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The human gene parkin, known to cause familial Parkinson disease, as well
as several other genes, likely involved in other neurodegenerative diseases
or in cancer, encode proteins of the RBR family of ubiquitin ligases. Here,
we describe the structural diversity of the RBR family in order to infer
their functional roles. Of particular interest is a relationship detected
between RBR-mediated ubiquitination and RNA metabolism: a few RBR
proteins contain RNA binding domains and DEAH-box RNA helicase
domains. Global protein domain graph analyses demonstrate that this
connection is not RBR-specific, but instead many other proteins contain
both ubiquitination and RNA-related domains. These proteins are present
in animals, plants and fungi, suggesting that the link between these two
cellular processes is ancient. Our results show that global bioinformatic
approaches, involving comparative genomics and domain network
analyses, may unearth novel functional relationships involving well-
known and thoroughly studied groups of proteins.
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Most proteins contain domains, characteristic
units that provide important clues about their
functions. Generally, adscription of functions to
novel proteins is easy when known catalytic
domains are present. In addition, genome projects
have provided enough information as to predict the
functions of many proteins by examining their non-
catalytic domains. A particularly fruitful approach
has been to analyze the relationships among
domains found together in multidomain pro-
teins.'™ Tt has been shown that multidomain
proteins tend to include domains that are functio-
nally related.”® Thus, we can associate an unknown
domain with a particular biochemical role if it
appears together with other domains of known
function. This rationale has led to a considerable
interest for developing global analyses of protein
domains. These global approaches start by building
domain graphs. In them, domains are treated as
nodes. Whenever two or more domains are found
together in a protein, edges are traced to connect
them in the graph. The study of those graphs has
provided interesting insights on how multidomain
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proteins evolve.”'® They have also been shown to
be useful to establish the existence of lineage-
specific combinations of domains, and a direct
relationship between ?rotein complexity and
organism complexity.”®'""* However, domain
graph analyses have just been started to be explored
as a method of assigning functional roles to proteins
encoded by complex gene families.® In part, this is
due to limitations in the way graphs are analyzed.
For example, so far there are only a few strategies to
extract clusters of highly connected nodes, that may
be functionally related, from complex graphs. We
tackled this problem in a recent work in which we
described a new tool, UVCLUSTER, specifically
devised to solve the problem of finding clusters in
complex graphs.'* UVCLUSTER performs a large
number (10°~10°) of hierarchical clustering analyses
in order to establish the average strength of the links
among all nodes in a graph. Average strength
means in this context the probability of two nodes
being part of the same cluster when many, equally
valid, clustering solutions are obtained. Originally
devised to explore protein—protein interaction
graphs, UVCLUSTER can be easily adapted to
other types of graphs, such as domain graphs. The
search strategy implemented in our program has
advantages over previous tools. Particularly,
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UVCLUSTER allows the selection of one or a few
starting nodes and then detects additional nodes
that are highly connected with the selected ones. In
this way, regions of graphs that contain particularly
significant nodes can be explored. This allows for
rapid, highly focused analyses that were impossible
to perform before.

In eukaryotes, the control of protein degradation
by the ubiquitin-proteasome system is crucial for
many cellular functions."'® Ubiquitination is also
involved in other processes, such as ribosome
function, regulation of transcription, membrane
protein transport or protein translocation to and
from the nucleus in ways that are often unrelated to
protein degradation.””>* The importance and
diversity of its functions makes the study of the
ubiquitination enzymatic machinery a very active
field of research.'®® Three kinds of enzymes are
involved in the cascade of reactions leading to
ubiquitination: ubiquitin-activating enzymes (also
known as Els), ubiquitin—conjugating enzymes
(E2s) and ubiquitin-ligases (E3s). 324 E3s are by
far the most diverse group and the main determi-
nants of the specificity and regulation of ubiquiti-
nation. They can be classified into three main types.
The first are characterized by containing HECT
domains.”® The second type of E3s contains RING
fingers, characteristic cysteine-rich regions that
mediate protein—protein interactions.*® Structural
data suggest that the RING finger domain acts as a
scaffold that positions the ubiquitin-conjugating
enzyme and the substrate.”’”® Finally, a third type
of E3s is characterized by having a U-box, a domain
structurally related to the RING finger.”

