiles based on eukaryotes had only
modest correlations (R < 0.5) for most domain pairs (left), which increased to much higher levels when species across the whole tree of life were used
(right). (F) Precision/recall plots comparing the accuracy of detecting functional protein associations using phylogenetic profiles based on whole proteins
(PhyloGene) and on protein domains (DEPCOD). KEGG pathways were used as a benchmarking reference, with the definition of a true positive hit based
on sharing the same KEGG pathway with the query. DEPCOD has a higher accuracy than PhyloGene. DEPCOD mode with phylogenetic profiles based
on the whole tree of life (DEPCOD All) has a higher accuracy than the mode based on eukaryotes only (DEPCOD Euk).
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and significance Z-score > 4.0 as a combined criterion of a
confident profile similarity, based on extensive manual in-
spection of DEPCOD results. However, the user is encour-
aged to carefully inspect a wider range of hits beyond the
ones highlighted in this column for possible functional as-
sociations with the query.

Mouscover of hit names displays the description of the
protein and the amino acid positions of the given domain
with the protein. Clicking on a hit name redirects to the
corresponding entry for this specific sequence in the PFAM
database, which allows for a deeper inspection of this indi-
vidual domain of a given protein, the PFAM domain family
that it belongs to, and its biological function. The heatmap
in shades of blue on the right displays normalized similarity
scores for a given domain across all genomes in the chosen
evolutionary range. Taxonomic tree on top is derived from
NCBI Taxonomy database (31,32) and helps connecting
the patterns of conservation to specific taxonomic groups.
Mousecover of the heatmap shows more detailed informa-
tion about each element of the heatmap: the name of do-
main family, the full name of the species, and the corre-
sponding normalized BLAST score between the hit domain
in this species and the query domain. As a new functionality
of DEPCOD compared to PhyloGene (7), three additional
columns on the left display known protein-protein interac-
tions between the query and the hit, according to BioGrid
(23) (‘BioGrid Interaction’) and Hu.Map 2.0 (24) (‘HuMap
Interaction’), as well as the presence of a shared protein
complex (‘HuMap Complex’). The numerical version of the
score heatmap can be downloaded as a tab-delimited text
file or Excel spreadsheet by clicking ‘Download’ button on
top of the page.

As another new functionality in DEPCOD, the enrich-
ment of functional protein categories and pathways (Fig-
ure 1B) is displayed on the bottom of the webpage be-
low the main heatmap, in three tabs showing top en-
riched pathways from GO (25,26), KEGG (27,28) and Re-
actome databases (29) as bar plots of statistical significance
(Benjamini-Hochberg FDR in log scale). This section can
also be quickly accessed from the top of the webpage using
button ‘Gene Set Enrichment’.

The URL for the whole result webpage can be quickly
copied for the user’s records or sharing using button ‘Share’
in the top section of the page.

Phylogenetic profile similarities detected between domains
but not between full protein sequences

In the example of DEPCOD output shown in Figure 1A,
submitting a protein kinase domain of MAP2K6 protein,
a member of MAPK signalling pathway, as a query results
in the detection of phylogenetic profile similarities to many
other functionally related domains. These domains include
kinase domain homologs but also many non-homologous
domains that belong to the members of MAPK pathway
and related signaling pathways (Figure 1B): RAS, RHO,
TCR, VEGF signaling, regulation of cell cycle, etc.

The focus of DEPCOD on individual domains improves
phylogenetic profiling by preventing possible effects pro-
duced by the changes of domain architecture that are fre-
quent in the evolution of multidomain proteins. This fo-

cus allows DEPCOD to detect profile similarities between
functionally associated domains that are challenging to de-
tect from whole-protein sequences. As an example, the ki-
nesin domain of STARDY protein is a part of multidomain
protein architecture that varies among protein homologs
across different species. As shown in Figure 1C, human
STARDDO protein sequence includes a kinesin domain at the
N-terminus followed by two other PFAM domains, FHA
and START, although the corresponding proteins in other
species, especially in more divergent fly and worm genomes,
share the N-terminal kinesin domain but have different do-
main arrangements in the C-terminal part.

