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ABSTRACT

Metalloenzymes are attractive research targets in
fields of chemistry, biology, and medicine. Given that
metalloenzymes can manifest conservation of metal-
coordination and ligand binding modes, the excava-
tion and expansion of metalloenzyme-specific knowl-
edge is of interest in bridging metalloenzyme-related
fields. Building on our previous metalloenzyme-
ligand association database, MeLAD, we have ex-
panded the scope of metalloenzyme-specific knowl-
edge and services, by forming a versatile platform,
termed the Metalloenzyme Data Bank and Analy-
sis (MeDBA). The MeDBA provides: (i) manual cu-
ration of metalloenzymes into different categories,
that this M-I, M-II and M-III; (ii) comprehensive infor-
mation on metalloenzyme activities, expression pro-
files, family and disease links; (iii) structural infor-
mation on metalloenzymes, in particular metal bind-
ing modes; (iv) metalloenzyme substrates and bioac-
tive molecules acting on metalloenzymes; (v) exca-
vated metal-binding pharmacophores and (vi) analy-
sis tools for structure/metal active site comparison
and metalloenzyme profiling. The MeDBA is freely
available at https://medba.ddtmlab.org.

INTRODUCTION

Metal ions are indispensable components of all living or-
ganisms. They play central roles in many biomedicinally
important process, e.g. ferroptosis (1) and copper-induced
cell death (2) amongst many others, and are function-
ally required adjuncts for a myriad of biological macro-
molecules. Metalloenzymes form an ubiquitous ensemble of
enzymes that contain structurally and/or functionally im-

portant metal ions for bioactivity, structural, or signalling,
or other reasons; more than one-third of all known enzymes
are assigned as metalloenzymes. In a broader sense, nucleic
acids with specific enzymatic functions (e.g. ribozymes and
DNAzymes), which require one or more metal ions for ac-
tivity, can also be categorized as metallo(en)zymes (3,4).
Metalloenzymes have long been recognized as important
in a variety of societally important and research fields. In
synthetic biology, for example, functionally diverse artifi-
cial metalloenzymes have been developed, highlighting the
potential to create new-to-nature biocatalytic transforma-
tions (5,6). Owing to their critical roles in various biologi-
cal processes and diseases, including as recently reported in
immunotherapy (7,8), metalloenzymes are important drug
targets for therapeutic intervention. Although a number of
new drugs or drug candidates for metalloenzymes have been
established (9), most disease associations and therapeutic
potentials for metalloenzymes remain largely unexploited,
suggesting a vast space for drug discovery and development
targeting metalloenzymes.

Metalloenzyme-specific knowledge, such as the metal
ion(s) involved in catalysis, coordination chemistry, and lig-
and interactions, has had impact beyond biological catal-
ysis. For instance, a deep understanding of how [FeFe]-
hydrogenases interconvert protons, electrons and dihydro-
gen at their unique iron-based active site, has advanced
the design of new catalytically active metalloenzymes and
nucleic acids (4). Atomistic understanding of the metal-
ligand interactions has assisted in the discovery of new met-
allodrugs and metalloenzyme inhibitors (10–12). Coupled
with the fast-growing body of experimental data regarding
metalloenzymes and ligands, the excavation and expansion
of metalloenzyme-specific knowledge will thus be of great
utility, not only in understanding and investigating metal-
loenzyme science (e.g. functions and ligand associations),
but also in promoting and bridging metalloenzyme-related
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areas, including the design of non-protein metal using cat-
alysts.

