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ABSTRACT

Kinases are a prime target of drug development
efforts with >60 drug approvals in the past two
decades. Due to the research into this protein family,
a wealth of data has been accumulated that keeps
on growing. KLIFS—Kinase-Ligand Interaction Fin-
gerprints and Structures—is a structural database
focusing on how kinase inhibitors interact with their
targets. The aim of KLIFS is to support (structure-
based) kinase research through the systematic col-
lection, annotation, and processing of kinase struc-
tures. Now, 5 years after releasing the initial KLIFS
website, the database has undergone a complete
overhaul with a new website, new logo, and new func-
tionalities. In this article, we start by looking back at
how KLIFS has been used by the research commu-
nity, followed by a description of the renewed KLIFS,
and conclude with showcasing the functionalities of
KLIFS. Major changes include the integration of ap-
proved drugs and inhibitors in clinical trials, exten-
sion of the coverage to atypical kinases, and a REST-
ful API for programmatic access. KLIFS is available
at the new domain https:/klifs.net.

INTRODUCTION

The pivotal role of kinases as modulators of cell signal-
ing has made them a primary target for drug discovery ef-
forts. In the past two decades, this effort has led to the FDA
approval of 64 small molecule kinase inhibitors of which
>80% in the last decade (1,2). Moreover, the undertak-
ings of the research community have resulted in a wealth of
data in the public domain with thousands of kinase struc-
tures, hundreds of thousands of kinase inhibitors, millions

of inhibitor-kinase bioactivity data points, and much more
(3). Therefore, to support structure-based kinase research
amidst this wealth of data, the KLIFS—Kinase-Ligand In-
teraction Fingerprints and Structures—database was devel-
oped (4,5). KLIFS focuses on how small molecule kinase
inhibitors interact with the catalytic kinase domain. To this
end, KLIFS collects all kinase structures and aligns, decom-
poses, annotates, curates, and enriches them with related ki-
nase information (Figure 1B).

Since the introduction of the KLIFS website 5 years ago
(4), KLIFS has grown both in terms of content as well as
user base. The user base has steadily grown with currently
>400 unique visitors and over ten thousand pageviews on
a monthly basis. With the weekly updates, the content of
KLIFS keeps growing. The amount of kinase structures has
almost doubled: KLIFS now (1 August 2020) contains over
5200 annotated kinase structures comprising 307 unique
kinases (including atypical kinases (6)) and >3300 unique
inhibitors (Figure 1A). While a lot of structural data re-
mains undisclosed by pharma and biotech companies, the
inhibitors in KLIFS appear to be good representatives of
all known kinase inhibitors as became clear from a sim-
ple 2D chemical similarity analysis against kinase inhibitors
in the ChEMBL database. The similarity analysis revealed
that while the number of ligands is ~2% of the known ki-
nase inhibitors in ChEMBL, they are analogs (defined as
an ECFP-4 similarity > 0.4) of nearly 60% of all kinase
inhibitors in ChEMBL (Figure 1A). This shows that even
without the identical ligand being present in KLIFS, re-
lated crystallized ligands can provide valuable information
on how that ligand binds and interacts with the catalytic
cleft (7). Besides, the application of more advanced in-silico
similarity methods would even further increase the cover-
age.

Ever since its introduction, the community has used
KLIFS for a wide variety of applications, far beyond the
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Figure 1. An overview of the pipeline and contents of KLIFS. (A) The left kinome shows the current structural coverage of KLIFS for each kinase. The
size of the circles indicates the number of structures for each kinase with in purple the newly covered kinases, in red the current status of previously covered
kinases with in yellow on top the status at the time of the previous publication (4). The right kinome shows the ligand coverage based on ChEMBL and
is colored according to the % of ligands that are analogs of the inhibitors present in KLIFS. Of note, the circles represent the number of structures and
ligands on a logarithmic scale. The kinome visualizations were created using KinMap (44). (B) A schematic depiction of the pipeline of how the structures
are processed before their annotation, calculation, curation and presentation in KLIFS.