RING finger E3s may act alone or in multi-
subunit E3 complexes.”* They are the most
abundant type of ubiquitin ligases in eukaryotic
genomes. Out of 442 murine proteins predicted to
be E3 enzymes, 305 contained RING fingers, while
38 were HECT E3s, the remaining being mostly
members of multi-subunit E3 complexes also
containing RING finger proteins.’® Some time ago,
we described the evolutionary history of a peculiar
family of RING finger-containing E3s, that we
named RBR.*' Proteins of the RBR family are
characterized by a specific arrangement of domains,
namely two RING fingers (called RING1 and
RING2) separated by an IBR (“in between rings”)
domain.?* Recently it has been shown that RING2,
which we already showed does not fit the
traditional RING finger sequence pattern,*' has a
three-dimensional structure that is very different
from that of a canonical RING ﬁnger.33 In any case,
the RING/IBR/RING or RBR signature is a
characteristic supra-domain,® which defines this
particular family of proteins and is not present in
any other RING finger-containing E3s. There is a
considerable interest in determining the cellular
roles of RBR proteins. Particularly, several members
of the RBR family are being extensively studied
because of their involvement in human diseases.
Mutations in the RBR gene parkin cause familiar
Parkinson disease® and this gene has been shown

recently to be also involved in susceptibility to
leprosy.®® Another RBR gene, dorfin, may be
involved in several neurodegenerative diseases,
most especially amyotrophic lateral sclerosis.””"*®
On the other hand, several RBRs are regulators of
tumor suppressors or act as tumor suppressors
themselves, and thus may be involved in cancer.”’

In order to characterize the structural diversity of
the RBR proteins, and following the strategies
described in Supplementary Data, we generated a
database containing 347 RBR sequences. We
performed a much more extensive analysis than
the one presented before, in which only 74
sequences were considered. RBRs were found in
many different eukaryotic organisms, including
animals, plants, fungi and protozoa. No prokaryotic
sequences were detected but a single viral sequence
that most likely co-opted an RBR domain from an
eukaryotic host was found (see details in Sup-
plementary Data). Phylogenetic and structural
analyses defined 14 subfamilies (Supplementary
Data Figure 1; the corresponding alignment is
publicly available at the EMBL-Align database,
with accession number ALIGN_000850). We con-
firmed the existence of the seven subfamilies
previously described: Ariadne, Plant I, Plant II,
Dorfin, ARA54, XAP3 and Parkin.>! Seven new
ones, that we have named Protozoan I, Fungal I,
Fungal II, RNF144, Triad3, Paul, and IBRDC1,
became evident in this new analysis. All the details
of the evolutionary range and phylogeny of the
subfamilies derived from these analyses can be
found in Supplementary Data that accompanies this
work (see Supplementary Data and Supplementary
Figures 1-3).

Our extensive searches demonstrated that struc-
tural diversification has occurred in parallel with
sequence diversification and the emergence of RBR
subfamilies. So far, we have found 16 different
structures in RBR proteins (Figure 1). Structural
data provide a general view of the pattern of RBR
genes diversification in different evolutionary
lineages. Diversification of subfamilies and appea-
rance of novel domain architectures have been
especially prevalent in animals. We detected six
animal-specific subfamilies (Parkin, Dorfin, Paul,
Xap3, IBRDC1, RNF144) and the first four of them
have novel domain architectures. Meanwhile, both
in plants and fungi, only two lineage-specific
subfamilies were found (Fungal I and Fungal II
and Plant I and Plant II, respectively), and only one
of them in each lineage (Plant I and Fungal I) are
structurally novel. Both Plant I and Fungal I
proteins have particularly interesting structures
(Figure 1). They contain domains involved in
RNA binding (RRM_1, KH_1) or typical of RNA
helicases (DEAD, Helicase_C). These results
suggest that these proteins, and perhaps other
RBRs, are involved in some type of function that
implies the participation of RNAs. This would be a
novel role for RBR proteins.