Previously, we established a metalloenzyme-ligand asso-
ciation database called MeLAD, with the aim of provid-
ing a general metalloenzyme-platform, in particular to as-
sist metalloenzyme drug discovery (13). MeLAD provides
centralized information exclusive to metalloenzyme-ligand
associations, uniquely including excavated metal-binding
pharmacophores (MBPs) and deduced metalloenzyme-
ligand associations. Here, we reveal the integrated Met-
alloenzyme Data Bank and Analysis platform, termed
MeDBA (https://medba.ddtmlab.org), which has a wider
scope of metalloenzyme-specific knowledges and services.
In MeDBA, metalloenzymes are divided into three general
categories: M-I, M-II and M-III. M-I enzyme metal ions
are directly involved in catalysis and are tightly bound at
the active site, M-II enzyme metal ions are directly involved
in catalysis, but are not tightly bound in active site, and M-
III enzyme metal ions are important for enzyme activity, but
are not present in active site. These metalloenzyme classifi-
cations will guide different objectives in metalloenzyme re-
search, e.g. metal-binding drug discovery and de novo design
of metalloenzymes. Comprehensive information on metal-
loenzymes, including names, catalytic reaction, and fam-
ily, is provided by MeDBA. In particular, the overall pro-
files of metalloenzymes according to super-families and dis-
eases are displayed, information which might help estab-
lish new research topics and open unexploited fields. Met-
alloenzyme structural information (e.g. metal sites and lig-
and interactions), together with substrates and bioactive
molecules (e.g. PROTAC ligands, macrocycles, spiro com-
pounds, drugs, and drug candidates) are comprehensively
presented in an easy-to-use, cross-association manner. Im-
portantly, MeDBA uniquely provides elaborately excavated
MBPs for searching and servers for structure/metal active
site comparisons and metalloenzyme profiling. New forms
of webpage displays and interactive functions (e.g. struc-
tural comparisons, MBPs, and interaction display) are de-
veloped, which may be used as references for development
of other database and web servers.

MATERIALS AND METHODS

Metalloenzyme identification

We began with data analysis of Protein Data Bank (PDB)
structures (186,521 structures, available on 1 May 2022) us-
ing MeCOM, a tool for metal site detection and compar-
ison (14). In MeCOM, the metal ions or metal-containing
cofactors and corresponding chelating residues are defined
as metal sites. Given a PDB structure, MeCOM detects an
inferred metalloenzyme via the following steps: detecting all
the metal sites in a structure; detecting whether any of the
metal sites are adjacent to a potential active site pocket or a
ligand within 6 Å; if yes, labelling the structure as ‘inferred
metalloenzyme; recording the corresponding metal site con-
tents including metal site composition, coordination mode,
ligands, and pharmacophore files (for later ‘metal active site
comparison’). To this end, 33 023 metal sites were extracted
and 8790 proteins (with unique UniProt identifiers) were la-
belled as inferred metalloenzymes. Non-enzymatic proteins

were then excluded according to UniProt information, lead-
ing to a list of 5836 inferred metalloenzymes with 25 160
corresponding metal sites.

We then manually curated all these inferred metalloen-
zymes and classified them into three general categories (M-
I, M-II and M-III) by structure visualization and reference
checking. Category M-I enzyme metal ions are directly in-
volved in catalysis and are (apparently) tightly bound at the
active site, M-II enzyme metal ions are directly involved in
catalysis, but are not tightly bound at the active site, and
M-III enzyme metal ions are important for enzyme activity
(e.g. by stabilizing structural stability), but are not present
at the active site. This process resulted in identification of
4722 metalloenzymes (3685 M-I metalloenzymes, 333 M-II
metalloenzymes, and 704 M-III metalloenzymes) with cor-
responding 21 616 metal sites.

In addition to above described structure sources, we per-
formed keyword searching in UniProt (15) and BRENDA
(16) to identify potential metalloenzymes that were not suc-
cessfully identified by MeCOM, or metalloenzymes which
have no reported 3D structures, including uncharacterized
metalloenzymes. In UniProt, keywords such as ‘metalloen-
zyme’ and ‘metallo*ase’, and metal binding information an-
notated with ‘catalytic’, were queried and filtered by organ-
isms, which led to a list of 10,071 reviewed metalloenzymes
and 54,301 unreviewed metalloenzymes. In BRENDA, the
keywords (e.g. ‘require’, ‘depend’, ‘catalyze’, ‘metalloen-
zyme’ and ‘metalloprotease’) were queried specially for the
enzymes with the ‘Metals/Ions’ records, which resulted in
a list of 3,142 metalloenzymes. All these entries were man-
ually reviewed and clustered in terms of catalytic metals,
metal dependence, protein names, protein families and cor-
responding references. To this end, 46 927 metalloenzymes
were retained.