initial applicability domain we envisioned upon creating the
database. Here, we highlight a small selection of the appli-
cations from the community. Hao et al. (8) utilized KLIFS
to support the rational design of selective PAK4 inhibitors.
Researchers from Janssen R&D describe in their work (9)
a set of their protocols for kinase drug discovery, includ-
ing a workflow using KLIFS to rationally design a combi-
natorial database of potential kinase inhibitors based on,
amongst others, inhibitor type and pharmacophore prop-
erties. Sorrell et al. (10) rationalized the conservation of
binding modes in inhibitors binding to members from both
the JAK and NAK family using KLIFS. Klaeger et al.
(11) extensively screened nearly all clinical kinase inhibitors
against hundreds of kinases and used KLIFS to classify
the binding mode of these inhibitors. For 137 inhibitors
they found binding mode information in KLIFS based on
which they could confirm that kinase inhibitors of type 11
(DFG-out) are not by default more selective than the DFG-
in Type I inhibitors. Georgi et al. (12) experimentally eval-

uated the binding kinetics of 270 inhibitors against 40 ki-
nases and used KLIFS to identify possible determinants of
a particular binding kinetics profile. Inhibitors that bound
in a DFG-out conformation generally had a longer resi-
dence time compared to DFG-in binders. Moreover, they
also evaluated links between kinase-ligand interactions and
the residence time and identified interactions with residues
at specific locations that affected the on and off rates. Also
focused on binding kinetics, Uitdehaag et al (13) found
that the most potent TTK inhibitors with an increased resi-
dence time induced a shift in the G-rich loop by interacting
with the conserved lysine (K17), and named this the ‘ly-
sine trap’. Using KLIFS, they identified other structures in
which the inhibitors portrayed this lysine trap mechanism.
Dr Robert Roskoski Jr has utilized KLIFS in multiple in-
depth reviews, e.g. (2,14,15), to describe the binding pocket
of kinases, to identify crucial residues in the binding site and
to describe the hydrophobic spines. In addition, in his re-
views, he extensively uses the KLIFS residue nomenclature
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and kinase-ligand interactions to describe how clinically rel-
evant kinase inhibitors interact with their target.

The KLIFS residue nomenclature, structures (https://doi.
org/10.7490/f1000research.1117262.1), structural annota-
tions, and kinase-ligands interactions have also been used
by several as input for machine learning models related
to kinases and kinase inhibitors or for the creation of cu-
rated datasets for machine learning. Both Sorgenfrei et al.
(16) and Jaeger et al. (17) used the KLIFS binding site
sequence alignment to generate protein descriptors in or-
der to create predictive models for in silico kinase profiling
of small molecules. Miljkovi¢ et al. (18) used the KLIFS
binding mode annotations to create an annotated reference
dataset in order to train classifiers to predict the type of in-
hibitor, based solely on molecular fingerprints. Rodriguez-
Pérez et al. (19) extended on that study and evaluated both
the KLIFS interactions as well as a molecular fingerprint
and a combination of the two for the classification of bind-
ing modes.

In this article, we provide an overview of all updates of
KLIFS, introduce the new website and the OpenAPI web
services, and showcase a few of the newest features.

METHODS
Updating the bioactivity data

From the ChEMBL database (20), a major open resource
with manually curated bioactivities for small molecules,
KLIFS collects bioactivity data (21) for all ligands that are
present in the kinase structures processed by KLIFS. The
bioactivity data is subsequently filtered for all Ky, Kj, ECsy,
1Cs entries with a defined pChembl value, a confidence
score >8, and where the ‘standard_relation’ of the entries is
setto ‘ =". See the ChEMBL documentation for more infor-
mation on these terms. Subsequently, the remaining bioac-
tivities are filtered for all protein targets that are present in
KLIFS (based on their UniProt accession codes) or where
the target family classification is defined as ‘Kinase’ within
ChEMBL. With the weekly updates of KLIFS, the bioac-
tivities are collected for all new ligands. Upon release of a
new ChEMBL version, all existing bioactivities are purged
and recollected from the latest version as soon as possible.