We can establish which protein domains are
closely related to the RBR supra-domain by
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Figure 1. Domain architectures of the RBR family. Most RBR subfamilies are characterized by specific architectures.
Asterisks show structures that are described here for the first time. To generate this Figure, we explored the Conserved
Domain Database (http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml), and the Pfam database (http://www.
sanger.ac.uk/Software/Pfam/), as well as other InterPro member databases by means of the InterProScan tool (http://
www.ebi.ac.uk/InterProScan/). In some particular cases, BLASTP or PSI-BLAST®® searches were used to solve

ambiguities or disagreements among databases.

analyzing a global domain-association graph, using
the domains present in RBR proteins as a starting
point. We therefore extracted from Pfam-A all
domains with average distances d<2 from the 22
domains present in RBR proteins and at the same
time directly connected by an edge with at least two
of those domains. We found a total of 77 domains
with those features. This is only about 1% of the
total number of domains present in Pfam-A (for
details see Supplementary Data) showing that
the criteria used for selection were very restrictive.

Iterative clustering using UVCLUSTER and the
primary distance data for those 77 domains plus the
other 22 present in RBR proteins established their
relative proximity. Figure 2 shows an UPGMA-
based tree established with the secondary distances
generated with UVCLUSTER for those 99 domains.
There are several main conclusions that can be
established based on this tree. First, many domains
present in ubiquitination-related proteins and
especially the three ubiquitin ligase-specific
domains (RING finger (or zf-C3HC4, according to
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Figure 2. UVCLUSTER-based tree relating the protein domains that are present in the RBR proteins (marked in blue)
with those that are, on average, the closest to them. Domains are color coded according to their most likely function, as
described in Pfam.>* The cluster in which the IBR domain is present, together with other domains involved in
ubiquitination and RNA metabolism, is highlighted. Bold letters indicate those domains that are present in at least two
families of ubiquitin ligases (see Figure 3 and the text for the details).
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Figure 3. (a) The 18 domains present in at least two of the three main classes of ubiquitin ligases (characterized by
having RING finger/zf-C3HC4, U-box or HECT domains). (b) Graph showing the connections among 21 ubiquitination
domains (the 18 domains described in (a), above, plus the RING finger/zf-C3HC4, U-box and HECT domains) and the
RNA binding and RNA metabolism domains detected by UVCLUSTER. Color codes for nodes are those detailed in
Figure 2. Distances to build this Figure were extracted from the global graph data using Matlab 7.0, and the graph was
drawn using PAJEK 1.09 (available at http://vlado.fmf.uni-lj.si/pub/networks/pajek/).

Pfam nomenclature), U-box and HECT) appear in
the tree. This result suggests that many proteins
related to the ubiquitination process contain
domains that are closely linked in the global
domain graph and also that the three families of
ubiquitin ligases must share a significant number of
domains. This point is explored further below.
Second, none of those ubiquitin-ligase specific
domains are very close to the IBR domain, which,
being specific of RBR proteins may be considered

for our purposes as the central node of the graph.
This is easily understood considering that the RING
finger, which should be the most closely linked to
the IBR of the three domains, appears in many other
types of proteins, some of them unrelated with
ubiquitination. Third, the tree includes only a few
domains of unknown function. Finally, and most
interestingly, the IBR domain and other domains
present in RBR proteins appear in a cluster that
contains a high number of domains characteristic of
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RNA binding or RNA metabolism. According to
Pfam, all the domains marked with red dots in the
cluster highlighted in Figure 2 are found in RNA-
interacting proteins. Because only a few of them
(R3H, Helicase_C, DEAD) are present also in DNA-
interacting proteins, this result must be largely
explained by the existence of a link between RBR
proteins and RNA metabolism. We described above
the particular RBR proteins that have RNA-related
domains. However, such a strong connection was
totally unexpected, because UVCLUSTER results
imply that RNA-related domains must be highly
connected with many of the domains present in
RBR proteins. Otherwise, it would be impossible for
the program to determine such a close relationship.
An approximate estimation of the likelihood of this
cluster arising by chance can be obtained using data
from Pfam. There are 648 domains in Pfam that
are included under the keyword “RNA” and ten of
them are found in the cluster highlighted in
Figure 2. Using the hypergeometric distribution,
we can estimate the probability of this distribution
of data occurring by chance to be 1.4X10~* The
Pfam keyword search is not very precise (e.g. we
have found a few domains described as RNA-
interacting that not are included under the RNA
keyword), but in any case this result confirms the
significance of the observed cluster. In Supplemen-
tary Figure 4, we show the edges connecting