According to all above-obtained metalloenzymes, we
summarized a series of confidently assigned metalloen-
zyme families, such as metallo-�-lactamases, matrix met-
alloproteinases and 2-oxoglutarate-dependent oxygenases,
which guided us to exploitation of metalloenzyme data from
other free databases (15,17,18). Finally, we combined all the
source data and removed duplicated entries (according to
the UniProt identifier), then assigned metalloenzyme cat-
egories by referring to structural and family information.
In total, 82,540 unique metalloenzymes were retained in
MeDBA, consisting of 74 267 M-I metalloenzymes, 7338
M-II metalloenzymes and 935 M-III metalloenzymes.

Metalloenzyme information collection and process

To provide comprehensive information for above-obtained
metalloenzymes, we first collected basic information, in-
cluding protein name, gene name, organism, protein family,
enzyme commission (EC) number, catalytic reaction, bio-
function, and cofactor if present from UniProt. The fam-
ilies of metalloenzymes were collected from InterPro (19),
which were used for the hierarchical family tree display.
Metalloenzyme related disease data were collected from
TTD (20) and ChEMBL (version 29) (21), and grouped by
ICD-11 (22) and MeSH disease taxonomy, respectively. The
distribution specificity data, such as tissue specificity, sin-
gle cell type specificity, and brain specificity, were collected
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from ProteinAtlas (23). DNA/RNA binding metalloen-
zymes were identified by three sources: keywords (‘DNA-
binding’ or ‘RNA-binding’) in UniProt, structural informa-
tion from NPIDB (24), and RNA-binding protein annota-
tions from RBP2GO (25). Intrinsically disordered metal-
loenzymes were annotated according to information from
DisProt (26).

Metalloenzyme structure relevant information was then
collected. Protein sequences were retrieved from UniProt
(15), and protein domains were from InterPro (19). All
experimental and predicted structures of metalloenzymes
were collected from the PDB (27) and AlphaFoldDB (28),
respectively. Notably, all metal site information, includ-
ing metal site composition, coordination features, poten-
tial active pockets and nearby ligands, were generated us-
ing MeCOM (14); these metal sites were further grouped to
metal site classes according to the metal ions and nature of
the metal chelation.

Ligand identification and process

To sufficiently obtain metalloenzyme ligands, we con-
sidered different data sources. We first retrieved bioac-
tive molecules for metalloenzymes from BindingDB (29)
and ChEMBL (21). We then retrieved and curated
drug/drug candidate information including mechanism
of action, drug type, indication and maximum clinical
phase, from TTD (20), ChEMBL (21) and recent refer-
ences. Metalloenzyme-mediated reactions and correspond-
ing substrates/products were collected from the Rhea
database (30). Metalloenzyme-targeted PROTAC ligands
were collected from PROTAC-DB (31). Notably, ligands
from metalloprotein-ligand complex structures were col-
lected separately. Finally, standard ‘InChI’ identifiers (32)
were calculated for all the collected ligands, which guided
removal of the duplicates and assignment of unique IDs
(e.g. MeLig00000001) for all ligands. A total of 440 631
metalloenzyme-related ligands were included in MeDBA.

To provide more properties for browsing/searching lig-
ands, we calculated the following properties: molecular
weight, number of hydrogen bond acceptors, number of hy-
drogen bond donors, number of rotatable bonds, number of
aromatic rings, topological polar surface area (TPSA), and
ClogP by using RDKit tools. Notably, special ligands such
as macrocycles (i.e. compounds containing a ring that con-
sists of 12 or more atoms) and spiro compounds (i.e. con-
taining at least one spiro atom) were analysed using RDKit.
The SMILES string and MOL format files are available for
all ligands.

