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ABSTRACT

Noncanonical nucleic acid structures, such as G-
quadruplex (G4) and i-Motif (iM), have attracted in-
creasing research interests because of their unique
structural and binding properties, as well as their im-
portant biological activities. To date, thousands of
small molecules that bind to varying G4/iM struc-
tures have been designed, synthesized and tested for
diverse chemical and biological uses. Because of the
huge potential and increasing research interests on
G4-targeting ligands, we launched the first G4 ligand
database G4LDB in 2013. Here, we report a new ver-
sion, termed G4LDB 2.2 (http://www.g4ldb.com), with
upgrades in both content and function. Currently,
G4LDB2.2 contains >3200 G4/iM ligands, ∼28 500
activity entries and 79 G4–ligand docking models.
In addition to G4 ligand library, we have also added
a brand new iM ligand library to G4LDB 2.2, pro-
viding a comprehensive view of quadruplex nucleic
acids. To further enhance user experience, we have
also redesigned the user interface and optimized the
database structure and retrieval mechanism. With
these improvements, we anticipate that G4LDB 2.2
will serve as a comprehensive resource and useful
research toolkit for researchers across wide scien-
tific communities and accelerate discovering and val-
idating better binders and drug candidates.

INTRODUCTION

Past decades have witnessed tremendous research interests
in biologically important noncanonical (non-B) nucleic acid
structures, such as G-quadruplex (G4) and i-Motif (iM),
because of their unique structural features and potential
biological activities (1–3). G4s are a class of unique nu-
cleic acid structures composed of stacked ‘G-quartets’ (4–6)
that comprise a planar arrangement of four guanines stabi-
lized by Hoogsteen hydrogen bonding. They have received
increasing attention since the pioneering studies from the
Blackburn, Sundquist and Cech groups in the late 1980s (7–
9). It has been discovered that the formation of G4 is preva-
lent in the human genome and is liable for various biologi-
cal functions, ranging from transcription (10–13), to trans-
lation (14,15) and to cell aging (16–18). Therefore, many
G4s are closely related to diseases, such as cancer (19), di-
abetes, (20,21) and neurodegenerative disease (22,23). First
discovered by Gehring et al. (24), iMs are another class of
cytosine-rich quadruplex nucleic acid structures that have
been found to play important physiological functions in
multiple key genomic regions, including telomeres, proto-
oncogene promoters and HIV proviral genomes (25–29).

Because of their critical physiological functions, G4
and iM are naturally ideal targets for drug development.
Numerous small molecules have been designed to recog-
nize, regulate and probe G4/iM in living cells and/or in
vivo. Remarkably, many G4/iM ligands have shown sig-
nificant biological activities, including the regulation of
oncogene expression (30–32), the inhibition of telomeres
extension (33) and the induction of cancer cell senes-
cence and apoptosis (16,18). For example, BRACO-19 is
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a well-characterized potent and selective ligand target-
ing telomeric G4, demonstrating in vivo anti-tumor effect
on mice bearing vulval carcinoma (34). NSC309874 (a
benzothiophene-2-carboxamide derivative) is a PDGFR-
� i-Motif-interactive compound that was found to down-
regulate PDGFR-� promoter activity in the neuroblastoma
cell line SK-N-SH (35). Some ligands have already entered
the stage of clinical trials. For example, a G4 stabilizer CX-
5461 is currently in the Phase I/II clinical trials for treat-
ing advanced cancers bearing BRCA1/2 deficiencies (36).
To date, thousands of G4/iM ligands have been developed
and this pool of ligands is expected to keep increasing given
the current trend of research.

Given the structural and biological importance of non-
B nucleic acid structures, several powerful databases have
been launched, including QuadBase2 (37), NALDB (38)
and G4IPDB (39), with focuses on nucleic acid topological
structures, ligands and binding proteins, respectively. Given
the huge potential and increasing research interests in G4-
targeting ligands, we have previously built the first exclu-
sive G4 ligand database G4LDB in 2013 (40). G4LDB col-
lected 1105 G4 ligands with 4751 activity records. It also
contained an online tool for ligand design and the real-time
prediction of binding affinity, offering a convenient way for
accelerating ligand discovery. However, since the initial pub-
lication of G4LDB, tremendous research efforts have been
made for discovering new G4 ligands, for improved the un-
derstanding of G4–ligand interactions and subsequent bi-
ological impact, as well as for exploring their therapeutic
applications (41). Therefore, the first edition of G4LDB no
longer meets the current need in G4 research. Beyond G4
ligand database, the discovery of iM in vivo (42), as well
as the growing research interests in finding iM ligands for
therapeutic and regulatory uses (43) also demands a ligand
database for iMs, which is currently unavailable.

