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ABSTRACT B-Lactamase enzymes have attracted substential medical attention from
researchers and clinicians because of their clinical, ecological, and evolutionary inter-
est. Here, we present a comprehensive online database of B-lactamase enzymes. The
current database is manually curated and incorporates the primary amino acid se-
quences, closest structural information in an external structure database (the Protein
Data Bank [PDB]) and the functional profiles and phylogenetic trees of the four mo-
lecular classes (A, B, C, and D) of B-lactamases. The functional profiles are presented
according to the MICs and kinetic parameters that make them more useful for the
investigators. Here, a total of 1,147 B-lactam resistance genes are analyzed and de-
scribed in the database. The database is implemented in MySQL and the related
website is developed with Zend Framework 2 on an Apache server, supporting all
major web browsers. Users can easily retrieve and visualize biologically important in-
formation using a set of efficient queries from a graphical interface. This database is
freely accessible at http://ifr48.timone.univ-mrs.fr/beta-lactamase/public/.

KEYWORDS f-lactamase genes, gene characterization, online database

ountless lives are saved by antibiotics, including B-lactams, which continue to be

a leading resource for treatment against bacterial infections. B-Lactamase enzymes
are the primary cause of the B-lactam resistance phenomenon because they are able
to inactivate B-lactams by cleaving their four-membered B-lactam ring (1). Nowadays,
more than 1,300 natural B-lactamase enzymes have been documented (2), and their
classification into families helps investigators illustrate how genes are related to each
other. All genes of the same family can be closely packed together to form a cluster that
can be used to predict the function of novel genes. The molecular classification of
B-lactamases is based on the amino acid sequences and divides sequences into four
molecular classes, A, B, C, and D (2-4).

The existing publicly available B-lactamase databases offer partial information and
have limited functions, such as sequence search by BLAST analysis. Therefore, we
designed a new database that contains the primary amino acid sequences, three-
dimensional protein structures in an external structure database (Protein Data Bank),
phylogenetic trees, and functional profiles. The functional profiles are available in the
form of MIC (5) and kinetic parameters (k... Ky, and k_./Ky) (6). A few B-lactamase
databases are available in the public domain, such as a Comprehensive B-lactamase
Molecular Annotation Resource (CBMAR) (7), the Lahey Clinic Database (www.lahey
.org/Studies/), the Bacterial Antimicrobial Resistance Reference Gene Database (Bio-
Project accession number PRIJNA313047), the Antibiotic Resistance Genes Database
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(ARDB) (8), Lactamase Engineering Database (LacED) (9), the Comprehensive Antibiotic
Resistance Database (CARD) (10), a comprehensive database of widely circulated
B-lactamases (BLAD) (11), and the Beta-Lactamase DataBase (BLDB; http://bldb.eu/).
The contents of these databases are very useful, but none of the aforementioned
databases individually provides a complete set of information containing the phyloge-
netic trees of each molecular class of enzymes, the closest three-dimensional protein
structures, and functional profiles. Therefore, a centralized database with updated
resources on B-lactamases is required.

This article presents the first release of an integrative B-lactamase database that
contains sequences, structures, functions, and phylogenetic information on naturally
occurring B-lactamase enzymes. Our motivation in creating this database is to provide
a centralized collection of information based on antibiotic resistance genes. The current
database offers a user-friendly interface and query results for future studies.

RESULTS

How to access the data. The home page of the current database offers different
sections for the data search, such as a particular B-lactamase enzyme, Ambler molecular
classes, phylogenetic trees, and literature references of individual proteins. Two types
of search options are available in the database, text and advanced search. On the home
page of the database, text search can be accomplished by entering simple text or a
phrase in the search box; for instance, the enzyme name “TEM.” This type of text search
option is associated with all data structures. On the other hand, the advanced search
option is more computationally productive, since the user can search B-lactamase
enzymes according to their Ambler class and get complete information.