Metalloenzyme-ligand association data collection and analy-
sis

To better understand metalloenzyme-ligand associations,
MeDBA provides 3D visualization of metalloenzymes
complexed with ligands, proteins and DNAs/RNAs,
and core metal binding pharmacophores (MBPs). The
metalloenzyme–ligand complex structures were analysed
by MeCOM (14) and related ligand information was ex-
tracted. The structures, UniProt ID and corresponding

chains of metalloenzyme-binding proteins were collected
from PDBe-KB (33). The metalloenzyme–DNA/RNA
complexes were collected from NPIDB (24). Since MBPs
are of great significance to drug discovery, we analysed
all metalloenzyme-ligand complex structures in detail to
obtain MBPs by the following steps: detecting the ligand
metal-chelating atoms according to the rules of metal coor-
dination as defined in AncPhore (34); labelling the metal-
chelating atoms; (ii) splitting the ligand into fragments ac-
cording to the bond cleavage rules as defined in LEADOPT
(35); (iii) using the Floyd–Warshall algorithm (36) based
shortest path algorithm to connect all the fragments if con-
taining metal-chelating atoms, with the aim of defining an
intact MBP for each metalloenzyme-ligand complex. Even-
tually, a total of 844 unique MBPs were obtained.

Metalloenzyme-specific analysis servers

To conveniently use the metalloenzyme data bank, we pro-
vided metalloenzyme-specific analysis servers. The 3D vi-
sualization of structure and interactions are provided us-
ing 3DMol (37), and the detailed views of protein-ligand
interactions are supported by PLIP (38). The substructure
search, conducted by OpenBabel (39), is designed for ligand
and MBP searches. The structure and metal site compar-
ison analyses employ MICAN (40) and MeCOM (14) for
hind computations, respectively. Moreover, a ligand simi-
larity server, implemented by OpenBabel (39), is provided
for metalloenzyme profiling and for identification of new
metalloenzyme-ligand associations.

Database implementation

MeDBA was developed using Python (version 3.9.12) and
the Flask web framework (version 2.0.3), which runs on a
Linux server (CentOS v7.04) with Nginx (version 1.20.1)
and uWSGI (version 2.020) as the web servers, and the
MySQL Community 8.0 as the database server. The user-
friendly web interface is based on Bootstrap (version 4.61)
and jQuery (version 3.60). Echarts (version 5.3) is exploited
to provide intuitive statistical views of the data. Visualiza-
tions of the metalloenzyme-related 3D structures views and
the chemical structures of ligands are supported by 3DMol
(37) and RDKit, respectively. JSME is used to provide on-
line molecular search service (41). API is used for data ex-
change, and asynchronous request and browser cache are
utilized to increase data transmission efficiency and guaran-
tee a better global service. The MeDBA website is HTTPS-
enabled, which ensures that the data exchange between
users and MeDBA servers is secured by an encrypted con-
nection. MeDBA is freely accessible without registration
and optimized for Google Chrome, Windows Edge, MacOS
Safari, Opera and Firefox.

DATABASE CONTENT AND FEATURES

MeDBA overview

MeDBA aims to provide an integrated, distinctive, prac-
ticable, user-friendly platform for metalloenzyme-focused
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Figure 1. Overview of MeDBA resources. The numbers in parentheses refer to the number of entries in the current version.

data and analysis. MeDBA contains three main sec-
tions: ‘Metalloenzymes’, ‘Ligands’ and ‘Metalloenzyme–
Ligand Associations’ (Figure 1). The ‘Metalloenzymes’
section involves comprehensive metalloenzyme informa-
tion, including metalloenzyme category, catalytic activity,
expression, family, disease, structure, metal site, and re-
lated servers. The ‘Ligand’ section contains metalloenzyme
substrates/products and bioactive molecules, in which spe-
cial ligands (e.g. PROTAC ligands, macrocycles and spiro
compounds), drugs and drug candidates are highlighted.
The ‘Metalloenzyme–Ligand Associations’ section mainly
involves detailed interactions of metalloenzyme–ligand, –
protein and –DNA/RNA complexes, elaborately excavated
MBPs, and related servers, facilitating to understand the as-
sociation principles and derive new metalloenzyme-ligand
associations. Related resources, help materials, and visit
statistics are available. The current version of MeDBA con-
tains data on 82 540 metalloenzymes (74 267 M-I metal-
loenzymes, 7338 M-II metalloenzymes and 935 M-III met-
alloenzymes), 440 631 ligands (431 014 bioactive molecules,
2243 substrates/products, 566 drugs, 6942 drug candi-
dates and 1415 PROTACs), 10 613 metalloenzyme-ligand
complexes, 21 616 metal sites and 844 MBPs.