Herein, we release a new version of G4LDB, termed
G4LDB 2.2 (http://www.g4ldb.com). G4LDB 2.2 includes
over 3000 G4 and iM ligands and 28 500 activity entries.
It also features redesigned database structure, upgraded re-
trieval mechanism, as well as enhanced web architecture
and user-interface. With these advancements, we believe
G4LDB 2.2 will not only offer comprehensive information
and analyses on existing quadruplex nucleic acid ligands but
also facilitate the research and development of new binders
and drug candidates.

MATERIALS AND METHODS

Data acquisition

Structures of ligands. Structures of ligands were created
by MolView (www.molview.org) (44) based on the descrip-
tions in the literature. The structure descriptors of lig-
ands (isomeric or canonical SMILES strings) were gath-
ered from the NCBI PubChem database (45) or generated
by MolView. Molecular identities and descriptors, includ-
ing PubChem compound ID (CID), IUPAC name and syn-
onyms were gathered from PubChem. Other molecular de-
scriptors, including formula, molecular weight, number of
H-bond donors (HBD count), number of H-bond accep-
tors (HBA count), Alogp (Ghose-Crippen-Viswanadhan

octanol-water partition coefficient) and molecular solubil-
ity, were gathered from PubChem or computed by Discov-
ery Studio 2.5 (Accelerys, San Diego, CA, USA). The G4–
ligand complex information was obtained from the RCSB
Protein Data Bank (PDB) (46).

Structure searching tool. Molecular structures can be
drawn directly using the graphical user interface of Ketcher
2.0 (47) (EPAM, Newtown, PA, USA) embedded in web
pages. Based on the Indigo toolkit (EPAM, Newtown, PA,
USA), three searching modes of structures were provided,
including exact, substructure and similarity match. The
similarity between the user-designed structure and ligands
in the database could be quantified by three algorithms, in-
cluding Tanimoto, Tversky and Euclid-sub. All thresholds
for the similarity retrieval were set as 0.8.

Data of activities. The activity data of G4/iM ligands were
collected from the literature. A three-level classification for
ligand activity information was employed for quick data lo-
cating. Activity 1 was designed to the level of ligand func-
tion, which is divided into four categories, including inter-
molecular interaction, biological activity at the molecular
level, activity at the cellular level and in vivo activity. Ac-
tivity 2 was designed to be divided based on the specific
structural (e.g. stabilization and structural regulation) or bi-
ological (e.g. gene expression and cytotoxicity) function of
ligands. This level of activity categories was further divided
based on detailed experimental Materials and Methods (e.g.
UV-Vis, NMR, TRAP assay and MTT assay). Brief descrip-
tions of experimental conditions for activity data were also
recorded in the Comments field to offer methodology infor-
mation.

Docking models information. The G4–ligand complex
structures and binding characteristics were obtained from
PDB (46). All of the structures were processed and prepared
to construct docking models by AutoDockTools 1.5.6 (48).

System data updates. New data related to G4/iM ligands
will be updated semi-annually (usually in January and Au-
gust).

Molecular visualization

G4LDB 2.2 can display a series of molecular visualization
effects. The 2D structure for each ligand is generated by
Ketcher 2.0, and the 3D structure is presented by the web-
embedded JSmol applet (49). The docking models and the
predicted results are also displayed by the JSmol applet. A
display control panel is provided for choosing calculated
modes and adjusting display styles.