Extending to atypical protein kinases

In order to expand KLIFS with atypical protein kinases
that have a catalytic domain that is structurally compa-
rable to eukaryotic protein kinases (these atypical kinases
are also known as protein kinase-like kinases (6)), the cre-
ation of a manually curated reference sequence and struc-
tural alignment was crucial. Initially, a manual structural
alignment was performed between the existing eukaryotic
kinase structural alignment (4) and a set of representative
atypical kinase structures (PDB-codes 4HNE, 4JSN, 4K Z0,
40TP, 40VU, 4UWH, 4WTYV, 5C46, SDXU, 5135). Iter-
ative refinement of the sequence alignment based on the
structural alignment resulted in the final structural refer-
ence. Finally, sequences for all atypical kinases were aligned
to the structure-based sequence alignment generating the
reference sequence alignment. Since then, the PDB is also

weekly screened for new atypical kinase structures, which
are now also automatically added to KLIFS.

Updating nomenclature and linking external databases

Based on the UniProt (22) accession codes annotated in
KLIFS, the UniProt is checked for the latest updates. Sub-
sequently, the updated accession codes are used to query the
HGNC: HUGO Gene Nomenclature Committee resource
(23), the MGD: Mouse Genome Database (24), and the
IUPHAR Guide to Pharmacology (25) in order to obtain
the latest changes in nomenclature and external IDs. The
MGD was newly added since the previous publication in
order to provide curated gene names for the mouse kinases
similar to the HGNC gene names.

KLIFS: NEW LOOK, NEW LOGO, NEW FEATURES

For this lustrum, the KLIFS website underwent a complete
overhaul. The new and clean interface will hopefully pro-
vide for a better user experience, and it is now much more
responsive to the type of device and its screen size. On mod-
ern mobile devices, the website is automatically adjusted to
the smaller device dimensions and can handle touch events.
In addition to the website layout, also the logo of KLIFS
has been renewed (Figure 1) and the domain has moved to
https://klifs.net. Of note, the previous domain will remain
active for two more years and is forwarded automatically
to the new domain. In the next segment, we will provide
an overview of the new features and updated content of
KLIFS.

Atypical kinases

Besides structures of eukaryotic protein kinases, KLIFS
now also covers all atypical protein kinases (see methods)
that share the archetypical eukaryotic protein kinase fold
(also known as protein kinase-like kinases). An in-depth
analysis of the similarities and dissimilarities of eukaryotic
and atypical protein kinases using KLIFS is available here
(6). The addition of this kinase class to KLIFS allows for
the direct comparison of kinases and inhibitors across these
kinase classes. This opens up new opportunities for the de-
sign of inhibitors that target both atypical and eukaryotic
protein kinases, a combination that is often found to pro-
vide synergistic anticancer effects (26,27).

Quick search

The menu system at the top of the website contains a quick
search option. Where this search option could previously
solely handle searches for a single PDB-code, the new search
option provides results for kinases, kinase names, partial
and full PDB-codes, and kinase inhibitor codes and names.
Depending on the query, one or more search results are dy-
namically presented to the user, which allows one to quickly
identify the kinase structures of interest.

Search

The search page allows the user to perform search queries
varying from very simple to highly complex searches
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through the combination of the multiple search options.
These search options cover the kinase classification (name,
family, group, and species), the inhibitor (physicochemi-
cal properties, chemical similarity, and the presence of a
substructure), the interactions between the kinase and the
ligand (interaction fingerprint), and the structure of the
kinase (structural properties, kinase conformation, pocket
sequence, water molecules). To assist in searching for in-
hibitors with specific physicochemical properties, we have
added buttons that automatically adjust the search options
to predefined sets of rules for physicochemical properties
(Rule of 5, Rule of 3, Lead-like and Fragment-like proper-
ties). The structural properties have been extended with the
option to search for structures that were released in a spe-
cific period.

