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ABSTRACT

NBDB database describes protein motifs, elementary
functional loops (EFLs) that are involved in bind-
ing of nucleotide-containing ligands and other bi-
ologically relevant cofactors/coenzymes, including
ATP, AMP, ATP, GMP, GDP, GTP, CTP, PAP, PPS,
FMN, FAD(H), NAD(H), NADP, cAMP, cGMP, c-di-AMP
and c-di-GMP, ThPP, THD, F-420, ACO, CoA, PLP
and SAM. The database is freely available online at
http://nbdb.bii.a-star.edu.sg. In total, NBDB contains
data on 249 motifs that work in interactions with 24
ligands. Sequence profiles of EFL motifs were de-
rived de novo from nonredundant Uniprot proteome
sequences. Conserved amino acid residues in the
profiles interact specifically with distinct chemical
parts of nucleotide-containing ligands, such as ni-
trogenous bases, phosphate groups, ribose, nicoti-
namide, and flavin moieties. Each EFL profile in the
database is characterized by a pattern of correspond-
ing ligand-protein interactions found in crystallized
ligand—protein complexes. NBDB database helps to
explore the determinants of nucleotide and cofactor
binding in different protein folds and families. NBDB
can also detect fragments that match to profiles of
particular EFLs in the protein sequence provided
by user. Comprehensive information on sequence,
structures, and interactions of EFLs with ligands pro-
vides a foundation for experimental and computa-
tional efforts on design of required protein functions.

INTRODUCTION

Nucleotide-containing ligands are indispensable in various
biochemical transformations taking place in living cells (1).
The ligands are comprised of several common chemical
parts: nitrogenous bases, phosphate groups, ribose sugar
and other moieties such as flavin and nicotinaminde. The
chemical structure of ligands, particularly the presence of
phosphate groups is responsible for their universal biologi-
cal functions. For instance, ATP is well known for provid-
ing energy to enzymatic reactions, DNA repair machinery,
cell division and activation of motor proteins (2). Trans-
fer of phosphate groups in protein phosphorylation is a
key mechanism in cell signaling, and many of these ligands
are co-enzymes and essential vitamins (3,4). Importance of
nucleotide-containing ligands in bioenergetics is reflected
in high conservation of protein-ligand interactions, some
of them resembling primordial nucleotide—peptide interac-
tions in the origin of life (2). Walker A motif (or P-loop) re-
sponsible for interactions with the phosphate in nucleotides
was among the first to be detected as a signature of nu-
cleotide binding (5) and shown to be highly conserved (5—
7). Sequence/structure determinants (8—10) of nucleotide
binding along with evolutionary implications (11) have been
considered for individual ligands (12-15) or small groups
of them (16-18). Despite the great importance and in-depth
studies of protein-DNA complexes reviewed elsewhere (19),
comprehensive study of major nucleotide-containing lig-
ands with description of their generic characteristics is still
lacking. Crucial role of nucleotide-containing ligands in the
diversity of cellular functions and rich evolutionary history
of enzymes call for accurate and systematic study of these
ligands and their interactions with different proteins. Based
on the previous theoretical studies, it was hypothesized that
all natural enzymes could be represented as combinations
of elementary functional loops (EFLs)—presumable basic
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units of protein function (20,21). Therefore, it is of special
interest to explore EFLs that specifically recognize ligands
or interact with particular chemical groups, and to char-
acterize their conserved contacts, functional signatures and
sequence/structure determinants.

We present here a database of 249 profiles of EFLs that
are involved in binding of different parts of the 24 most
common nucleotide-containing ligands, including mononu-
cleotides formed by nitrogenous bases adenosine, guano-
sine and cytosine: ATP, AMP, ATP, GMP, GDP, GTP, CTP
and their derivatives PAP, PPS; flavin- and nicotinamide-
containing nucleotides and dinucleotides: FMN, FAD(H),
NAD(H), NADP. Additionally, the database includes cyclic
nucleotides and dinucleotides such as cAMP, cGMP, c-di-
AMP and c-di-GMP (22,23). For completeness we also
include nucleotide-like molecules and coenzymes, such as
ThPP, THD, F-420, ACO, CoA, PLP and SAM (for com-
plete information on ligands see Supplementary Table S1
and ‘Help’ section on the NBDB website). The set of profiles
of EFLs contains several very conserved archetypal signa-
tures, for instance the generalized signatures GxxGxG and
GxGxxG of phosphate binding in various nucleotides and
dinucleotides, respectively. These patterns of glycines ex-
pose protein backbone in a particular way so that the main
chain amide groups form hydrogen bonds with oxygens in
ligand’s phosphate groups. Other EFLs may interact with
several chemical groups simultaneously, thereby facilitating
molecular recognition and binding of specific ligands. We
present here an example of a protein interacting with CTP
ligand, illustrating how combinations of EFLs can form in-
teractions with different parts of ligands.