Metalloenzymes

The Metalloenzyme menu gives direct access to the compre-
hensive metalloenzyme information and analysis modules.
By using ‘Metalloenzyme Statistics’, users can quickly view
basic information on metalloenzyme statistics (Supplemen-
tary Figure S1). On the ‘Metalloenzyme Search’ page, users
can retrieve all metalloenzyme entries and corresponding
information via nine kinds of annotations, including metal-
loenzyme name, gene name, metal ion, and metal site class.
The retrieved results can be filtered by metalloenzyme cate-
gory, enzyme class, and metal ion/metal-containing cofac-
tor; they can be linked to the original data resources by
clicking on the blue arrow or further accessed to the detail
page for a specific metalloenzyme via UniProt ID (Supple-
mentary Figure S2). The metalloenzyme detail page con-
tains basic information (e.g. category, enzyme name, gene
name, family, EC number, biofunction, cofactor, catalytic
activity, expression, and disease), structural information
(e.g. metalloenzyme sequence, InterPro domain, 3D struc-
ture, and metal site), and ligand information (e.g. chemical
structure, source, association type, and association content)
(Supplementary Figures S3 and S4).
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In order to enable users to explore overall metalloenzyme
families and their involvement in disease, metalloenzyme-
family and metalloenzyme-disease associations are dis-
played in a hierarchical tree structure. On the ‘Metalloen-
zyme Families’ page, users can click or search a metal-
loenzyme family to obtain descriptions regarding the fam-
ily and relevant metalloenzyme entries, along with corre-
sponding categories and UniProt IDs. This tool is helpful
for investigating biofunctions or catalytic mechanisms, in-
cluding for uncharacterized metalloenzymes (Supplemen-
tary Figure S5). On the ‘Metalloenzyme Diseases’ page,
metalloenzyme-related diseases are exhibited in ICD-11 or
MeSH disease taxonomy, and can be filtered by keywords
(Supplementary Figure S6). Users can obtain information
regarding metalloenzymes related to a specific disease, a
function that will be beneficial in drug discovery, in partic-
ular when targeting multiple metalloenzymes or in studies
aimed at improving ligand selectivity.

Given the unique characteristics of metalloenzymes, their
structures are of special interest. As described above, the
assigned metalloenzyme structures were analysed using
MeCOM (14), and further manually curated into three cate-
gories: M-I, M-II and M-III. The metalloenzyme categories
are useful to guide investigations on metal ion-involved in-
teractions (e.g. ligand discovery). Currently, MeDBA con-
tains 50 892 structures, covering 4205 M-I, 1342 M-II and
779 M-III metalloenzymes. The ‘Structure’ page supports
searches by PDB code, metalloenzyme name, metal ion,
metal-containing cofactor, and ligand code, and enables the
user to obtain detailed structure information (e.g. 3D struc-
ture, Supplementary Figure S7) by clicking on the PDB
code or details of metalloenzyme information by UniProt
ID. All the metalloenzyme structures were analysed to gen-
erate separate metal binding sites, which were then grouped
with the focus on metal ions and metal chelates. A total of
1738 metal site classes were obtained, which can be searched
using the ‘Metal Site’ page (Figure 2A). Users can obtain
a list of metalloenzymes for each metal site class, which
groups the same or highly similar metal sites, and can access
detailed structural information (Figure 2B–D). The metal
site information will be useful both for metalloenzyme iden-
tification and de novo design.

To further exploit metalloenzyme structural information,
we introduced two structural analysis modules (i.e. struc-
ture and metal active site comparison) in MeDBA. The
‘Structure Superimposition’ module enables users to com-
pare metalloenzyme structures by superimpositions. By se-
lecting two metalloenzyme structures and clicking the ‘Sub-
mit’ button, users can obtain calculated similarity scores
and visualize the aligned metalloenzyme structures using
the 3D graphical interface; users are also able to down-
load the aligned structures for local analysis. By compar-
ison, the ‘Metal Active Site Comparison’ module enables
users to gain deeper insight into metal active site similar-
ity by using MeCOM (14). Users can select two kinds of su-
perimposition modes (i.e. ‘metal/alpha-C atoms’ and ‘phar-
macophore’) for metal active site comparison (Figure 2E),
and can obtain aligned metal active sites and the similar-
ity score in a few seconds. Notably, this 3D graphical in-
terface enables users to visualize the surface residues and
binding pockets adjacent to the metal active site; moreover,

the cartoon representations of the protein can be option-
ally switched off to focus on the aligned metal active sites
(Figure 2F).