Search results

After the user has performed a search, all entries in KLIFS
that match the search filter(s) are presented in a sortable
results table. The user can view the chemical structure of
the inhibitor by hovering over the name of the ligand, and
the coverage of the kinase superfamily can be plotted onto
the kinome highlighting the kinases for which structures
were identified. The results table is now a dynamic table
that is split across multiple pages and is fully searchable
and sortable. All results can be exported to CSV or Ex-
cel and all structures can also be downloaded as a pack-
age. The ‘Download Structures’ option has been extended
with a PDB download, in addition to the existing MOL2
and MOE (Chemical Computing Group Inc.) download
options.

Structure details

Each structure has a detailed overview page in which all
the information about this single structure is presented. At
the top, information about the structure of interest and the
crystallized kinase is provided together with a download
icon that gives the option to download a PDB or MOL2
file of the structure as processed and aligned by KLIFS. An
advantage of this is that when multiple downloaded struc-
tures are simultaneously opened in a molecular viewer, all
structures are aligned based on the catalytic cleft and can
be easily compared. Another new addition is the ability to
download a PyMOL session (PyMOL Molecular Graphics
System — Schrodinger, LLC), which contains the kinase and
ligand in the same view as provided in KLIFS together with
the KLIFS coloring for the binding pocket. Underneath the
structural information, the interactive 3D NGL (28) viewer
shows the kinase structure, but can also be toggled to show
pre-generated 2D PyMol images of the front and top of the
kinase with surface cut-throughs focusing on the binding
pocket. The NGL viewer can, if desired, be viewed in full
screen and shows both the structure residue numbering to-
gether with the KLIFS residue numbering when hovering
over a residue. Residues can be shown or hidden by click-
ing on the position in the cartoon, which will toggle a stick
view of the selected residue. This viewer allows for the quick
exploration of the kinase structure and, together with the
KLIFS coloring and numbering, can assist in the identifi-
cation of key residues.
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Orthosteric and allosteric ligands are now shown sepa-
rately, and both have an overview of all known kinase bioac-
tivities in ChEMBL when available (see methods). In addi-
tion, a button under the image of the structure allows for
a quick search for analogs of that ligand in KLIFS by exe-
cuting a similarity search (Morgan fingerprint with a min-
imum Tanimoto similarity score of 0.4). A new schematic
view of the catalytic cleft is now provided for the orthosteric
ligand and highlights the residues with which the ligand in-
teracts and are colored based on the type of interactions.
This schematic view can also be downloaded as an image
and the coloring and numbering can be customized.

Browse

This page gives the user the opportunity to go through all
entries in KLIFS without any form of filtering or searching.
Similar to the renewed search results page, this page now
also shows a dynamic table that is easy to filter, search and
sort.

Drugs

This new page provides an overview of drugs and clinical
candidates that target kinases. This data is obtained from
the PKIDB (1,29), a resource dedicated to providing an up-
to-date and manually curated overview of approved kinase
inhibitors and clinical candidates. The list of compounds
acquired from the PKIDB is screened for available data
within ChEMBL using the readily provided ChEMBL IDs
and the available bioactivity information is linked to each
compound in KLIFS. Based on the molecular structure as
obtained from the PKIDB, the user can quickly identify
structures in complex with a specific inhibitor or find struc-
tures with (close) analogs of the inhibitor. The analog search
is performed using the Morgan fingerprint, as implemented
in the RDXkit cartridge (RD-Kit: Open-source chemoinfor-
matics; http://www.rdkit.org), for a similarity screening (a
minimum Tanimoto similarity score of 0.4) against all lig-
ands in the KLIFS database.