The website http://nbdb.bii.a-star.edu.sg/ is a suite of in-
teractive tools for exploratory analysis of ligands, profiles of
EFLs and their interactions. Additionally, the search func-
tion allows one to identify ligand-binding sites in a given
protein sequence. The NBDB database presented here can
be used as a starting point in exploring different aspects
of evolution of protein—nucleotide interactions, it can be of
help in functional annotation of sequences and it can give
valuable insights for designing the enzymes that bind spe-
cific ligands.

THEORETICAL BACKGROUND AND COMPUTA-
TIONAL METHODS

Based on our previous theoretical studies we proposed
that all natural enzymes could be represented as combina-
tions of EFLs—presumable basic units of protein function
(20,21). Elementary function (EF) is defined as a chem-
ical reaction step in enzymatically catalyzed biochemical
transformation or binding of a substrate, product or in-
termediate molecule (24). Structural carriers of elementary
functions—EFLs are defined as closed loops (returns of the
polypeptide chain (25,26)), possessing one or few functional
residues and bringing them to protein’s active sites (20,21).
Rigorous statistics of the PDB database prompted us to hy-
pothesized that polymer nature of polypeptide chains de-
termines common structural characteristics of EFLs: (i)
shape — returns of the backbone; (ii) typical size of 25—
30 amino acid residues (25,26). Further, we found strong
indications that the most common EFLs with very basic

and omnipresent elementary functions are apparently de-
scendants of prebiotic ring-like peptides, which gave rise to
the first enzymatic domains in the origin of life (2). Repre-
sentatives of these EFLs and their evolutionary prototypes
(20,21) can be found in different protein families, super-
families and folds (27), allowing one to unravel deep evo-
lutionary connections in the modern-day protein universe
(2). These connections showed that the evolution of pro-
tein function (28,29) is complex, and, in addition to domain
recombination, may have been driven by recombination of
functional segments between protein domains (2,27,30,31).
However, the specificity of molecular interactions in evo-
lutionary conserved prototypes (20) and omnipresence of
their descendants in protein folds and functions motivated
us to develop a computational procedure for their deriva-
tion that differs from ancestral reconstruction due to the
absence of any phylogenetic assumptions (20,21). In gen-
eral, this procedure can derive profiles of elementary func-
tions on different levels of conservation, from the most
generic evolutionary prototypes (20) found in distant func-
tional superfamilies and even in different protein folds to
specific profiles of elementary functions in particular pro-
tein families (2,27). In brief, the procedure can be described
as an iterative de novo derivation of sequence profiles in
the form of position-specific scoring matrices from a collec-
tion of nonredundant sequences from UniProt, followed by
their hierarchical clustering. The procedure’s unique scor-
ing function weights profile positions according to their
information content, thus emphasizing on the importance
of the functional signature. Due to the limited size of the
profiles, the estimates of statistical significance of profile-
sequence matches are based on the empirical distribution of
scores obtained for the profile with shuffled positions. Here,
we report one-sided p-values calculated for the z-scores of
profile-sequence matches. Complete description of the pro-
cedure is available elsewhere (21), some relevant details are
also provided on the NBDB website.

DESCRIPTION OF THE DATABASE

The database is designed to provide fast and efficient ac-
cess to the collection of sequence profiles of EFLs that bind
most-common nucleotides and nucleotide-containing lig-
ands. In particular, the database describes atomistic details
of all hydrogen bonds between proteins and their cognate
ligands. Thus, each position of the EFL profile is annotated
by its interactions with different parts of ligands: phosphate
and sulfate groups; ribose and other sugars; adenine, gua-
nine and cytosine nitrogenous bases; acetyl, flavin, nicoti-
namide, pyridoxal and thiamin moieties. The database al-
lows exploring the profiles of EFLs by the interacting lig-
and and ligand part, e.g. ribose in ADP. Each protein—
ligand interaction is annotated by representative structural
matches collected in the PDB database, with interacting
proteins classified according to SCOP (32). The database
allows searching for known EFLs and ligand binding sites
given a protein sequence of interest. Below is a descrip-
tion of different pages and options available in the database
along with a brief note on the implementation and usage.
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Figure 1. The sitemap scheme with logical connections between the ele-
ments of the database. There are eight main types of pages: (A) Homepage,
(B) Ligands, (C) SCOP families, (D) Search, (E) Help, (F) Ligand view, (G)
Profile view with ligand, (H) Profile view. Arrows show options for moving
from one part of the data to another.