Online docking

To prepare docking models of G-quadruplex, 3D struc-
tures of 79 ligand/G-quadruplex complexes recorded in the
PDB (from 1994 to 2021) were retrieved. G4LDB 2.2 on-
line docking proceeded in three steps. The first step was
to prepare the receptor. Ligands were first removed from
the docking models by PyMOL 2.4.0 (Schrodinger) to leave
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receptors with empty binding pockets defined as the grid
boxes. Gasteiger partial charges and hydrogens were then
assigned to the atoms in each receptor by AutoDockTools
1.5.6. The binding site coordinate and the gird box size
were set according to the original data in the PDB. De-
tailed information of the binding site for each model was
listed in Supplementary Table S1. The second step requires
a user to design and input a customized ligand. The 2D
structure of a user-designed ligand will be input online by
the Ketcher applet. It will then be converted into a 3D struc-
ture and undergone geometry optimization to produce the
initial ligand structure. The 2D to 3D transformation, ge-
ometry optimization and molecular format transformation
will be performed using OpenBabel 3.1.1 (50) and Raccoon
1.0b (51) at the server end. In the last step, the chosen re-
ceptor and the processed ligand will be docked online by
Autodock Vina 1.1.2 (52). All parameters have been set as
default. When searching the conformational and orienta-
tional spaces of a structurally flexible ligand with fully ro-
tatable bonds, the structure of the G-quadruplex was kept
rigid. For each docking evaluation, at least 20 independent
runs were performed to evaluate different ligand poses. Sev-
eral most favorable poses (default value is 1) were dumped
into the result file.

Database server implementation

G4LDB 2.2 has been installed on Spring Cloud server
workstations. A Nginx 1.17.10 server has been used as the
webserver platform. The website has been built with Vue Js
2. The PostgreSQL 9.6 relational database management sys-
tem was employed to organize, manage and store data. The
graphic chemical editor Ketcher 2.0 was used to build inter-
active web interfaces. The structure matching and molec-
ular similarity prediction was accomplished by the Indigo
toolkit. JSmol applets was embedded in the interface to ren-
der 3D structures of ligands and complexes. G4LDB 2.2 site
is best viewed by Google Chrome.

RESULTS

Overview of G4LDB 2.2

G4LDB 2.2 is the latest version of the quadruplex nucleic
acid ligand database. It aims to provide a comprehensive
collection of small molecular ligands for G4 and iM with
detailed physical/chemical information and biological ac-
tivities. It also provides an online ligand design module al-
lowing the prediction of ligand binding affinity, as well as
ligand–receptor docking in real-time.

Comparing to the previous version of G4LDB, a series of
updates and improvements have been made in both content
and function. The latest version of the database includes
3099 G4 ligands and corresponding complex and activity
records. A brand new iM ligand library was also built for
the first time, including 110 ligands and corresponding ac-
tivity records. Particularly, the number of cellular activity
entries increased from 1691 to 8096, and 351 in vivo activi-
ties were included for the first time. A detailed comparison
between G4LDB and G4LDB 2.2 was shown in Table 1. Be-
cause of the drastic increase in the amount of both ligands

Table 1. The comparison between G4LDB and G4LDB 2.2.

G4LDB G4LDB 2.2

Data capacity G4 ligands 1105 3099
G4–ligand complexes 0 44
G4 ligand activities 4751 27807
iM ligands 0 110
iM ligand activities 0 883

Activity statistics Molecular interaction 1955 18595
Biological activity in
molecular level

1105 1642

Biological activity in
cellular level

1691 8096

Biological activity in vivo
level

0 357

Docking G4 models 28 79

and activities, we have also introduced a new retrieval mech-
anism and advanced searching engineer to improve the data
accessibility. To also improve compatibility, JavaScript plu-
gins were used to replace the previous JAVA ones. A brand-
new user interface was also introduced.

Updated database content

Data in G4LDB 2.2 are continuously updated. The up-
dated information includes new ligands/complexes, actives
and docking models. Comparing to the previous version re-
leased in 2013, G4LDB 2.2 has included >1900 new G4 lig-
ands and a new iM ligand library. It has also collected 44 re-
ported G4–ligand complexes based on the data in the PDB.
Detailed information on the complexes was listed in Supple-
mentary Table S2. Docking models have also been enlarged
from 28 to 79.

To accommodate the massive growth in data and to sat-
isfy diversified needs of users, we have also improved the
database structure. Molecular descriptors from PubChem,
including PubChemCID, IUPAC name, SMILES string,
formula, molecular weight (Mw) and synonyms, have been
included for available ligands. An external hyperlink for
each ligand to PubChem has also been added. Typically,
the formula and Mw of ligands do not include coordinated
ions or salts in G4LDB 2.2. However, in the case of metal
complexes, the coordinated ions have been included in the
formula and Mw.

