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ABSTRACT

Eukaryotic nucleic acid binding protein database
(ENPD, http://qinlab.sls.cuhk.edu.hk/ENPD/) is a li-
brary of nucleic acid binding proteins (NBPs) and
their functional information. NBPs such as DNA bind-
ing proteins (DBPs), RNA binding proteins (RBPs),
and DNA and RNA binding proteins (DRBPs) are in-
volved in every stage of gene regulation through
their interactions with DNA and RNA. Due to the
importance of NBPs, the database was constructed
based on manual curation and a newly developed
pipeline utilizing both sequenced transcriptomes
and genomes. In total the database has recorded
2.8 million of NBPs and their binding motifs from
662 NBP families and 2423 species, constituting
the largest NBP database. ENPD covers evolution-
arily important lineages which have never been in-
cluded in the previous NBP databases, while lineage-
specific NBP family expansions were also found.
ENPD also focuses on the involvements of DBPs,
RBPs and DRBPs in non-coding RNA (ncRNA) me-
diated gene regulation. The predicted and experi-
mentally validated targets of NBPs have both been
recorded and manually curated in ENPD, linking the
interactions between ncRNAs, DNA regulatory ele-
ments and NBPs in gene regulation. This database
provides key resources for the scientific community,
laying a solid foundation for future gene regulatory
studies from both functional and evolutionary per-
spectives.

INTRODUCTION

Nucleic acid binding proteins and gene regulations

Gene regulations are vital processes in all organisms, en-
abling an organism to respond to its surroundings and
promote its overall complexity. This can be achieved with
the help of nucleic acid binding proteins (NBPs) such as
RNA binding proteins (RBPs) and DNA binding proteins
(DBPs). DBPs possess the ability to bind DNAs, including
transcription factors (TFs), chromatin modifiers, histones,
etc. As the major group of DBPs, TFs are present in all or-
ganisms and are capable of regulating gene expression (1).
In order for TFs to perform their function, they would gen-
erally bind to a regulatory DNA element, such as a pro-
moter or an enhancer, which is essential for gene transcrip-
tional regulation. A TF acquires such autonomous DNA
binding ability through possessing at least one DNA bind-
ing domain (DBD) (2). As DNA binding domains are re-
sponsible for directing the proteins to a DNA target sites,
which thus are grouped into different families based on their
similarities and homologies of the DNA binding domains
(3). In general, such DNA bound transcription factor can,
in turn, interact with RNA polymerase or other protein fac-
tors (transcription coregulators), resulting in up- or down-
regulation of the target gene (4). With TFs’ utmost impor-
tance in gene regulation and numerous vital biological pro-
cesses including cell development, cell growth, and differ-
entiation, many resources are fed into the field to continue
revealing everything about them.

Just as DBPs would generally possess the ability to bind
to a DNA molecule, RBPs are characterized as proteins
with RNA-binding ability. They acquire this ability from
having RNA binding domains (RBDs). RBPs have diverse
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functions and they are involved in almost all central cellu-
lar processes as important regulators of gene expression (5).
They regulate gene expression by taking part in non-coding
RNA (ncRNA) mediated gene regulation as well as every
stage of mRNA processing including splicing, polyadenyla-
tion, capping, modification, export, localization and trans-
lation of mRNAs (6–8). Although DBPs and RBPs have
been studied separately as two distinct classes of proteins
for decades, there are growing shreds of evidence in recent
years showing that the two groups are closely related, with
the designation of a new protein subclass - the DNA and
RNA binding proteins (DRBPs) which can bind to both
DNA and RNA and are evolutionarily close to both DBPs
and RBPs (9). Because of their duel nucleic acid binding
ability, they could perform functions that DBP and RBP do
but many more such as gene silencing (10), microRNA bio-
genesis (11) and telomere maintenance (12), making them
an equally if not more important protein class than DBPs
and RBPs. As DRBPs, DBPs and RBPs are evolutionarily
and functionally closely related, we hereby consider them as
a single protein group, NBPs.