Selecting a group of B-lactamases. An easy way to obtain information on enzymes
is to browse by name, for instance, by typing “TEM” in the given box and clicking on
the green button, “Find B-lactamase.” If the user does not want to use an enzyme name
but rather other criteria, such as the Ambler class, this can be selected on the home
page (Fig. 1). Once the user has selected a particular data set, all available information
in the database can be accessed with more details, such as B-lactamase class, the
accession numbers of gene sequences, and coding sequence (CDS) regions or location
on the genetic DNA support (Fig. 2). It is also possible to download a comma-separated
values (CSV) file containing the name, description, accession number, and sequence of
the B-lactamase of interest.

Data links, downloads, and interface. Basic information, such as amino acid
sequences, closest 3D structure in the Protein Data Bank (PDB) structural database,
kinetic parameters, and MIC values, are accessible via the download links provided at
the top of the page (Fig. 2). The primary sequence of each gene is available in CSV
format. Users can also access the closest three-dimensional structure present in the
external database. The structure-related page shows the PDB identifiers (IDs) of
the structure, along with their sequence similarity to known B-lactamase sequences.
The percent identity, query coverage, query sequences, alignment length, total number
of mismatches, gaps, E value, and the bit scores are listed in separate columns. The
external database link provides easy access to the complete three-dimensional struc-
ture (Fig. 3).

The functional profiles of each B-lactamase are accessible in the form of two data
sets; MIC and kinetic parameters. These data were gathered from published literature
and manually curated. In the present database, users can access all of these data, such
as a list of enzymes, with and without B-lactamase MIC and fold change between them
(Fig. 4A). Regarding kinetic parameters, Ky, k..., and k_,./Ky, values are obtainable (Fig.
4B). These parameters represent the catalytic contact for the conversion of substrate to
product, substrate concentration (the initial rate of which is one-half of the maximum
velocity), and specificity constant or catalytic efficiency, respectively. The kinetic pa-
rameters are tabulated and are readily available to users (Fig. 4B).

The phylogenetic trees are available in different file formats, including Newick,
Nexus, Portable Network Graphics (PNG), phyloXML, PDB, and Encapsulated PostScript
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Welcome to the B-lactamases Database

Search for a B-lactamase by name:

Antimicrobial Agents and Chemotherapy

Search by name of enzyme

nase name ‘0 Find plactamase €

Or browse by class:

Metallo-8-lactamases Serine-B-lactamases
See the class B Blactamases See the dlass A Blactamases

See the dlass C Blactamases

|

See the dass D Blactamases

Or explore the phylogenetic trees:

Metallo-G-lactamases Serine-§-lactamases

=3

é———-l Molecular class of B-lactamase |

Phylogenetic Tree of class A-D I

Literature or References |

FIG 1 Screenshot depicting the database interface. Database home page and B-lactamase search engine for information collection. Queries using one
B-lactamase enzyme name, for example, “TEM” or “Tem.” The home page allows a search for all B-lactamase enzymes according to their Ambler molecular
classes, such as serine B-lactamases (classes A, C, and D) and metallo-B-lactamases (class B). The bottom section of the page offers the phylogenetic tree of
all enzymes according to their respective molecular classes. The references for the individual enzyme (if published in scientific journals) are also available in

the reference section.

(EPS) (Fig. 5). The user can download all database resources from the downloadable
links. These include (i) primary amino acid sequences of all B-lactamases, (ii) phyloge-
netic trees of Ambler molecular classes A, B, C, and D, (iii) homologous protein
structures from external PDB databases, (iv) MIC and kinetic parameters, and (v)
published scientific literature or references.