We have also redesigned the ligand activity table to facil-
itate better search and browse of the critical information.
A three-level-classification of activity was applied for quick
data locating. Sequence information was also enriched by
adding Sequence name found in the literature and Nucleic
acid type (DNA/RNA). Given that ligands may occasion-
ally demonstrate varied activities in the presence of different
counter ions, we have also combined counter ion informa-
tion in the ligand activity table. Detailed experimental con-
ditions have also been collected and presented in the com-
ments field.

Updated database function

Comparing to the previous version, G4LDB 2.2 provides
more utility functions to better facilitate users for searching,
browsing, retrieving, analyzing and exporting interested in-
formation.
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Figure 1. Two new modules on the main page. (A) Latest entries module demonstrates 6 star G4/iM ligands periodically. (B) News module displays latest
significant progresses in the G4/iM ligand research field monthly.

The main page. Two new modules, Latestentries and
News, have been included for the first time (Figure 1). Six
selected newly published ligands are displayed in the Lates-
tentries column periodically with information including the
ligand structures and/or binding complexes, brief introduc-
tions of activity and the external hyperlinks to references.
By clicking the ligand ID, users can access to the detailed
information of the ligand. News column displays latest pro-
gresses in the G4/iM ligand research field and important
updates about the database at a frequency of each month.

The search module. In G4LDB 2.2, fuzzy search and ad-
vanced search can both be applied according to the specific
needs of users (Figure 2). The retrieval operation can be
performed by simply inputting any key words in the search
box on the main page (Figure 2A), or using the advanced
search module that is further divided into Ligand Search
and Structure Search. There are three ways to access to the
advanced search module, including using the hyperlink un-
der the fuzzy search box, clicking the Advanced Search icon
on the main page or using the Search menu on the naviga-
tion bar at the top of the pages (Figure 2A).

On the Ligand Search page (Figure 2B), multiple search
conditions, including quadruplex type (G4 and/or iM), lig-
and descriptors, nucleic acid sequence, reference informa-
tion, ligand property and ligand activity, can be combined
with AND/OR logical relationship to retrieve the inter-
ested entries. Particularly, we have enhanced the sequence
search function (Figure 2C) so that users are able to search
nucleic acid targets with exact or upstream/downstream-
extended sequence information. It also allows the search for
sequences with a few (no >10) mutant bases. To allow more
flexible search, symbols for uncertain nucleic acid bases are
also supported, such as‘N’ presents A, T, C or G while ‘R’
presents only A or G.

The StructureSearch module provides a convenient ap-
proach to retrieve ligand information according to 2D
molecular or fragment structures (Figure 2D). Several ac-
quisition methods and search patterns have been provided

for the structure search. Users can build a retrieval molecule
in three ways, including drawing and editing a structure di-
rectly in the Drawing window, inputting a SMILES string
or uploading a molecular file. The supported file formats
include mol, rxn, smi, smiles, cxsmi, cxsmiles, smarts, inchi
and mrv. The detailed instruction can be found by click-
ing the question mark. There are three modes for structure-
based querying, including Exact, Sub Structures and Sim-
ilarity match. For searching similar structures, three algo-
rithms, including Tanimoto, Tversky and Euclid-sub, can
be chosen to achieve better matches.

The browse module. In G4LDB 2.2, the browse function
is integrated in the SearchResult page (Figure 3A). Sev-
eral new functions have been introduced. A sidebar was de-
signed to display the number of retrieved entries and the
search conditions. Eligible entries are listed in the right col-
umn with three modes, including Ligand, Activity and Se-
quence. Users can easily switch the mode of listing to browse
specific summary of information on entries (Figure 3B). To
facilitate the quick location of desired information, entries
can be ranked in several different ways in different listing
modes (Figure 3B). For example, entries can be sorted by
Ligand ID, PubChem CID, Mw or First reported year in the
ligand listing mode. They could also be ranked by Activity,
Value, Ligand ID or Publication year in the activity mode.
In the ligand listing modes, up to three entries (if available)
matching the name and synonyms fields via fuzzy search
would be recommended on the top of the page (Figure 3C).
This function may better facilitate users to find desired re-
sults. Users can also use the SimilarStructuresSearch button
under each ligand to expand their browse (Figure 3D). The
refine function has also been integrated into the sidebar to
help narrow down the search results. The refine conditions
vary with different listing modes automatically. G4 ligands
with or without target–ligand complex information can be
screened in the ligand listing mode, while entries with DNA
or RNA sequences can be filtered in the sequence and ac-
tivity listing modes. Furthermore, the Export and Analysis
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Figure 2. Two search ways in G4LDB 2.2. (A) Entries of the fuzzy search (yellow dashed box) and advanced search (orange dashed boxes) on the main
page. (B) The ligand search module allows combining multiple types of conditions with AND/OR logical relationship. (C) Enhanced sequence search
condition. (D) The structure search module provides three ways to build a retrieval molecule (red arrows) and three matching modes (purple box).

functions have been added. Entries can be selected individ-
ually or in bulk for subsequent exporting or statistical anal-
ysis. The export options have also been customized with the
listing mode.