Current NBP databases

Due to the importance of DBPs and RBPs, their repertoires
in many organisms have been recorded in various pub-
lished databases, most of which rely mainly on sequenced
genomes. With the emergence and advancement of next
generation sequencing, sequencing a genome has become
faster and less costly, so that hundreds of thousands of
DBPs or RBPs can also be screened and identified across
the tree of life in a cost-effective approach. For example,
AnimalTFDB is a comprehensive database of animal tran-
scription factors, recording TFs, transcription co-factors
and chromatin modifiers from 97 animal species (13); DBD
is a database that contains predicted DBP information from
972 species with completely sequenced genomes across Ar-
chaea, Bacteria, and Eukaryota (14); CIS-BP––the Cata-
log of Inferred Sequence Binding Preferences (15) is an
online library of predicted DBPs and their inferred DNA
binding motifs from 339 eukaryotic species; while CISBP-
RNA (16) and ATtRACT (17) are online libraries of RBPs
and their motifs from 289 and 38 eukaryotic species re-
spectively. These databases have served the community very
well, as they often provide basic information for experimen-
tal design and act as a foundation for many gene regula-
tory researches. Yet there are two common inadequacies.
First, these databases are confined to cover only one type
of NBPs; there are neither databases for all three types of
NBPs nor any databases documenting DRBPs. Secondly,
the number of species covered in these databases is restricted
by the number of sequenced genomes and low-throughput
experiments. Due to the difficulties in sequencing some eu-
karyotic genomes, a relatively small number of eukaryotes
had their TF repertoires been recorded, ranging from 38
in ATtRACT to 339 eukaryotic species in CIS-BP (Supple-
mentary Table S1).

Fortunately, due to the ease of sequencing tran-
scriptomes, the Transcriptome Shotgun Assembly (TSA)
database contains more than 1.7k eukaryotic species. Most
of these species’ NBP repertoires were not recorded before,

such as for Alismatales (basal monocots), early-diverging
eudicots (primitive dicots), Palaeoptera (an ancestral group
of winged insects), Bivalvia (molluscs with shells divided
into two halves) and Cephalopoda (the lineage contain-
ing squid and octopus), providing us the opportunity to
fill the knowledge gaps of NBP genes in such lineages and
increases the taxon coverage in lineages with sequenced
genomes (Supplementary Figure S1). To tackle the inade-
quacies in previous databases, we have constructed the Eu-
karyotic Nucleic acid binding Protein Database (ENPD,
http://qinlab.sls.cuhk.edu.hk/ENPD/) based on manual cu-
ration and a newly developed pipeline utilizing both se-
quenced transcriptomes and genomes, aiming to document
all three types of NBPs and provide gene regulatory in-
formation linking ncRNAs, DNA regulatory elements and
NBPs interactions.

MATERIALS AND METHODS

Database overview

ENPD is a database of eukaryotic NBPs derived from
genomes, transcriptomes and published literature used for
manual curation (Figure 1). We explored a comprehensive
collection of eukaryotic genomes and transcriptomes to
identify huge number of NBPs. The database allows users to
search NBPs with keywords matching NBP names or NBP
identifiers, to select species and NBP family of interest. Free
batch download is available for NBP protein sequences and
domain sequences of selected species or NBP families. Be-
sides NBP sequences, ENPD also contains functional and
regulatory information of NBPs including NBPs’ binding
motifs with their validated and predicted targets.

Database implementation

ENPD implements a Linux-Apache-MySQL-PHP
(LAMP) system. Data were saved in MySQL database,
including NBP sequences, NBP information, domains,
species information, and motifs. The web is constructed
based on the powerful PHP framework CodeIgniter,
which provides an Application Programming Interface
(API) to connect the web to MySQL database. We also
used JavaScript libraries including jQuery (2.2.0), jQuery-
labelauty and some additional plugins to perform dynamic
web services.