Data volume summary. This section describes the total data volume available for
users. The current release of the database presents four phylogenetic trees of Ambler
classes. The phylogenetic trees of classes A, B, C, and D contains 620, 174, 151, and 202
sequences, respectively. For the designing of targeted therapy against any protein
target, three-dimensional structural information is essential; we therefore brought to
light the three-dimensional crystal structure of B-lactamases. The BLAST search men-
tioned above to select sequences against a protein structure database (Protein Data
Bank) revealed multiple significant hits. Currently, this database provides the external
link to 1,516 unique three-dimensional structures in PDB. The extracted functional
information from published journal articles in the form of MICs and kinetic parameters
is accessible. Users can access MICs and kinetic data for 218 and 137 B-lactamase
enzymes.
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Results for "TEM%"

Number of proteins: &)

« Getthe csv of all these B-lactamases, their sequence and their accession number

« See the structural information for these p-lactamases A
« See the kinetic information for these B-lactamases Download Links

« See the MIC data (Minimum inhibitory concentration) for these p-lactamases

- Protein Name Protein Description Accession number Localisation
1 TEM-1 Betalactamase class A JQ735917 1-861:861

2 TEM-10 Betalactamase class A U09188 198-1005:858
3 TEM-101 Betalactamase class A AF495873 1-861:861

4 TEM-102 Betalactamase class A AY029354 3-833:831

5 TEM-104 Betalactamase class A AF516719 215-1075:861
6 TEM-105 Betalactamase class A AF516720 215-1075:861
7 TEM-106 Betalactamase class A AY101578 215-1075:861
8 TEM-107 Betalactamase class A AY101764 207-1067:861
9 TEM-108 Betalactamase class A AF506748 39-899:861

FIG 2 Graphical user interface of the sequential result. The database contains the primary amino acid sequences. Therefore, this interface
provides sequence information, such as the name, molecular class, accession number, and CDS region or localization.

DISCUSSION

Here, we describe a database of B-lactamases that brings together most of the
available B-lactam resistance genes, their phylogenetic trees, structural information,
and functional profiles. We have provided a complete set of readily accessible infor-

Results for "TEM%"

Number of results: €D

« Get the csv of all the structural information about those B-lactamases

# Protein Name Subject id Percent Alignment Mismatches Gap g.start q.end s.start s.end E- Bit-
E Identity length opens value  score
1 TEM-1D Qi|67464382|pdb|1ZG4|A 99.3 286 2 0 1 286 1 286 0 588.0
2 TEM-1D 0i|67464385|pdb|1ZG6|A PDB ID 286 3 0 1 286 1 286 0 587.0
3 TEM-1D 0i[822599600|pdb|4ZJ1]A  98.95 286 3 0 1 286 1 26 0 586.0
4 TEM-1D gi[822599601|pdbj4ZJ2]A  98.6 Identity (%) 4 0 1 286 1 286 0 585.0
5 TEM-1D gi|325533970|pdb|3PI8JA  98.6 286 4 0 1 286 1 26 0 583.0
6 TEM-1D gi|822599602|pdb|4ZJ3|A 98.25 286 5 0 1 286 1 286 0 582.0
7 TEM-1D gi|8569630|pdb|1ERO|A 100 263 0 0 24 286 1 263 0 541.0
8 TEM-1D Ib|[1ESUIA 99.62 263 1 0 24 286 1 263 0 540.0
9 TEM-1D gi|15988093|pdb|1JTDI|A 99.62 263 1 0 24 286 1 263 0 539.0
10 TEM-1D gi|21465759|pdb|1JWVIA 99.62 263 1 0 24 286 1 263 0 539.0

FIG 3 Graphical user interface of the structural information. The database incorporates primary sequences of B-lactamases. These sequences have greater
similarities with the available nonredundant three-dimensional structures in the structure database. This snapshot presents the closest structure of TEM-1D
as an example in the external PDB database.
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A MIC data for "TEM%"

Number of results:

o Get the csv of all the physiological data linked to those B-lactamases

# Protein Name Antibiotics Without Bla MIC (ug/ml) With Bla MIC (pg/ml) Fold
1 TEM-116 Cefotaxime 0.0625 32 512
2 TEM-116 Imipenem 0.0625 0.125 2