The LigandDetail page has also been reorganized in the
latest version of the database (Figure 4). Detailed informa-
tion on ligand structure, property and activity have been
separated by tabs. 2D and simulated 3D structures (if avail-
able) of ligands are displayed in the Structure tab (Figure
4A), accompanied by ligand identity information, includ-
ing the Name in the reference, IUPAC Name (if available),
SMILES, PubChem CID (if available) and synonyms (if
available). External hyperlinks to the PubChem database
have also been added to provide source information about
ligands. The physicochemical properties of ligands includ-
ing formula, Mw, HBD and HBA count, AlogP and molec-
ular solubility are provided in the Properties tab line by line
(Figure 4B). The activity table has been reorganized (Figure
4C), in which target sequences (with name and type if avail-
able) and counter ions (if available) have been added. Ref-
erence information has also been supplemented by adding
author names, journal of publication, year of publication
and DOI. Hyperlinks have been added to Sequence, Ac-
tivity 1, Activity 2, Methods and DOI for quick extended

search. Moreover, complex information available for some
ligands has been added as an independent tab (Figure 4D).
Detailed information on receptor–ligand complex, includ-
ing reference, receptor sequence, released date and a hyper-
link to the PBD have been provided. The complexes can also
be used directly as docking models.

The docking module. Comparing to the previous version,
the docking module of G4LDB 2.2 has been enhanced by
greater number of available models, more flexible ligand
design and faster calculation. Molecular dynamics dock-
ing is highly empirical. As a result, automatic docking
tools may lead to unreliable prediction results. To achieve
more reliable prediction, we prepared 79 models from the
PDB database, each of which contains a high-resolution 3D
structure and experimentally confirmed binding sites. In-
structions and warnings have also been added for guiding
the better selection of docking models/sites and for eval-
uating the docking results. In the current version of the
database, the docking process has been optimized as a 4-
step process.

• Step 1 is to choose an appropriate docking model. Sim-
ilar to the search result page, the docking model browse
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Figure 3. (A) Redesigned search result page. The sidebar displays the number of retrieved entries and the search conditions (red arrows), and integrates
refine function (purple box). (B) Eligible entries are listed with three modes, including Ligand, Activity and Sequence, and each mode provides unique
summary information and rank options. (C) Recommend entries matching the name and synonyms fields (if available) would be presented at the top of
the page. (D) The similar structure search function.
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Figure 4. The ligand detail page. Detailed information on a ligand is separated by tabs, including structure (A), properties (B), activities and receptor–ligand
complex. (C) The reorganized activity information table. (D) The complex information table.

page has been integrated with the refine and rank func-
tions. Detailed information on models has been pro-
vided, including complex description, receptor/ligand
properties and binding site/gridbox. The 3D structures
of models have been embedded in the page by the JS-
mol applet 3D visualization tools, allowing users to ro-
tate and zoom in/out the complexes. Hyperlinks to PDB
ID, ligand ID and PubChem CID have also been pro-

vided for extra information about the complexes and
the ligands (Figure 5A). Seventy-nine models are in-
cluded in the current version and will be updated fre-
quently. For models having multiple binding sites, users
have the option to choose different sites as needed.
The corresponding binding modes and gridboxes would
be presented automatically associated with the chosen
site. In the current version, we have only provided fixed
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Figure 5. (A) The detailed information for docking models. For models with multiple binding sites, different binding gridboxes and binding modes would
be presented associated with the chosen site selected in the drop-down menu. (B) The prediction result page.

gridbox coordinates and rigid docking algorithm. Cus-
tomized gridbox setting and more complex algorithms
(such as semi-flexible docking) would be supplied in the
future.