Data resources

Assembled eukaryotic transcriptomes were downloaded
from National Center for Biotechnology Information
(NCBI) TSA database (https://www.ncbi.nlm.nih.gov/
genbank/tsa/). The detailed information of all transcrip-
tomes from TSA are summarized in Supplementary Table
S2. As of August 2018, our transcriptome collection
composes of 2560 eukaryotic transcriptome samples
from 1770 species. Proteins predicted from eukaryotic
genomes were downloaded from NCBI genome database
(ftp://ftp.ncbi.nlm.nih.gov/genomes/). The detailed in-
formation of all NCBI genomes are summarized in
Supplementary Table S3. As of August 2018, our genome
protein collection consists of 790 eukaryotic species.
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Figure 1. (A) Overview of ENPD including data source, data processing and features. Transcriptomes from TSA, genomes from NCBI and primary
literature were used as data sources for the construction of eukaryotic nucleic acid binding protein database (ENPD). Recording the 3 types of NBPs in
eukaryotes: DBPs, RBPs and DRBPs. The basic information of NBPs as well as their functional and regulatory information are also curated by both
prediction and manual. See text for details.

Information from primary literature concerning proteins
with nucleic acid binding validations from low throughput
experiments were also compiled manually and included
in the database. Combining all data sources, there is 2423
species in total recorded in the database.

Data processing

TSA assembled transcriptomes were directly downloaded
from the database, contigs from different transcriptomes
originated from the same species were merged. The con-
tig redundancies were reduced by cd-hit-est (18) with a se-
quence identity threshold of 0.98. Potentially contaminated
sequences from bacteria, virus or archaea were filtered by
Kraken (19). Coding sequences (CDSs) and amino acid se-
quences were deduced from assembled contigs with Trans-
decoder (20). The redundancies of the proteins predicted
from transcriptomes and the downloaded proteins origi-
nated from NCBI genomes were reduced by cd-hit with a
sequence identity threshold of 0.95.

Functional and regulatory annotations of NBPs

DBDs and RBDs were identified by scanning all proteins
with hidden Makov models (HMMs) of known DBDs and
RBDs from Pfam database by PfamScan (21) that imple-
ments HMMER3 with default setting (22). In brief, NBPs
which contain only DBDs were classified as DBPs; NBPs
with only RBDs detected were classified as RBPs; while
NBPs with both binding domains or domains with both
DNA and RNA binding abilities detected were listed as
DRBPs. Proteins with direct evidence from primary litera-

ture that can bind with both DNA and RNA were also man-
ually curated as DRBPs. Furthermore, to infer the DNA
or RNA binding preference of eukaryotic NBPs, their nu-
cleic acid binding domains (DBDs or RBDs) were com-
pared with those with known DNA or RNA binding mo-
tifs, and the domain similarity between eukaryotic NBPs
and known NBPs was calculated. Based on the observa-
tion on co-evolution of nucleic acid binding domain se-
quences and their nucleic acid binding motifs, it has been
reported that the nucleic acid binding motifs of an NBP
could be inferred from those of homologous nucleic acid
binding domains when the identity between the two nu-
cleic acid binding domains is greater than a threshold (15).
The thresholds of all nucleic acid binding domain families
could be found in both CIS-BP and CISBP-RNA (Sup-
plementary Table S4). Known DNA and RNA binding
motifs were downloaded from CIS-BP (15), CISBP-RNA
(16), JASPAR (23), UniPROBE (24) and hPDI (25). Nu-
cleic acid binding motifs of eukaryotic NBPs could be in-
ferred when the nucleic acid binding domains were highly
similar to those with nucleic acid binding motifs that were
detected experimentally. The predicted binding motifs of
NBPs were used to predict NBP targets of six model or-
ganisms namely Homo sapiens, Mus musculus, Drosophila
melanogaster, Caenorhabditis elegans, Gallus gallus and
Danio retio by scanning gene promoter DNA sequences
(defined as 1000 bp upstream of transcription start site)
from UCSC genome browser (https://genome.ucsc.edu/cgi-
bin/hgTables) and ncRNA targets from LNCipedia (https:
//lncipedia.org/) (26) or NONCODE (www.noncode.org/)
(27) by MEME Suite (28). Validated gene targets were man-
ually curated from published literature. The protein func-
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tionality of NBPs recorded in literature was also curated
(Figure 1, Supplementary Figure S9).