RESTful web services

Initially, the data from KLIFS was solely available via
download options using the web interface. However, to en-
able also programmatic access to the KLIFS data for more
data-intensive and customized setups we have developed
RESTful web services (reference is available at https:/klifs.
net/swagger/). The web services have been implemented ac-
cording to the OpenAPI specifications (https://github.com/
OAI/OpenAPI-Specification) and are therefore compatible
with, amongst others, the Swagger Tools (https://swagger.
i0). Based on the specification (available at https:/klifs.
net/swagger/swagger.json), programmers can automatically
generate client SDKs to communicate with KLIFS in their
own programs. The open-source tool Swagger CodeGen,
for example, can be used to automatically generate a client
SDK based on the KLIFS specifications for more than
50 different frameworks in 40 different programming lan-
guages. Moreover, the KLIFS nodes (30,31) for KNIME
(32) also make use of the web services to obtain their data.
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KNIME (32) is an easy-to-use open-source data analyt-
ics platform that amongst others enables cheminformatics
analyses. These nodes make it possible for any user, also
non-programmers, to create advanced structural bio- and
cheminformatics pipelines (33). Examples of such pipelines
include structure-based kinase bioactivity data mapping,
structure-based identification of scaffold replacements for
kinase inhibitor optimization, and structure-based pharma-
cophore comparison for ligand repurposing (31).

KLIFS: SUPPORTING STRUCTURE-BASED KINASE
RESEARCH

Powerful web-based search queries

With the new website, the search function is now more pow-
erful than before. By mixing multiple search options, the
user can perform complex search queries with the click of a
few buttons. Here we showcase three search queries, rang-
ing from simple to more complex, that are linked to recent
advances in kinase research.

Understanding the binding mode of a drug without a structure.
The new drugs page provides an overview of drugs and clin-
ical candidates as obtained from the PKIDB (1), thereby en-
abling the use of this information from within KLIFS. Take,
for example, the recently approved kinase inhibitor capma-
tinib (FDA-approval 6 May 2020). From the drugs page, it
is directly clear that there are currently no kinase structures
in complex with capmatinib available, but there is bioactiv-
ity data available for its primary target (visible when click-
ing on the ‘Show bioactivity data’ button). By clicking on
the ‘Find structures with analogs’, KLIFS uses the chem-
ical structure of capmatinib to perform a similarity screen
against all ligands in KLIFS. This query returned a total of
three hits, of which the most similar hit is PDB-code 3ZBX;
a structure of MET (the primary target of capmatinib) with
a close analog. Hovering over the ligand name displays the
chemical structure of the drug and the hit side-by-side and
shows that these are indeed very close analogs (Figure 2C).
The binding mode of this structure will therefore provide a
good template to understand the binding and interactions
of capmatinib with MET.

The molecular determinants of selectivity. Recently, a pa-
per was published by Gerstenberger et al. on the develop-
ment of the selective TYK?2 inhibitor PF-06826647 (34).
In their paper, the authors describe having identified a de-
terminant for the lower affinity of JAK inhibitors, such
as tofacitinib, baricitinib and ruxolitinib, for TYK?2 due
to their pyrrolopyrimidine hinge-binding moiety. They no-
ticed that 1960%13¢ which is a valine for the other JAK ki-
nases, changes conformation owing to the pyrrolopyrimi-
dine group. They, therefore, aimed to design new inhibitors
with improved affinity for TYK2 by utilizing a non-clashing
moiety and ended up using a pyrazolopyrazine, which in-
deed resolved this clash and showed an improved affinity for
TYK?2 (PDB-code: 6X8G). With the renewed search page
in KLIFS, users can perform powerful search queries via
the web interface. In this case, we performed a search for
TYK2 structures and drew the pyrrolopyrimidine moiety
for a combined substructure search. This search resulted in