Special types of metalloenzymes, including DNA/RNA-
binding and disordered metalloenzymes, are displayed in-
dividually in the Metalloenzyme section. The ‘DNA/RNA-
binding metalloenzymes’ page contains the basic informa-
tion (e.g. name, category, and UniProt ID), nucleic acid
types (DNA, RNA, and Hybrid) and related experimental
structures, and supports users to search, browse and down-
load. The collected intrinsically disordered metalloenzymes
are listed on the ‘Disordered Metalloenzymes’ page, where
users can obtain basic information, including disordered se-
quences.

Ligands

The Ligands section holds general information for bioactive
molecules interacting with metalloenzymes and metalloen-
zyme substrates/products. The ‘Ligand Statistics’ page gives
an overall view of ligand information (Supplementary Fig-
ures S8 and S9). Users can retrieve ligand information (e.g.
chemical structures, information contents and basic prop-
erties) by querying a metalloenzyme name or UniProt ID
on the ‘Ligand Search’ page. The Ligands section also sup-
ports chemical structure searches by inputting a SMILES or
drawing a structure in the JSME applet window, an option
which is valuable for users to quickly find ligands containing
a given substructure or core scaffold (Figure 3A). The infor-
mation contents (e.g. ‘Drug’ and ‘Macrocycle’) and ligand
properties can be utilized as filter options to narrow search
results. Through the ligand ID, users can access to the de-
tailed ligand page, which gives basic properties, structure
information and metalloenzyme association contents (Sup-
plementary Figure S10).

On the ‘Bioactive Molecules’ page, users can obtain
bioactivity data (‘IC50’, ‘EC50’, ‘Ki’ or ‘Kd’) and orig-
inal references by searching a metalloenzyme name or
UniProt ID (Supplementary Figure S11); the search re-
sults can be filtered by metalloenzyme category, assay type
and activity source. The ‘Substrates/Products’ page con-
tains metalloenzyme-mediated reactions and correspond-
ing substrates/products, which users can search, view and
download (Figure 3B). To improve the user experience, both
graphical and textual reaction equations are provided. In
addition, ligands of special interest including PROTACs,
macrocycles, and spiro compounds, are provided in inde-
pendent pages. For example, on the ‘PROTACs’ page, users
can retrieve the PROTAC name, the relevant E3 ligase,
bioassay data, source reference and related metalloenzymes
by metalloenzyme name or UniProt ID. Identified macrocy-
cles and spiro compounds are listed along with their chem-
ical structures and bioactivity records, if available, on the
‘Macrocycles’ page and ‘Spiro Compounds’ page, respec-
tively.

Data on drugs and drug candidates are important for
metalloenzyme-targeted medicinal chemistry, and these are
summarized on the ‘Approved Drugs’ and ‘Agents in Clinical
Trials’ pages, respectively. Users can obtain information re-
garding drug name, chemical structure, metalloenzyme tar-
get category, metalloenzyme name, drug type, mechanism
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Figure 2. The metal site search, visualization, and comparison modules. (A) View of metal site classes, metal chelates, and relevant metalloenzymes in the
‘Metal Site’ page, which supports searching, internal and external linking. (B) View of related metalloenzymes when clicking the metal site class ‘msc 01575’.
(C) View of detailed metal site information for PDB code 1UZE. (D) 3D visualization of angiotensin-converting enzyme’s metal site. (E) Task panel of the
‘Metal Active Site Comparison’ module. (F) 3D visualization of the aligned metal sites for angiotensin-converting enzyme isoforms (reference metal site
from PDB code 1R4L; query metal site from PDB code 1UZE).

of action, clinical indication, and current clinical phase. The
scope of drugs/drug candidates can be narrowed down by
filtering metalloenzyme category, drug type and mechanism
of action (Supplementary Figure S12). Notably, clicking a
specific clinical indication will navigate to the correspond-
ing ‘Metalloenzyme Diseases’ page for detailed information.