Confidence quantification of NBPs

The confidence level of a predicted NBP was estimated us-
ing several criteria: (i) the percentage of the top hit that
matches known NBPs, E-value, Blast score and sequence
identity when Blast to the NBPs in DBP and RBP databases
CIS-BP and CISBP-RNA, respectively; (ii) the bit-score
and E-value of PfamScan that identifies the DBDs and
RBDs and (iii) whether or not there are direct experimental
evidence documenting the DNA and RNA binding ability
of the NBP.

RESULTS AND DISCUSSION

The largest NBP database

ENPD utilizes all low-throughput experiments, transcrip-
tomes and genomes as its data sources, in comparison
to previous databases which only utilize data from low-
throughput experiments or genomes, leading to a substan-
tial explosion in NBP repertoire (Supplementary Figure
S2). ENDP contains NBP information from a massive 2423
eukaryotic species covering multiple lineages in four king-
doms and >20 phyla (Supplementary Figure S3), its species
coverage is seven times more than that of CIS-BP/CISBP-
RNA, and 2.8 million NBPs, outnumbering CIS-BP and
CISBP-RNA combined by 12-fold. Similar to CIS-BP and
CISBP-RNA, NBPs are classified into different families ac-
cording to their nucleic acid binding domain combinations
identified in their sequences. ENDP records a total num-
ber of 662 NBP families with 344 families unannotated be-
fore (Supplementary Figure S2). In short, the vast amount
of data gives rise to ENPD, the largest NBP database avail-
able so far that includes all three classes of NBPs, i.e., DBPs,
RBPs and DRBPs.

Transcriptomes as a great source of data

ENPD includes several important lineages of organisms
that were not covered by the two largest NBPs databases,
DBD and CIS-BP, as there are only transcriptomes but no
complete genome data from species of these lineages (Sup-
plementary Figure S1). By constructing the NBP reper-
toires of these lineages, insights and clues concerning the
evolution of NBPs in monocots, dicots, insects and mol-
luscs can be acquired. Therefore, when we utilized tran-
scriptomes as an additional source of data, ENPD can
provide NBP repertoires for 1633 more species, on top of
the 790 species with sequenced genomes. Moreover, out of
the 2.8 million recorded NBPs, more than half of them
(1.5 million) were predicted from transcriptomes. Further-
more, the depth and quality of the NBP repertoires based
on transcriptome data are comparable to those originated
from genomes. Genome and transcriptome-based reper-
toires are both often found within individual lineages, with
the NBP family member abundance pattern highly simi-
lar and indistinguishable (Supplementary Figure S4). Al-
though the amount of NBPs that can be retrieved from tran-
scriptomes is affected by sequencing depth and constrained

by the tissues being extracted, transcriptome mined NBPs
have a higher confidence that the proteins were truly ex-
pressed while non-expressed pseudogenes may be present in
genomes. The use of transcriptomes as an additional data
source tremendously increases the species and lineage cov-
erage with comparable quality of NBP prediction as that
based on genome data.

Lineage-specific NBP family expansion pattern in eukary-
otes

Kingdom-specific expansion of NBP family. The NBP fam-
ily RNA recognition motif (RRM) has vast diverse func-
tions including but not limited to RNA alternative splic-
ing, RNA stability and translation. It is the only NBP
family found to be extensively abundant in all eukaryotes.
Certain NBP families are found to show kingdom-specific
expansion across eukaryotes (Supplementary Figure S4).
The NBP families C2H2-ZF and Forkhead are found to
be abundant in Fungi and Metazoa. There are ten NBP
families, namely mTERF, AP2, NAC/NAM, WRKY, B3,
FAR1, TCP, RWP-RK, SBP and Dof, found to be expanded
specifically in plants. These NBP families are highly related
to plant specific functions, explaining their high abundance
in plants. The NBP family nuclear receptor (zf-C4) and ETS
are found to be expanded extensively and specifically in
metazoans. For more details please refer to Supplementary
file 1.