one hit, namely that of tofacitinib bound to TYK2 (PDB-
code: 3LXN), which clearly showed the rotamer change of
1960136 We wanted to know if this observation holds true
for kinases outside of the JAK family and therefore per-
formed a second search. In this second search, we again
specified the pyrrolopyrimidine as a substructure and lim-
ited the search to kinases with an isoleucine at b.1.36 and a
methionine as a gatekeeper (gk.25) similar to the JAK ki-
nases. This search returned five hits, excluding the TYK?2
hit, with structures for the kinases TTK, MAPKS, and
CHEKI. In all these structures, the specific rotamer confor-
mation for I>3¢ was observed due to the pyrrolopyrimidine.
Therefore, this optimization strategy might not just be lim-
ited to TYK2 and can potentially also be applied to these
kinases.

Postulating the binding mode of substructures. In recent
work from O’Reilly et al. the authors published the re-
sults of crystallographic screens against MAPK1 (Erk2)
using very small fragments, with compounds of just 5-7
heavy atoms (35). The binding modes of the fragments pro-
vide information for the rational design or optimization of
MAPKI1 inhibitors. With the substructure search option,
we can quickly investigate if the hit fragments have also been
observed as a substructure in larger ligands. The pyridine-
2-amine fragment, for example, was found to bind to seven
places in MAPK1 (PDB-code: 6QA1). Five spots were out-
side of the catalytic cleft, one spot next to the hinge and
the last spot near the conserved lysine K54"17 A search
for this substructure in members of the MAPK family re-
sulted in 30 unique hits. The oldest of the hits, namely PDB-
code IW7H, is a MAPK 14 (p38a) in complex with a larger
fragment ligand, 3-(benzyloxy)pyridin-2-amine, for which
the pyridine-2-amine moiety shows a close overlay with the
hinge-binding fragment in MAPK1 (Figure 2D).

Scaling up structure-based kinase research with the API

With the RESTFUL API allowing programmatic access to
all data in KLIFS, more data-intensive and larger analyses
are now supported. In this segment we will showcase two
examples, to give a flavor of the kind of studies that are now
possible with KLIFS.

Fragmenting ligands to rationally construct new inhibitors
with binding mode information. ~As KLIFS aligns all kinase
structures, the binding mode of a ligand in one structure can
immediately be compared to the binding mode of another
ligand. Using the API, we acquired all ligands from KLIFS
and fragmented the ligands while conserving their 3D coor-
dinates using eMolFrag (36). This resulted in a large library
of fragments that were all still aligned within their respective
(sub)pockets within the KLIFS-defined binding site of the
catalytic kinase domain. By exploiting the information of
where the fragments are located and where they were frag-
mented, i.e. at what bonds, new potential kinase inhibitors
can be rationally designed by fusing the fragments back
together (9). In order to see if the binding mode informa-
tion from the fragments was conserved, we tried to match
the fragments to the binding mode of two FDA-approved
drugs, while only using fragments derived from structures
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Figure 2. (A) Partial reconstruction of Ponatinib using fragments from structures released before 2009. Fragments from Imatinib, Nilotinib and HET-code
4R B are shown together on top of the binding mode of ponatinib within the kinase binding site. (B) Partial reconstruction of Erdafitinib based on fragments
from structures released before 2016. Fragments from PD173074 and NVP-BSKS805 are shown on top of the binding mode of Erdafinitib within the kinase
binding site. (C) An analog search for the recently approved inhibitor Capmatinib identified HET-code 6XE as the most similar inhibitor in KLIFS with a
fingerprint similarity of 0.54 (Tanimoto score using the Morgan fingerprint). (D) An overlay of a structure with a hit from an ultra-small fragment screen
with a substructure search hit within KLIFS. This overlay shows a conservation of the binding pose of the hinge-binding fragment in 6QA1 with the larger

ligand with this fragment as substructure as observed in IW7H.