Metalloenzyme-ligand associations

This section of MeDBA involves structural bioinforma-
tion, MBP and metalloenzyme profiling modules, aiming

to inform on the principles of metalloenzyme-ligand as-
sociations and to inspire or predict new metalloenzyme-
ligand associations. Reported metalloenzyme-ligand com-
plexes are listed on the ‘Metalloenzyme–Ligand Interac-
tions’ page, which enables users to search by PDB code,
metalloenzyme name, UniProt ID, ligand code and metal
ions; interactions can be visualized in the graphical win-
dow by clicking the ‘3D view’ button (Supplementary Fig-
ure S13). The ‘Metalloenzyme–Protein Interactions’ and
‘Metalloenzyme–DNA/RNA Interactions’ pages are pro-
vided for users to analyse how metalloenzymes interact with
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products, with an example of graphic showing the reaction equation for Rhea ID 10389.

proteins and nucleic acids, which may be useful for under-
standing roles of metalloenzymes in signal transduction be-
yond catalysis.

The ‘MBP Search’ module, in which a total of 844 ex-
cavated MBPs are displayed, not only enables links be-
tween different metalloenzymes to be made, but also pro-
vide clues to establish new metalloenzyme-ligand associ-
ations. Users can click a MBP chemical structure to ob-
tain details of its metalloenzyme-ligand associations (ligand
structure and interaction visualization, Figure 4A). Users

can also search by substructure to identify related MBPs
and metalloenzyme–ligand associations.

The ‘Profiling by Ligand Similarity’ module provides a
web server to predict potential metalloenzyme-ligand as-
sociations on the basis of ligand chemical similarity. Users
can query a small molecule of interest by drawing its chem-
ical structure, inputting SMILES or uploading a mol2/sdf
format file, then setting up profiling parameters including
database range (metalloenzyme category subsets or the en-
tire database), similarity approach (‘FP2’, ‘FP3’, ‘FP4’ or
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Figure 4. Metal-binding pharmacophore (MBP) and metalloenzyme profiling modules. (A) View of MBPs listed in ‘MPB Search’ module and correspond-
ing detailed information through clicking on the MBP0576 chemical structure. (B) View of task panel of the ‘Profiling by Ligand Similarity’ module, with
an example of metalloenzyme profiling for the queried compound ‘3,4-dihydro-2H-benzo[e][1,2]oxaborinin-2-ol’, resulting in top-ranked similar ligands
and their metalloenzyme associations.
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‘MACCS’), and similarity cutoff (Figure 4B). After submit-
ting the job, users can obtain results within a few seconds,
then can visualize ranked similar ligands and correspond-
ing metalloenzymes (e.g. metalloenzyme categories, bioac-
tivity records, complex structures, and references) (Figure
4B). Notably, the module is an efficient and convenient way
to compare binding modes and MBP chemotypes.

SUMMARY AND FUTURE DIRECTIONS

MeDBA comprehensively integrates information regarding
metalloenzymes, their ligands, metalloenzyme-ligand asso-
ciations with metalloenzyme-specific computational analy-
sis tools. It is the first database to provide general metalloen-
zyme categories based on approximate metal ion coordina-
tion strength and whether or not the metal ions are involved
in catalysis. Importantly, MeDBA not only provides metal-
loenzyme bioactive molecules and substrates, but also pro-
vides experimentally determined metalloenzyme–ligand, –
protein and –DNA/RNA complex structures as well as
elaborately excavated metal-binding pharmacophores, in-
formation which will be important basis for deriving new
metalloenzyme-related associations. The powerful yet sim-
ple to use analysis tools of MeDBA facilitate the retrieval,
browsing, and querying of metalloenzymes and associated
information, promoting information use and communica-
tion. Despite these features, we think there is still space
for improvement and development of MeDBA, e.g. by
expansion of MBPs, inclusion of metallo-ribozymes and
DNAzymes, and improved analysis of metalloenzyme pro-
filing. We intend MeDBA will serve as a valuable platform,
coupled with advances in interface of chemistry, biology,
and medicine, to foster research in the multifaceted field of
metalloenzymes.
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