This variability of domain architecture creates a chal-
lenge for the accurate assessment of sequence similarity be-
tween whole-protein sequences, often resulting in weaker
phylogenetic profiles across multiple species and therefore
weaker profile similarity between whole proteins. As a re-
sult, some of the similarities between phylogenetic profiles
detected at the domain level (Supplementary Figure S2)
are missed at the level of whole protein sequences. For ex-
ample, RAN and EIF4A3 proteins functionally related to
STARDO could not be detected by phylogenetic profiling at
the whole protein level with STARDY protein as a query.
Implemented in our previous method PhyloGene (7), these
whole-protein profiles of STARD9, EIF4A3 and RAN do
not share a strong similarity (Figure 1D, left heatmap).
By contrast, DEPCOD’s focus on individual domains fa-
cilitates the detection of local sequence similarity, result-
ing in clearer phylogenetic profiles and stronger similar-
ities between these, often non-homologous domains: ki-
nesin domain of STARD9Y, Helicase C and DEAD domains
of EIF4A3, and Ras domain of RAN (Figure 1D, right
heatmap). These proteins are functionally related through
their known roles in the regulation of microtubule assem-
bly in mitotic spindle. STARD9 is a centrosomal protein in-
volved in spindle assembly by enabling microtubule binding
and microtubule motor activity through its kinesin domain
(33,34); EIF4A3 is a core component of the exon junction
complex (EJC) which is also localized to centrosomes and
involved in microtubule interactions during mitosis (35,36);
whereas RAN GTPase localizes to chromosomes during
mitosis and is a central regulator of chromatin-driven mi-
crotubule polymerization in mitotic spindle assembly (37).

The analysis of phylogenetic profiles based on only eu-
karyotic species allows for a higher-resolution survey of
correlations based on eukaryotic evolution, especially for
the domains whose homologs are restricted to eukaryotes.
However, expanding the range of species from eukaryotes
to 506 species across the tree of life allows for the detec-
tion of many additional profile correlations for the do-
mains with prokaryotic homologs. As an example, eukary-
otic phylogenetic profiles of RNA_pol Rpbl_1 domain of
human POLR3A, RNA _pol Rpb2_1 domain of POLRI1B,
and RIO1 domain of RIOK1 protein had only modest sim-
ilarity (Pearson R < 0.5) to the profile of tRNA-synt_1 of
LARS protein as a query (Figure 1E). In fact, profile corre-
lations between most members of this functionally related
group were modest. However, their profiles based on the
whole tree of life had much stronger correlations to the
query and to each other (Pearson R > 0.75, Figure 1E).
These proteins are functionally related through their known



roles in ribosomal function. LARS is leucine tRNA syn-
thase, POLR3A is a subunit of specialized RNA polymerase
III responsible for the synthesis of tRNAs, ribosomal 5S
rRNA, and other small RNAs, POLRI1B is a subunit of
RNA polymerase I responsible for the production of ribo-
somal RNAs, whereas RIOK 1 (RIO kinase 1) plays essen-
tial role in maturation of 40S ribosomal subunits (38). Phy-
logenetic profiles of all four domains across the whole tree
of life (Supplementary Figure S3) share a strong similarity
beyond eukaryotes: they have similar levels of conservation
among their homologs in Archaea and a drop of conserva-
tion signal in Bacteria.

We performed a comprehensive evaluation of detection
accuracy for the modes of DEPCOD that use phyloge-
netic profiles calculated (a) among eukaryotes only and (b)
across the whole tree of life, and further compared these
DEPCOD modes to the PhyloGene approach (7) that uses
whole-protein profiles. Using shared functional pathways as
a reference, we generated precision/recall plots for all three
approaches, based on top 100 hits with Pearson R > 0.6
for all PFAM domains in human genome. Figure 1F shows
precision/recall plots using shared KEGG pathway as a
reference of functional association between proteins. Sup-
plementary Figures S4A, B show similar plots based on
GO Biological Processes and Reactome databases as ref-
erences. These plots suggest two important observations.
First, domain-based approach implemented in DEPCOD
has a higher detection accuracy compared to the whole-
protein approach implemented in PhyloGene. Second, DE-
PCOD phylogenetic profiles based on the whole tree of life
provide a higher overall accuracy of detection compared to
the profiles based on eukaryotic species only.

Groups of similar phylogenetic profiles reveal specific domain
functions and evolutionary history