3 TEM-116 Cefoxitin 2 2 1

4 TEM-116 Ampicillin 4 256 64

5 TEM-116 Aztreonam 0.0625 32 512

B Kinetic data for "TEM%"

Number of results: €11

e Get the csv of all those kinetic data

# Protein Name Antibiotic keat (s1) Km (uM) Kcat/Km
1 TEM-109 Amoxicillin 6613 1551 4

2 TEM-109 Benzylpenicillin 17112 20+2 8

3 TEM-109 Aztreonam 3815 130115 0.3

4 TEM-109 Cefuroxime 22+3 937 0.2

5 TEM-109 Ticarcillin 42+2 142 3

FIG 4 Graphical user interface of functional profile. (A) MIC (without and with Bla, along with fold change between them). (B) Enzymatic activity of p-lactamases
with their corresponding B-lactam antibiotic, in the form of k., K, and k_,/K,, values.

mation on B-lactamases to complement and to assist in the growth of its study. The
current database incorporates compiled data from existing resources, such as pub-
lished literature and public domain databases, and analyzes the data for meaningful
information. For the collection and processing of biological information, a set of 1,147
amino acid sequences was selected. A total of 54.05% sequences belonged to class A,
15.17% to class B, 13.17% to class C, and 17.61% to class D. Because of unpublished
articles/data and a lack of information in the literature, we were unable to get
experimental data on all enzymes. Therefore, the present version of the database offers
a lesser number of functional profiles (MICs and kinetic parameters) compared to the
1,147 sets of B-lactamases.

The B-lactamase enzyme has a crucial role in B-lactam antibiotic resistance. There is
an urgent need to understand the roles and mechanisms of enzymes in antibiotic
resistance, especially in B-lactam resistance. The B-lactamase databases developed
previously compiled information which was insufficient to understand their evolution-
ary relations and their functional or structural information. The Antibiotic Resistance
Genes Online (ARGO) (12), ARDB (8), CBMAR (7), CARD (10), BLAD (11), and Antibiotic
Resistance Gene-ANNOTation (ARG-ANNOT) (13) databases are popular antibiotic re-
sistance databases. These databases cover many aspects of B-lactamase enzymes, such
as sequence information, subfamily phylogenetic trees, protein sequences, nucleotide
sequences, and mutational information. However, these databases lack functional

May 2019 Volume 63 Issue 5 e02319-18 aacasm.org 5
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Phylogenetic Tree for B-lactamases class A

Legend:

Each column in the heatmap, next to the tree, represent an antibiotic.
A green case stand for "Sensitive to the antibiotic”

A case stand for "Uncertain resistance to the antibiotic”

A red case stand for "Resistant to the antibiotic”

A black case represent an absence of data

Those trees (except the circular one) were made using iTOL (Interactive Tree Of Life), an online tool for the display, annotation and management of phylogenetic

trees.
You can download each tree in the format of your choice.
If you want to display the heatmap, you have to download the dataset file and log in to ITOL.

Then, once the tree is open in iTOL, simply click and drag the dataset file on the tree. For more information, visit the help section.

Citations: Letunic and Bork (2006) Bioinformatics 23(1):127-5 and Letunic and Bork (2011) Nucleic Acids Res doi: 10.1083/nar/gkr201

Download the tree in Newick format

) oad the tree in Nexus format ¢
Jo ad the tree in phyloXML format

Download Links

(e}

ad the dataset file for the tree

Click on any thumbnail to see an enlarged view.

Circular Tree

FIG 5 Graphical user interface of a phylogenetic tree. The tree describes the evolutionary relation among B-lactamases at an intraclass scale.

information (MICs and kinetic parameters), large-scale phylogenetic trees of molecular
classes, and all possible homologous enzymes or protein 3D structures. The phyloge-
netic trees provided in the database described here will help researchers in the
identification of the closest enzymes and functional profiles providing hydrolyzing
properties.