• Step 2 is to design a ligand. Users have the option to
build a ligand molecule online, or directly load an exist-
ing ligand in the database. The original ligand for a cho-
sen docking model is also presented for help evaluate the
reliability of the chosen model. In order to improve the
accuracy of the prediction, multiple preferred conforma-
tions can be calculated in one docking job in the latest
version.

• Step 3 is to confirm and submit a job. By doing so, the
process of molecular docking, binding evaluation and re-
sults extraction will be automatically carried out at the
server end. The docking job typically takes 1–2 min.
Given that some docking jobs would take a longer time,
users have the option to leave email addresses and a no-
tification message will be sent when the job is done. Both
the original model and the predicted binding modes, as
well as molecular interactions are rendered directly by
the JSmol applet 3D visualization tools in step 4 for bet-
ter observation and comparation. The predicted affinity
of G4–ligand complex is presented in the resulting table
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and the structure is downloadable in the format of pdbqt,
pdb and mol2 (Figure 5B). To confirm the docking result
is reliable, the value of the calculated docking free energy
would be checked automatically. There would be a warn-
ing to inform users if the calculated free energy is positive.

The feedback module. G4LDB 2.2 provides a feedback
module for users to submit any suggestion and correction
about the database. Users can contact us by email or via
the newly designed feedback page. A feedback hyperlink has
been added at the bottom of the main page and a Feedback
button has been added on the detail page for any ligand.
The ligand ID would be recorded automatically and be dis-
played on the title of the feedback page when users submit
suggestions or corrections for a specific ligand.

Database and web server architecture

The website was completely rebuilt with Vue.js for bet-
ter stability. The PostgreSQL 9.6 relational database man-
agement system is employed to organize, manage and
store data. To improve the security and compatibility, the
JavaScript is used instead of the previously used Java plug-
ins. Moreover, the user interface was also re-constructed to
improve user experience.

DISCUSSION

With a series of much expanded resources and newly
added functions, G4LDB 2.2 offers a highly convenient
platform for the design and discovery of G4/iM-targeting
ligands/drugs. Using the examples below, we illustrate some
of the key applications of G4LDB 2.2.

Browsing G4/iM ligands and checking information for a cer-
tain ligand

Currently, G4LDB 2.2 collects >3000 G4 ligands and 100
iM ligands. By clicking the Browse menu of the navigation
bar, users can browse all G4/iM ligands on the search re-
sult page. By clicking the ligand ID or View detail button,
the page with detailed information would pop up. Users
have the option to visit the structural, property, activity
and G4–ligand complex (if available) information for the
selected ligand by clicking the corresponding tabs. Taking a
well-established G4 ligand, TMPyP4, as an example, users
can access its 2D/3D structure, the physicochemical proper-
ties, as well as >550 records of activities summarized from
>60 literature. The comprehensive information offered by
G4LDB 2.2 reflects the discovery and development track of
TMPyP4 in the past 20 years. Users can also retrieve four
G4–TMPyP4 complexes in the Receptor–Ligand Complex
tab page. The 3D structure and related literatures of the
complexes are provided, as well as hyperlinks to PDB. Users
can choose one complex as the model to perform docking
calculations via the DOCKING button.

Retrieving specific information and establishing statistical re-
lationships between search results

G4LDB 2.2 provides two types of search modules: fuzzy
search and advanced search. Taking the human telom-
ere 22 nt sequence AGGGTTAGGGTTAGGGTTAGGG

(hTel22) as an example, all entries related to the sequence
would be returned upon inputting the sequence in the search
box of the main page. The result includes entries related
to 63 sequences. More accurate/specific retrieval can be
achieved using the advanced search function. By clicking
the hyperlink under the search box, users will reach the page
of ligand search. By further clicking the Add Row button
→ choosing the Sequence condition → typing the sequence
into the search box → clicking the Search button, users
will find the specific information related only to the exact
sequence. Users may also expand their exploration by us-
ing upstream/downstream-extended or mismatch options.
For example, by checking the Upstream box in the last step,
entries related to 32 sequences would be returned. The re-
sult can be further refined by checking the 24 nt sequence
TTAGGGTTAGGGTTAGGGTTAGGG (hTel24) on the
sidebar and clicking Refine button. In this way, users can
easily change the retrieve object from hTel22 to hTel24.