On genome-wide scale, similarities between DEPCOD phy-
logenetic profiles are associated with both specific protein
functions and specific evolutionary patterns of sequence
conservation among protein domains. Figure 2 shows the
heatmap of phylogenetic profiles for a large subset of all
human domains clustered by the profile similarity (Pearson
correlation coefficient). Each of the resulting large domain
groups shares a pattern of phylogenetic conservation across
eukaryotes regardless of homology between these domains.
Based on the KEGG pathway enrichment analysis using the
EnrichR method (39,40), these groups are enriched in spe-
cific protein functions, revealing associations between these
functions and evolutionary history (Figure 2, Supplemen-
tary Table S1). Some of these associations are well known,
whereas others are less expected. For example, clusters 1
and 2 (Figure 2, top of the heatmap) include domains with
strong conservation patterns across all eukaryotic species
and are enriched in functional KEGG categories related
to ribosomal, spliceosomal, and other functional categories
that are universally and strongly conserved among eukary-
otes. These profile correlations sometimes correspond to
coincidental but functionally unrelated major evolutionary
innovations that occurred during the early rise of eukary-
otes. However, even among domains whose homologs are
present across all eukaryotes, detailed analysis of phyloge-
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netic profiles often can provide new insights into distinct
quantitative subtypes of conservation patterns and their as-
sociation with distinct functions. As an example, clusters
3, 4 and 5 include domains that are also present across all
eukaryotes but show a stronger contrast between sequence
conservation among animals and other eukaryotic clades
(Figure 2). Interestingly, these clusters correspond to other
basic cellular functions that are ubiquitous among eukary-
otic species, but these domain sequences are apparently less
conserved outside the animal kingdom. These functions
are often associated with fundamental metabolic (glycoly-
sis, pyruvate metabolism, metabolism of xenobiotics by cy-
tochrome P450, etc.) or signaling functions (phosphatydili-
nositol signaling etc.), suggesting a stronger evolutionary
variation for these domains than for the domains involved
in transcription, splicing, and translation (clusters 1 and 2).

Domains with animal-specific distribution (clusters 6-8)
are enriched in well-known animal-specific functions asso-
ciated with the nervous system (neurotransmission, axon
guidance, neuroactive ligand-receptor interaction) and ani-
mal development (stem cell pluripotency, growth hormone
synthesis), but also in less expected functions such as fo-
cal adhesion, regulation of actin cytoskeleton, and cal-
cium signaling, suggesting animal-specific evolutionary in-
novations in these more general eukaryotic pathways. Fi-
nally, mammalian-specific domains (cluster 9) are enriched
in blood and adaptive immunity functions (hematopoietic
cell lineage, cytokine-cytokine receptor interaction, natu-
ral killer cytotoxicity, JAK/STAT and NOD—Ilike receptor
signaling), consistent with the known expansion and spe-
cialization of these functions in mammals. These similar-
ities of phylogenetic conservation patterns among human
domains with specific biological functions suggest that DE-
PCOD is a valuable tool for both detailed analyses of do-
main evolution and the prediction of potential functional
associations between protein domains.

CONCLUSIONS

As a further development of the normalized phylogenetic
profiling approach initially implemented in our PhyloGene
webserver, DEPCOD focuses on sequence conservation
patterns of protein domains as mobile evolutionary units.
This more focused analysis allows the detection of simi-
larities between phylogenetic profiles and prediction of po-
tential functional associations between non-homologous
domains beyond the capabilities of the whole-protein ap-
proach. Importantly, the new DEPCOD server provides
various types of additional information to help the user
inspect biological functions of the detected domains, their
known physical interactions and protein complexes shared
with the query, and aid in detailed manual analyses of possi-
ble sources and evolutionary relevance of the detected con-
servation similarities. As a result, DEPCOD is an informa-
tive and efficient web server for the analyses of evolutionary
and functional associations between protein domains.

In the future, we plan to focus on a few methodolog-
ical directions to extend and improve DEPCOD. First,
we will develop a separate mode for the detection of
anti-correlations between phylogenetic profiles. These anti-
correlations correspond to mutual exclusion or, at a more
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Figure 2. Comprehensive analysis of DEPCOD phylogenetic profiles among all human protein domains reveals functionally related clusters with specific
patterns of evolutionary history. Heatmap of phylogenetic profiles for a subset of all human domains. Rows, domains clustered by the similarity of their
phylogenetic profiles (hues of blue) across eukaryotic species (columns, with taxonomic tree of genomes shown on top). Functional protein categories

enriched in these clusters are indicated on the right.

gradual scale, opposite patterns of sequence conservation
among homologs of the two compared domains across the
range of species, which may suggest redundant or otherwise
related functions of the two domains. Second, to fully lever-
age the rich evolutionary information among prokaryotes,
in addition to the modes of ‘Eukaryotes’ and ‘All clades’,
we plan to introduce the modes of ‘Prokaryotes’ (phyloge-
netic profiles based on Bacteria and Archaea) and ‘Bacte-
ria’ (phylogenetic profiles based on Bacteria only). In these
two modes, we will add new prokaryotic organisms as query
species. Third, we will further extend the set of organisms
available as query species in all DEPCOD modes and ex-
pand the number of organisms used in phylogenetic profiles.
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