Because of the huge diversity of B-lactamase enzymes and rapid identification of
novel enzymes from different environments, this database aims at becoming
the first index of all available information on the topic and will continue to be
updated over time. Future efforts will also strive to include all the diversity of
B-lactamase enzymes present in the environmental and human microbiome, as well
as newly reported B-lactamases. Currently, this database contains only protein 3D
structure IDs and their similarities with the core input set of query sequences.
Therefore, we will incorporate three-dimensional coordinate values in the future
version.

In conclusion, the current database is an online database for studying B-lactam
resistance enzymes. This database contains comprehensive information, and research-
ers can use and/or share the contents of the database without any restriction. The
current database is the first substantial effort to integrate sequences, structures,
functions, and phylogenetic trees of B-lactamases. Because of the primary amino acid
sequences, structures, phylogenetic trees, and functional information, the present
database is different from other existing databases, making it a useful resource for
researchers. With the vast amount of sequences and three-dimensional structural data
becoming available, future improvements of the current database will focus on ex-
panding available information. With this release, we are committed to being proactive
in understanding the needs of all our users and will provide a continuously updated
version of this database.
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Data Collection and Processing

Selection of enzymes
and B-lactam antibiotic

——1
e

NCBI PubMed E> Literatu E> Collection of Collection of
-re relevant MIC (with relevant Kinetic
1 and without B- values (K., Ky

lactamase) and K_.,/Ky,)

| ]
A 4

[ Data validation ]

MySql
Database

Model

PHP / Zend ‘

[ Search Module ]

Web Interface ” [ Browse Module ]

View Tools and Download
Module

Controller

Antimicrobial Agents and Chemotherapy

3-D Structure
(PDB)

FIG 6 Database scheme. This figure explains the data collection steps and literature review, followed by the methods used to retrieve information.

MATERIALS AND METHODS

Data collection and analysis. (i) Input sequences and classification. A total of 1,147 amino acid
sequences of B-lactamase were downloaded from the ARG-ANNOT database (13). These sequences were
then classified into the four Ambler molecular classes. Classes A, B, C, and D include totals of 620, 174,
151, and 202 sequences, respectively.

(ii) Phylogenetic tree construction. All amino acid sequences of each class were aligned through
the MUSCLE algorithm (14), followed by truncation of poor alignment regions by the trimAl program (15).
Subsequently, the phylogenetic tree was constructed in FastTree (16) with the approximate maximum-
likelihood method. FigTree-v1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/) was used for visualization of
the phylogenetic tree.

(iii) Three-dimensional structure available in an external database, the Protein Data Bank
(PDB). A total of 81,117 nonredundant three-dimensional protein structures were downloaded from the
PDB database. The total of 1,147 B-lactamase sequences was used as queries and subjected to BLAST
search analysis (17) against the nonredundant structures from the PDB database (18). The protein BLAST
search was accomplished with default settings, and results are available in tabular format in the current
database with significant BLAST hits, structure IDs, identity, alignment regions, expected thresholds, and
bit score.

(iv) Collection of MIC and kinetic data from published literature. The MIC is the lowest
concentration of the antibiotic that inhibits the visible growth of a microorganism after overnight
incubation (5). The available MIC value (with and without B-lactamase) of each enzyme with respective
B-lactam antibiotic composition was collected from the most relevant published literature and followed
by the calculated fold change between them. Here, the meaning of with and without B-lactamases
simply means that composition contains or does not contain B-lactamase along with B-lactam antibi-
otics. Also, the kinetic parameters (k... Ky, and k.,./K,,) were obtained for available antibiotics.

(v) Database design and implementation. The current database is implemented in MySQL 5.6 and
aims at being readily accessible according to different search criteria. The online release of the database
works in all key browsers and is compatible with all operating systems. The web interface was developed
with Zend Framework 2.5 using PHP 5.5 and an Apache 2.4 web server, which runs on Linux (Ubuntu
15.10). Figure 6 depicts the database workflow, which explains the data collection process from
published journal articles and retrieval of information from the web interface.

cat
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