Having performed the search function, users can further
analyze the search results based on the year of publication,
Mw, HBD/HBA count, AlogP or molecular solubility us-
ing the analysis function. For example, once the search re-
sults for hTel24 related ligands, users can find the distri-
bution of publications over the years for the 152 retrieved
ligands by clicking the Analysis button → All records →
ANALYSIS. Similar distributions of these 152 ligands as a
function of Mw, HBD/HBA count, AlogP and molecular
solubility can also be achieved by selecting the correspond-
ing function in the menu. All analysis results can be down-
loaded as images or CSV files.

Designing small molecular ligands and predicting molecular
interactions between small molecules and G-quadruplexes

Docking module is an important part of G4LDB, which
can predict binding strength of newly designed ligands on-
line. This module incorporated 79 docking models, cover-
ing nearly all known binding modes reported in the PDB
database.

Here we take a docking job based on the model 2MS6 as
an example to illustrate the docking function. On the page
of docking, detailed information of all 79 models is listed.
2MS6 with its original ligand Quercetin (G4L7849) can be
found by browsing the listed models or search its name at
the sidebar. As 2MS6 contains two different binding sites,
the users have the option to choose the specific binding site
by checking the dropdown menu of the Site function (Fig-
ure 5A). The site 1 corresponds to the ligand end-stacks on
one end of the G4 receptor, whereas site 2 corresponds to ex-
ternal interaction. Once choosing the model and site, users
can process to the next step by clicking Next step button. In
this step, users can either draw a ligand from scratch or im-
port an existing ligand from the database. Here we demon-
strate the design of a ligand based on the original ligand
Quercetin in the model. This can be achieved by following
G4LDB Ligand → inputting ligand ID 7849 → DRAW
button. Both the structure and SMILES string of the ligand
G4L7849 would be loaded. Upon following Draw Ligand
→ DRAW SMILES button, users can further customize
the ligand through free modification. By following EX-
PORT SMILES → inputting Job Description → inputting
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Number Modes → Next Step button, users can preview
the calculation job, check the docking model and the bind-
ing site, and compare the structural difference between the
original ligand and designed ones. The docking job usually
takes 1–2 min, which is much faster than that in the previ-
ous version of the database. Both the original model and the
predicted binding modes are presented and a display control
panel is provided for choosing the calculated modes and ad-
justing display styles (Figure 5B).

Building quantitative structure–activity relationship models
based on selected activity

The quantitative structure–activity relationship (QSAR)
approach is an essential part of drug development. Our
G4LDB 2.2 serves as an ideal source for building predic-
tive QSAR models. In the latest version, the updated refine
and export function makes it much easier to acquire rela-
tionships between ligands and selected activities.

Here we use berberine derivates and their abilities to sta-
bilize G4 measured by Circular Dichroism (CD) as an ex-
ample to illustrate the QSAR application. First, on the Lig-
and Search page, users can find berberine (G4L1014) by
using combined search condition, Target structure as G-
quadruplex and Name as Berberine. By following the Sim-
ilar Structures Search button → Turn to list button, one
can retrieve all berberine derivates in the database. By fur-
ther refining the Ligand type as G-quadruplex, Ligand ac-
tivity 2 as Stabilization, and Method as Circular Dichroism
(CD), 7 interested G4 ligands would be returned. By fol-
lowing Export button → Records from 1 to 7 → Ligand
ID and SMILES → EXPORT, users can export a CSV file
containing all the ligands with structure information. An-
other file containing the activity information can also be
obtained by following the Activity listing mode → Export
button → Records from 1 to 16 → Ligand ID, Sequence,
Activity 1, Activity 2, Method and Value → EXPORT. The
QSAR studies can then be performed on the basis of the
two sets of data.

CONCLUSION

Recent advances in discovering and studying G4-targeting
ligands have yielded huge number of novel ligands, research
methods and activity information. iMs have also attracted
significant research interests in recent years. Motivated by
the current needs for indexing and sorting these important
resources, we have released the updated G4 and iM ligand
database, G4LDB 2.2. Comparing to the previous version,
the size of G4-ligand library has increased over 6-fold, and
an iM ligands library has also been included for the first
time. The data organization has been optimized for better
usability and the search module has also been enhanced
with much improved accessibility. Moreover, the web server
architecture and user interface have also been redesigned
with much enhanced user experience. By continuously offer-
ing up-to-date and comprehensive information for G4 and
iM ligands, we anticipate that G4LDB 2.2 will serve as a
unique and widely used research tool to accelerate quadru-
plex nucleic acid research.
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