MATERIALS AND METHODS

Sequence origins for derivation of profiles of EFLs were
obtained in two-step procedure from the PDB structures
crystalized with the ligands of interest. First, the hydrogen
bonding interactions were determined with the precise geo-
metric criteria with tolerances of 0.4 angstroms and 20.0 de-
grees using UCSF Chimera v1.10.1 (33). Second, structural
motifs that interact with the corresponding parts of ligands
were determined and their sequences were used as origins
in the profile derivation procedure. By following a proce-
dure described in detail elsewhere (2,20) the origins were it-
eratively compared to Uniref50 sequences from UniProt re-
lease 2014_08 (34) as the nonredundant source of proteomic
sequences, until they converged to sequence profiles.

The database contains 249 profiles of EFLs interact-
ing with different parts of the following 24 nucleotide-
containing ligands: AMP, ADP, ATP, GMP, GDP, GTP,
CTP, CoA, Acelyl-CoA, FMN, F-420, FAD(H), NAD(H),
NADP; cyclic nucleotides and dinucleotides: cAMP, cGMP,
c-di-AMP, c-di-GMP; other biologically-relevant cofactors:
SAM, PPS, PAP, PLP, ThPP, THD. According to SCOP
(32) classification, representatives of ligand-binding EFLs
are found in 74 folds, 84 superfamilies and 195 families.

STRUCTURE OF THE DATABASE AND WEBSITE
NAVIGATION

Figure 1 shows the database sitemap scheme with logical
connections between the pages. There are eight main types
of pages: (1) Homepage, (ii) Ligands page, (iii) SCOP fam-
ilies page, (iv) Search page, (v) Help page, (vi) Ligand view
page, (vii) Profile with ligand view page, (viii) Profile view
(without ligand) page. The main menu on top of each page
provides links to (a—¢).
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Homepage introduces user to the database and provides
matrix navigation for an overview of all interactions in the
database and quick access to the data. Its 24 rows designate
the ligands and 249 columns correspond to the profiles of
EFLs. Existing interactions between the profiles and ligands
are marked by color. User can directly navigate to a profile’s
page with all relevant information describing its interaction
with a particular ligand of interest.

Ligands page shows the list of all ligands described in
the database, their 2D structures and describes molecular
moieties of each ligand. Clicking on the ligand leads to the
‘Ligand view page’ with detailed information about the se-
lected molecule. We grouped ligands into several overlap-
ping classes displayed on top of the page and allow filter-
ing the list instantaneously according to the selected ligand
class.

Ligand view page shows the 2D view of the particular lig-
and’s structure and allows user to select different chemical
moieties of the ligand thereby focusing on interaction with
a specific ligand’s part. The table in the ligand view page
shows the list of profiles of EFLs that bind to any (or se-
lected by user) part of the ligand.

SCOP families page contains an interactive circular di-
agram that shows a distribution of EFL profiles classified
according to the SCOP hierarchy: class (inner circle), fold
(second), superfamily (third) and family (outer circle). The
segment sizes are proportional to the numbers of profiles in
each SCOP class, fold, superfamily or family. Clicking on a
segment within the circle shows a table with the correspond-
ing set of EFL profiles.

Search page requires a single protein sequence in FASTA
format as an input. Optionally, user can provide a protein
name or UniProt accession number, and the sequence will
be automatically fetched. The search works similar to RPS-
BLAST; it identifies all EFL profiles and visualizes a map
of hits within the subject sequence. Each hit is also listed
in the table. The profile-sequence search procedure is de-
scribed elsewhere in detail (2). The p-value threshold is set
to the recommended value of 10~7 in order to guarantee re-
liable output. Search takes less than a few seconds even for
large sequences.

Profile view page shows the EFL profile and all of its in-
teractions. If the ligand is specified, it shows interactions
with a particular ligand. The sequence profile is shown as
a logo generated with the help of Weblogo software library
(35). Profile name consists of the most conserved residues
in its sequence signature. Profile can also be downloaded
as a position frequency matrix. Below the profile, there is
matrix of interactions with various ligands and their atoms
aligned with corresponding positions of the profile. Colored
cells in the matrix indicate interactions between protein mo-
tifs and atoms of the ligand. The color of a cell denotes dif-
ferent ligand moieties. Color intensity indicates the level of
conservation of corresponding interactions. The ‘zoom in’
button below the ligand picture will show atom labels for
the ligand. Circular diagram shows the distribution of fam-
ilies in SCOP for the EFL’s profile. If profile is shown in the
context of a ligand, it will be illustrated by the structural
examples for a particular ligand listed in the table. Other-
wise an illustration of the profile’s structural representative
is provided. In case the profile is displayed in the context of