Nuclear receptors (zf-C4) in Metazoa. Nuclear receptors
(zf-C4) are responsible for detecting steroid and thyroid
hormones and have been found in some of the earliest
branching animal lineages such as sponge, sea anemone,
Trichoplax and comb jelly (29,30). In ENDP, nuclear recep-
tors (zf-C4) are found to be rather abundant in some lin-
eages such as Eutardigrada, Rotifera and the basal bilate-
rian Acoela, and very abundant in Caenorhabditis, a genus
of nematodes living in bacteria-rich environment. On the
other hand, this NBP family is found to be much less abun-
dant in two groups of soft bodied creatures: Cnidaria and
Cephalopoda (Supplementary Figure S5).

Lineage-specific pattern in Viridiplantae. Within kingdom
Viridiplantae, clade Chlorophyta (aquatic green algae) and
Streptophyta (mostly land plants) possess very distinct NBP
family abundance patterns (Supplementary Figure S6), per-
haps due to their contrasting habitats. Families S1 and SAP
domain are highly abundant in Chlorophyta, while families
NAC/NAM, B3 and WRKY are highly abundant in Strep-
tophyta.

Lineage-specific pattern in Protoctista. The now invalid
kingdom Protoctista is a convenient grouping of eukaryotes
that are not members of Metazoa, Fungi or Viridiplantae.
This group is truly highly diverse, accounting for the dis-
tinctive patterns as shown in the NBP family protein abun-
dance among different clades. Clades Trypanosomatidae,
Florideophyceae, Dinophyceae, Apicomplexa and Phaeo-
phyceae each has a highly unified abundance pattern among
members within the same clade but exhibits extremely dif-
ferent patterns among different clades (Supplementary Fig-
ure S7).
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Figure 2. Functions of TFs, RBPs and DRBPs in ENPD. NBPs are involved in every stage of gene regulation and are important in most if not all biological
processes through interactions with DNAs and RNAs, controlling cell identity and pathological status. (A) TFs usually bind to DNA regulatory elements
of a gene and regulate its transcription activity, while (B) RBPs have diverse functions related to mRNA regulation, including alternative splicing, mRNA
stability control, and degradation. (C) The two types of proteins can cooperate to recruit ncRNA for subsequent transcriptional activator recruitment.
DRBPs have a wide range of distinct functions: (D) functioning as a typical TF with add-on abilities such as interacting with ncRNA decoys; (E) recruiting
ncRNA with co-activator function; (F) regulating mRNAs and DNA regulatory elements just as typical RBPs and TFs, with the two functions competing
for the same protein; (G) interacting with lncRNA for stability enhancement, thus increasing DRBP abundance and further activating downstream gene
transcriptions and (H) altering the phosphorylation status by the mediation of lncRNA, enhancing the gene activating activity.

Features and examples in ENPD

ENPD is an online library of NBPs and their functional
information. NBPs, i.e., DBPs, RBPs as well as DRBPs
can be searched, browsed and downloaded with the user-
friendly interface (Supplementary Figures S8–S10). Users
are able to search their interested NBPs through several
filters including data origin (from genomes or transcrip-
tomes), species origin, binding domain identity and nucleic
acid binding preference. Users can also recover their inter-
ested NBPs through the keyword search box function by

directly inputting the gene name (Supplementary Figure
S8). The resulting NBP entry pages contain abundant use-
ful information, such as NBP name, NBP ID, species ori-
gin, NBP type, domain information, binding preferences of
each domain, CDS and protein sequences. The NBP entry
page also provides a supporting proof section where user
can find best hit Blast result scores of this protein blasted
towards NBPs in CIS-BP and CISBP-RNA as well as the
PfamScan identification scores. Users can then be able to
estimate the reliability of the protein under view base on
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the information provided. Information from all of the NBPs
recorded in ENPD are also available to download for free;
users are able to select their target NBPs by three filters
namely species, binding domain family and data source
(from genome or transcriptome) and download the NBPs’
CDSs, protein sequences and domain sequences (Supple-
mentary Figure S10).