Mus musculus Dhx37 (AAH66091) ==

Saccharomyces cerevisiae
Yir4i9wp (AAB67492)

Oryza sativa P0594D10.125 (BAC79920)

Paxillus involutus unknown gene
(AF457920)

Homo sapiens

domains present in RBR proteins and the RNA-
related domains detected in the UVCLUSTER
analysis. In agreement with UVCLUSTER results,
both types of domains are often connected, that is,
there must be multiple proteins that contain at the
same time the domains present in RBR proteins, in
general typical of ubiquitin metabolism proteins,
and the RNA metabolism or RNA binding-related
domains.

We decided to explore whether this link between
ubiquitination and RNA metabolism is RBR family-
specific or, on the contrary, proteins involved in
ubiquitination other than the RBRs have also RNA-
binding domains. To do so, we decided to select a
set of domains involved in the ubiquitination
process. We chose those that are present in at least
two of the three families of ubiquitin ligases (18 in
total) plus the three domains that characterize each
E3 family (RING finger, HECT, U-box) (for details
see Figure 3(a)). We may expect to find this set
enriched in domains typically involved in ubiquitin
metabolism. When we checked whether these
domains are connected to the RNA metabolism
group found in the RBR cluster observed in Figure 2,
we detected again numerous edges among domains
in both groups (Figure 3(b)). Because only six of
the 21 ubiquitination-related domains shown in
Figure 3(a) and (b) are present in RBR proteins, it is
obvious that the link between ubiquitination and
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Figure 4. Representative members of the types of DEAH-box RNA helicases or proteins with RNA binding domains
that also contain domains typically involved in ubiquitination. Data were obtained from Pfam.
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RNA metabolism is not a peculiarity of this family,
but it must be a general feature of ubiquitination-
related proteins. In Figure 4, we show proteins
detected in Pfam that contain one or several of the
RNA binding or RNA metabolism domains
detected in our global searches plus typical
ubiquitination domains. For example, we found
three distinct structural types of putative RNA
helicases that contain ubiquitination-related
domains, one of them being the RBR protein
already characterized before as belonging to the
Plant I subfamily. Sequence analyses showed that
these proteins unambiguously belong to the DEAH-
box class of RNA helicases (i.e. they are clearly not
related to DNA helicases, again demonstrating
that the results found are due to a specific RNA/
ubiquitination relationship). Interestingly, the pro-
teins that contain both ubiquitination and RNA-
related domains are present in animals, plants or
fungi, suggesting that connections between RNA
metabolism and ubiquitination are ancient and
must be widespread in eukaryotes. The available
information for the proteins shown in Figure 4 is
very scarce. Regarding the putative DEAH RNA
helicases, our group described in a previous study
YIr419w as the most likely ortholog in S. cerevisiae of
the Drosophila dosage compensation gene maleless
and the mammalian gene RNA helicase A.** Human
RKHD1 was shown to encode an RNA binding
protein that interacts with the mRNA of the anti-
apoptotic gene Bcl-2.*! Finally, the protein encoded
by Homo sapiens MKRNI1 (Makorin ring finger
protein 1) has been shown very recently to act as a
ubiquitin ligase, having as a substrate the catalytic
subunit of the telomerase, hTERT.*> The Makorin
gene family is widespread in animals.** This result
is particularly significant, because it is the first time
that a protein with demonstrated ubiquitin ligase
activity was shown to possess RNA binding
domains. The fact that telomerase includes both
protein and RNA components may explain the
features of the MRKNT1 protein.

