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TSdb (http://tsdb.cbi.pku.edu.cn) is the first manually curated central repository that stores formatted information on the sub-
strates of transporters. In total, 37608 transporters with 15075 substrates from 884 organisms were curated from UniProt func-
tional annotation. A unique feature of TSdb is that all the substrates are mapped to identifiers from the KEGG Ligand com-
pound database. Thus, TSdb links current metabolic pathway schema with compound transporter systems via the shared com-
pounds in the pathways. Furthermore, all the transporter substrates in TSdb are classified according to their biochemical prop-
erties, biological roles and subcellular localizations. In addition to the functional annotation of transporters, extensive com-
pound annotation that includes inhibitor information from the KEGG Ligand and BRENDA databases has been integrated, 
making TSdb a useful source for the discovery of potential inhibitory mechanisms linking transporter substrates and metabolic 
enzymes. User-friendly web interfaces are designed for easy access, query and download of the data. Text and BLAST 
searches against all transporters in the database are provided. We will regularly update the substrate data with evidence from 
new publications. 
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Transporters are often membrane proteins that control the 
exchange of cellular metabolites, drugs, toxins, therapeutic 
drugs and environmental signals [1,2]. Besides their role in 
compound exchange and metabolic flux control, transport-
ers, such as GLUT1, which was found to be associated with 
the Warburg effect and was shown to influence tumorigenic 
features, are regarded as therapeutic targets [2]. The indis-
pensable roles of transporters in fundamental cellular proc-
esses rest with their substrates. Substrates bring nutrition 
and signals and also output metabolic waste to maintain  

metabolic states in cells [1]. However, studying an individ-
ual transporter system is not sufficient to discover the prop-
erties of global organization of transporting systems at the 
cellular level. Crucial questions at the systems level, such as 
how transporters coordinate substrate concentration, which 
types of compounds are more likely to be transported, and 
what the genome scale distribution patterns of the trans-
porter substrates are, need to be addressed. Answers to these 
questions are beyond to identify the relationships between 
transporters and their substrates at the individual level.  

Before the use of mass spectrometry, traditional studies  
of the relationship between transporters and their substrates  
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limit the number of samples that could be tested. High-      
throughput metabolomics based on mass spectrometry  
promises to become a tool that can be used for the compre- 
hensive and quantitative analyses of metabolites on a ge- 
nome scale [3]. However, genome level investigations of  
biological metabolites such as transporter substrates require  
a high quality reference dataset of metabolites. Thus the  
systematic collection, classification and annotation of trans- 
porters and their substrates is an essential first step towards  
the construction of transporter substrate metabolic networks  
and a high-throughput survey of their roles in metabolic  
flux control and the pharmacokinetics of drugs [2,4–8]. 

The existent transporter databases, TCDB (Transporter  
Classification Database), TransporterDB, ABCdb (ATP-      
binding cassette transporters database) and HMTD (Human  
Membrane Transporter Database) were all constructed for  
specific purposes like transporter classification or for com- 
parative studies of transporters in different organisms  
[1,9–12]. Therefore, these databases seldom classify com- 
prehensively the substrate information. In addition, the  
transporter substrate data in these databases are all in free  
text and not mapped to any compound database nor are they  
linked to any of the current pathway databases. Thus, it is  
still difficult to integrate transporters into any metabolic  
pathway schema. A comprehensive and well-annotated da- 
tabase of transporter substrates that maps all the substrates  
to compound identifiers (IDs) from the KEGG Ligand da- 
tabase could be used to link metabolic enzymes and trans- 
porters via their shared compounds. Here, we present the  

first curated transporter substrate database (TSdb) compris- 
ing 37608 transporters with 15075 substrates from 884 or- 
ganisms, all of which are mapped to compound IDs from  
the KEGG Ligand database. TSdb is available for free at the  
following URL: http://tsdb.cbi.pku.edu.cn, thus providing a  
useful resource for biochemists and molecular biologists. 

1  Data source and contents 

As shown in Figure 1, the comprehensive collection and 
mapping of transporter substrates to compound IDs from the 
KEGG Ligand database using the functional annotation 
from UniProt was achieved in four steps: (i) All UniProt 
entries with “transport” as a keyword were collected from 
the UniProt database [13–15]; (ii) functional annotations 
were extracted using the Swissknife module [16]; (iii) the 
annotations were grouped based on their content, allowing 
us to quickly and easily assess if and how the searched en-
tries were related to transporters and providing the means to 
cross-check between different entries; and (iv) if the func-
tional description from UniProt exactly matched a KEGG 
compound name, we assigned the KEGG compound to that 
description. The descriptions with mapped KEGG com-
pounds were read manually to identify the substrates and to 
map them to the compound ID from KEGG Ligand [17,18]. 
The substrate dataset can be classified into several common 
types of compounds: carbohydrates, lipids, peptides, amino 
acid, nucleic acids, vitamins, and hormones. In total, 37608  

 

 

Figure 1  Pipeline for constructing transporter substrate database from UniProt database. 
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transporters with 15075 substrates from 884 organisms were 
collected. For accuracy, we only mapped substrates with 
clear descriptions to KEGG Ligand compound IDs. Trans-
porters with ambiguous description such as “neutral amino 
acid” were included in the transporter dataset, but were not 
mapped to any KEGG compound. In addition to the for-
matted compound information in TSdb, we classified all the 
substrates according to their biochemical properties and bio-
logical functions; for example, enzyme effector, inhibitor, 
cofactor, GPCR ligand, ion ligand, P450 substrate or neuro-
transmitter. 