D304 Nucleic Acids Research, 2016, Vol. 44, Database issue

ELAéGnG-%R%QK%

"o s

GGRK profile of the EFL

NH,
N' T\| OO# 'o~(IF)’\°
o o
o]
LAAGKGERMSENVPKQF

actual sequence

Figure 2. Structure of 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase from Thermotoga maritima with bound CTP. UniProt accession number
for the protein is Q9 x 1B3, PDB ID lvpa. (A) Structure with three ligand-binding EFLs are displayed as colored ribbons. (B) Zoom-in to the CTP binding
site. (C) Scheme of contact between sequence found by the ‘GGRL’ profile. (D) Structure of the motif (yellow) found by the ‘GGRK profile. This motif
interacts with three parts of the ligand: base, ribose and phosphate groups. Motif found by the ‘HDRP’ profile interacts with ribose (magenta). Motif
found by ‘GNKTD’ profile (green loop) makes a contact with phosphate groups via the water molecule.

a ligand the table of structural examples includes the links
to the PDB structure viewer. Additionally, PoseView (36)
plots, which are downloaded directly from the PDB show
2D projections of all ligand—protein interactions in a given
protein for the ligand of interest. Protein name input box ac-
cepts complex expressions with UniProt query syntax and
allows a PDB identifier as an input, thus helping to identify
all ligand-binding EFLs in a given structure.

DATABASE USAGE

Altogether, the data collected in this database provides
a detailed picture of important interactions (and their
sequence/structure determinants) that work in binding of
nucleotide-containing ligands and biologically relevant co-
factors. Below we describe an example of 2-C-methyl-D-
erythritol 4-phosphate cytidylyltransferase from Thermo-
toga maritima with bound Cytidine-5'-triphosphate (CTP).
Figure 2 shows the protein structure (panel a) with three

ligand-binding EFLs displayed as colored ribbons. Figure
2B is a zoom-in to the binding site with three motifs found
by the profiles ‘GGRK’ (yellow), ‘'HDRP’ (magenta) and
‘GNKTD’ (green) loops, respectively. Yellow loop inter-
acts with three parts of the ligand: base, ribose and phos-
phate groups (Figure 2C and D). Magenta EFL (found by
the ‘HDRP’ profile) interacts with ribose (magenta), and
green EFL (‘\GNKTD’ profile) makes contacts with phos-
phate groups via a water molecule. These three EFLs found
in one protein illustrate a comprehensive character of the
database, showing how diversity of the accumulated data
can help user build a detailed picture of interactions be-
tween the ligand of interest and the target protein. Figure
3 contains screenshots, showing examples of different data
and outputs that can be obtained for CTP (ligand in the
protein discussed in Figure 2). It starts from results of the
sequences search for cytidyltransferase (Figure 3A), where
hits are mapped onto the query sequence, and the list of
profile hits and their sequence matches are provided in the
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Figure 3. Screenshots with examples of data obtained for CTP ligand. (A) Sequence search results for cytidyltransferase; The list of profile hits and their
sequence matches are provided in the table, and the hits are mapped onto the subject sequence. (B) EFL profile GGRK that binds phosphate in Cytidine-
5'-triphosphate (CTP). The matrix shows all interacting ligands, ligand parts and atoms with CTP triphosphate group highlighted in orange; The table
below shows structural examples of interactions with a 2D interaction plot generated by PoseView (right). (C) SCOP family view for Cytidyltransferase
family shows the list of EFL profiles found in the family.
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table. Figure 3B contains data on the profile GGRK that
binds phosphate in Cytidine-5'-triphosphate (CTP). SCOP
family view for Cytidyltransferase family shows the list of
EFL profiles found in the family (Figure 3C).

CONCLUSION

We believe that the most important advantage of this
database stems from the strong theoretical foundation
of the EFLs and completeness and the level of detail
about interactions of representative EFLs with nucleotide-
containing ligands. The most common EFLs were proposed
to be most likely descendants of the ancient ring-like pep-
tides, which served as basic building blocks of the first enzy-
matic domains. Modern proteins and their EFLs follow the
basic rules and requirements established in the very begin-
ning of the protein evolution, hence many enzymatic func-
tions can be considered as combinations of the correspond-
ing EFLs. The NBDB database provides a comprehensive
set of 249 EFL profiles that interact with 24 nucleotide-
containing ligands and other relevant cofactors. The set of
profiles contains different entities, starting from the very
common and ancient signatures existing from the origin of
life (e.g. profiles of the phosphate binding in dinucleotides
and nucleotides, GxGxxG and GxxGxG) and ending with
distinct signatures that work in more specific ligands. Since
interaction with nucleotide-containing ligand is a key ele-
ment of many biochemical transformations and signaling
processes, we expect that the database will be of great help
for researcher working on different aspect of protein func-
tion, its evolution and design. Intended expansion of the
EFLs collection and characterization of other elementary
functions will provide an important theoretical background
for experimental efforts in design of required protein func-
tions.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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