ENPD also records functional information for NBPs
(Supplementary Figure S9). TFs usually bind to DNA regu-
latory elements of a gene, and up-regulate or down-regulate
its transcription activity (4) (Figure 2A). While RBPs have
diverse functions related to mRNA regulation, including
alternative splicing, mRNA stability control, and degrada-
tion (6–8) (Figure 2B). For example, the mouse RBP KSRP
was found to interact with long non-coding RNA (lncRNA)
H19, and this interaction further favours the binding of the
protein to myogenin mRNA, and induces degradation of
the mRNA, thus mediating the maintenance of undifferen-
tiated cell state (31). In some occasions, TF and RBP can
cooperate to recruit lncRNA for further activators recruit-
ment (32) (Figure 2C). Publications supporting these func-
tions are thus also annotated in the web page of each DBP
or RBP.

ENPD is the first database curating the third kind of
NBP, DRBPs. Some DRBPs are just typical DBPs with
add-on abilities such as interacting with ncRNA decoys.
Taking glucocorticoid receptor (GR) as an example, it is
a TF that can bind with glucocorticoid and up-regulates
the expression of anti-inflammatory genes through activat-
ing the glucocorticoid response element on DNA. It is also
capable of binding with an RNA decoy of a glucocorticoid
response element called growth arrest-specific 5 (Gas5), a
ncRNA present in the cell. The interaction between GR and
Gas5 prevents GR from activating the glucocorticoid re-
sponse element, in turn down-regulating anti-inflammatory
proteins (33) (Figure 2D). Functions of other DRBPs in our
database include recruitment of ncRNA with co-activator
function (34,35) (Figure 2E); carrying out dual functions
by regulating mRNAs and DNA regulatory elements just as
typical RBPs and DBPs (36–39) (Figure 2F); and interact-
ing with lncRNA for stability enhancement, thus increas-
ing their own abundance and further activating downstream
genes (40) (Figure 2G). DRBPs can also alter their phos-
phorylation status by the mediation of lncRNA, enhancing
their gene activating activity (41) (Figure 2H). Manual cura-
tion of these experimental evidences for DRBPs in ENPD
provides users useful information for understanding their
functional roles in gene regulations.

Furthermore, ENPD focuses on the involvement of
DBPs, RBPs, and DRBPs in ncRNA mediated gene regula-
tion. For example, the lncRNA HULC was found to inter-
act with the DRBP ybx1. HULC serves as a scaffold be-
tween ybx1 and kinases, and in turn promotes the phos-
phorylation of ybx1. Other than HULC, lncRNAs lnc-31,
GAS-5 and CAR10 were also experimentally validated to
interact with ybx1 in different pathways, serving different
functions (40–44). Apart from validated targets, numer-
ous lncRNA targets were also predicted in silico and docu-
mented in ENPD (Supplementary Figure S9E). NBPs, their
previously annotated molecular function and the predicted
and experimentally validated targets have all been recorded

and manually curated in ENPD (Figure 1 and S9), link-
ing the interactions between ncRNAs, DNA regulatory el-
ements and NBPs in gene regulation.

CONCLUSION

ENPD is an online library of NBPs and their functional
information. It is constructed based on manual curation
and a newly developed pipeline utilizing both sequenced
transcriptomes and genomes. From transcriptomes and
genomes available from 1770 and 790 eukaryotic species
respectively, 662 NBP families with more than 2.8 million
of NBPs and their binding motifs were predicted for a to-
tal number of 2423 species, constituting the largest NBP
database that includes DBPs, RBPs, and DRBPs. As the
real pictures of gene regulation networks are complicated,
and requires the involvement of DNA regulatory elements,
different types of RNAs and protein factors, DRBPs often
serve as the key and the bridge of them all, linking differ-
ent parts of the system, this makes the curation of DRBP
information in ENPD as a crucial function to the field.
This database also covers evolutionarily important lineages
such as Alismatales, early-diverging eudicots, Palaeoptera,
Bivalvia and Cephalopoda, none of which are included in
the previously available databases. To conclude, ENPD can
fill the knowledge gaps of NBPs in certain lineages; the in-
formation provided in the database can serve as a starting
point for future experimental designs and serve as the key
resources for the scientific community, providing insights,
fundamental data and information for future gene regula-
tory studies from both functional and evolutionary perspec-
tives.

DATA AVAILABILITY

Eukaryotic Nucleic acid binding Protein Database (ENPD)
is free and publicly available at http://qinlab.sls.cuhk.edu.
hk/ENPD/.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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