In summary, we have shown that RBR proteins
often contain multiple closely related domains,
typical of ubiquitin ligases. This is why we found
the HECT and U-box domains, characteristic of the
two families of ubiquitin ligases that lack RING
fingers, as well as many other domains present in
different families of ubiquitin ligases among those
most closely connected to those present in RBR
proteins (Figure 2). The second main conclusion is
that a few RBRs have incorporated domains that
apparently have no relationship with ubiquitina-
tion. Particularly, the structures of RBRs of the Plant
I and Fungal I subfamilies, which contain DEAD,
Helicase_C, HA2, RRM_1 or KH_1 domains,
strongly suggest an involvement of those proteins
in RNA metabolism. In the last part of this study, we
have conclusively shown that this is not an
exceptional feature of RBR proteins. On the
contrary, a large number of edges among domains
typical of ubiquitination and domains involved in
RNA metabolism have been found in the domain

graph (Figure 3). Among the proteins that contain
both types of domains and are included in Pfam, we
have selected some examples (Figure 4). The
detection of ubiquitin-related and RNA-related
domains in many different proteins and in multiple
distant lineages implies a general and ancient
connection between ubiquitination and RNA
metabolism. Although it is true that isolated
domain associations found in multi-domain pro-
teins may not imply a functional connection, the
finding of multiple unrelated proteins in which the
same type of association is present is strong
evidence for a functional link to exist. Our finding
of a few RNA helicases that contain ubiquitination-
related domains is particularly significant. In spite
of the diverse roles of DEAD/DEAH-box heli-
and also the increasing diversity of roles,
often not related to proteolysis, performed by the
ubiquitin system,'”* evidence linking ubiquitina-
tion and RNA metabolism is currently very weak.
Spence et al.'” showed that in yeast ribosomal
protein L28 is ubiquitinated when part of the
ribosome and that ubiquitination may contribute
to regulation of protein synthesis. Very recently,
Brenner & Guthrie*® detected genetic interactions
between splicing and ubiquitination genes while
Vinuesa et al.** found a ubiquitin ligase (Roquin)
with an RNA-binding domain (zf-CCHC, precisely
one of the domains connected to both RING fingers
and U-box domains; see Figure 3(a)), speculating
that this may mean that Roquin acts on RNA-
associated substrates. In our opinion those results,
the ones presented here and others such as the
description of a DNA helicase that contains an
F-box, another domain typical of proteins involved
in ubiquitination® or the description of another
likely DNA helicase with an UBA domain,”
suggest that it is likely that the relationships of
diverse aspects of the metabolism of nucleic acids
with the ubiquitination system remain to be
characterized.

This was the first time that UVCLUSTER was
used to extract significant biological information
from graphs unrelated to protein—protein inter-
action data, although we already mentioned in our
description of the program that analyses involving
protein domains could be easily performed using
it."* The advantages of UVCLUSTER-based graph
analyses are obvious when we compare our results
with those obtained bgl other authors. Both Ye &
Godzik® and Liu et al.>® detected some edges that
connected ubiquitin and nucleic acid metabolism
domains in their analyses of eukaryotic domain
graphs. However, because their approaches were
able to determine the existence of connections but
not the strength of the connections (i.e. the
importance of the particular edges in the context
of all the edges), it was difficult for them to draw
any conclusions. Thus, Ye & Godzik” suggested that
the connection may be due to a putative role of the
RING finger in DNA binding gso far this remains a
speculation) while Liu et al.>* suggested that the
connection may be related to some general role of
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ubiquitination in gene regulation. The basic of the
strategy implemented in UVCLUSTER is, however,
to analyze multiple times the graph in order to
gather an estimation of the relative strength of the
connections among the nodes. In this way when we
observe, as happened in Figure 2, that two
apparently unrelated types of domains are closely
linked, this necessarily means that there must be not
just some but indeed abundant direct connections
among the two classes of domains. It is thus strong
proof of a functional relationship. This was clearly
demonstrated in our subsequent analyses. In
summary, we have shown how UVCLUSTER may
be used to provide novel insights about the precise
meaning of the connections found in particular
regions of complex graphs.
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