Next, we retrieved and integrated extensive functional 
information about the transporters and their substrates from 
the public databases GeneRifs [19], UniProt [13,15], 
KEGG-Ligand 44.0 [18,20], BRENDA 7.1 [21], and HPRD 
[22]. For the transporters, protein functional annotation, 
such as subcellular localizations, protein family, gene on-
tology assignments, and known disease association, was 
collected from UniProt. For the transporters, 769 pro-
tein-protein interaction pairs from the BioGRID [23], 
HPRD [22], and BIND [24] databases and 12556 GeneRifs 
entries were also imported. For the substrates, all the en-
zymes and reactions involved in the anabolism and catabo-
lism of the compounds were summarized from KEGG-    
Ligand database. All enzyme inhibitor information was ex-
tracted from the BRENDA database (version 7.1) and or-
ganism-specific inhibitors were recorded using the EC code 
from BRENDA. A semi-automatic method, similar to the 
method described in a previous study [25], was used to 
convert free text inhibitor information to KEGG compound 
IDs. For each enzyme, if the inhibitor description from 
BRENDA exactly matched a KEGG compound name, then 
the KEGG compound was assigned to that description. All 
assigned KEGG compounds were then grouped together by 
their KEGG compound IDs and all the mapping results were 
checked manually. Many man-made inhibitors such as EDTA 
are not produced in vivo. We selected the in vivo enzyme 
products of each organism from the organism-specific in-

hibitors dataset and found 351 transporter substrates that 
were also enzyme inhibitors. This information is useful to 
survey the inhibitory relations between transporter sub-
strates and metabolic enzymes. 

2  Database access and web interface 

TSdb consists of 10 tables that record the transporters, sub-
strates, enzyme inhibitors, gene-gene interactions and other 
functional annotations such as GeneRif. It is designed spe-
cifically to do genome scale queries and comparisons. All 
the data in TSdb are stored in a MySQL relational database, 
which aids the building of custom queries using Structured 
Query Language (SQL). A user-friendly web interface was 
implemented in Perl-CGI, the most widely used server-side 
scripting language and module, running in an Apache envi-
ronment. As shown in Figure 2A, text based searches in-
clude queries for transporters, transporter functional annota-
tions and their substrate counts and contents. As shown in 
Figure 2B, the browser also allows users to browse all the 
substrates in TSdb by hierarchy according to their bio-
chemical properties and biological roles. All the organisms 
and all the substrates in TSdb can also be found using our 
browser. Sequence-based BLAST searches are provided to 
identify similar sequences in TSdb (Figure 2D). All trans-
porter-substrate pairs with UniProt Accession Numbers and 
KEGG Ligand IDs can be free downloaded as tab separated 
files. Transporter and substrate pages display the main da-
tabase information. The transporter pages show basic infor-
mation about the substrates and all the metabolic enzymes 
inhibited by the substrates (Figure 2C) and integrate exten-
sive functional annotations such as GeneRif, SwissProt key-
words and gene-gene interactions. Cross-referenced links to 
external database, including Entrez Gene, KEGG Ligand, 
and PubMed, are also provided. In the substrate pages, the 
enzymes are summarized and the reactions that produce and 
consume the substrates are listed, forming a useful link be- 

 

 

Figure 2  Web interface of TSdb. A, Query interface for text search. B, Data browser by biochemical properties and biological roles of transporter sub-
strates. C, The mapped transporter substrate contents in each transporter page. D, Blast interface for sequence search against all transporters in TSdb. 
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tween transporter systems and metabolic enzymes. In addi-
tion, cross-referenced links to KEGG Ligand, ChEBI and 
CAS databases are available. 

3  Applications 

A preliminary analysis of some of the data in TSdb has re-
vealed interesting findings. For instance, 1082 of the trans-
porter substrates are enzyme inhibitors; this may be a con-
sequence of the central role of the substrates in the control 
of metabolic flux and metabolic regulation. In addition, we 
found a total of 761 gene-gene interaction pairs that are re-
lated to transporters in humans, thus linking compound 
metabolic networks and gene-gene interaction networks. 
Because all the substrates of our database are mapped to 
KEGG Ligand compound IDs, it is easy to map all the sub-
strates in an organism to KEGG pathways and, via their 
shared substrates, to connect all the metabolic enzymes with 
transporter systems on a genome scale. All the transporter 
substrates in humans were mapped to KEGG pathways and 
all of them were connected to enzymes as shown in Figure 3. 

4  Future perspectives 

TSdb is the first high-quality resource of transporters and 
transporter substrates mapped to KEGG Ligand compound 
IDs. With summarized annotation and links that connect the 
transporters with metabolic enzymes via their shared com-
pounds, the database will contribute significantly to the 
study of transporter systems. Our formatted database will 
also be useful for the comparison of transporter substrates in 
different organisms at the genome level. We are continuing 
to map and integrate substrate information from newly pub-
lished literature into TSdb.  

The comprehensive and formatted information on trans-
porter substrates in TSdb will be useful for understanding 
the roles of transporters and their substrates in broader mo-
lecular networks. In addition to the on-going data curation 
from the literature and the integration of other trans-
porter-related databases, we are also planning the construc-
tion of a metabolic network of transporter substrates in 
mammals which will emphasize their regulatory roles in 
nutrition and enzyme inhibition. 
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