that were published before the binding mode of the drug
was known. The first example is Ponatinib in complex with
its primary target ABL1, which was published in 2009 (37)
(PDB-code: 3IK3). After fragmenting Ponatinib, the frag-
ments were compared to the fragment library based on
structures published before 2009. Fragment hits were based
on the structure of Imatinib in complex with ABL1 (2001,
PDB-code: 11EP), Nilotinib also in complex with ABLI
(2008, PDB-code: 3CS9), and 4R B in complex with DAPK3
(2008, PDB-code: 3BQR). Overlaying the individual frag-
ments from these structures with the binding mode of Pona-

tinib shows how closely they match showing only little de-
viation (Figure 2A). The second example is of Erdafitinib
bound also to its primary target, namely FGFR1 (38) (2016,
PDB-code: SEWS). The pyrazole-quinoxaline moiety bind-
ing to the hinge region was also found in a JAK?2 struc-
ture with the inhibitor NVP-BSK805 bound (2010, PDB-
code: 3KRR). For the dimethoxybenzene fragment pro-
truding into the gate area, a match was found for PD173074
in complex with FGFR1 (1999, PDB-code: 2FGI). The
individual fragments again closely overlay with the bind-
ing mode of Erdafitinib (Figure 2B). These results indicate
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that KLIFS can be used in fragment-based drug discovery
(FBDD), not only to guide fragment-hit growing but per-
haps also by applying a ligand deconstruction approach. It
has been noted in a recent perspective that reviews success-
ful Fragment-to-Lead programs, that the use of literature
data is increasingly used as starting points for drug discov-
ery programs (39) and KLIFS can offer ample opportuni-
ties for FBDD approaches in the kinase field. While prepar-
ing this manuscript, an in-depth study on the fragmenta-
tion of kinase inhibitors using KLIFS was prepublished by
Sydow et al. (40). The authors created a fragment library
(KinFragLib), analyzed the physicochemical properties of
the fragments in each of the (sub)pockets, and used the frag-
ments to create a combinatorial library comprising >6 mil-
lion potential kinase inhibitors.

Finding crystallized analogs for a large dataset of inhibitors.
The web services also power the KLIFS KNIME nodes
(30,31) thereby enabling any user, also non-programmers, to
utilize the data behind the KLIFS API to enrich data anal-
yses and cheminformatics workflows. The workflow that
was created for this example retrieves a list of kinase in-
hibitors from ChEMBL and tries to find analogs for each
of these inhibitors in KLIFS and to provide a list of PDBs
of all structures that have this inhibitor co-crystallized. The
workflow started out with retrieving all KDR (VEGFR?2)
inhibitors with a pIC50 value >5 from ChEMBL, utiliz-
ing a part of a workflow from TeachOpenCADD (41)).
A set of 4547 unique KDR inhibitors was obtained and
MACCS and ECFP-4 fingerprints were created and used to
screen against all KLIFS ligands. Only the best matching
ligand in KLIFS with a minimum Tanimoto similarity for
MACCS >0.8 and ECFP-4 >0.4 was kept for each KDR
Inhibitor. Subsequently, all matches were linked to the list
of PDB-codes in which the KLIFS ligand is found. A to-
tal of 3973 KDR inhibitors were matched with a (close)
analog in the KLIFS database, covering 87% of the origi-
nal dataset. These matches provide relevant information for,
for example, annotating the probable binding mode of the
KDR inhibitors, identification of good reference structures
to start modeling, deducing crucial interactions, and possi-
bly the identification of off-targets for the ligands. Supple-
mentary Figure S1 shows the final workflow, which can be
downloaded in full from GitHub (https://github.com/3D-e-
Chem/workflows).

CONCLUSIONS AND OUTLOOK

KLIFS has been brought to the next level with a new web-
site, new features, a RESTful API, and the expanding con-
tent. However, we also have to note the invaluable feedback
from the KLIFS community, which plays an important role
in development and curation of KLIFS. In the years to
come, KLIFS will be further enhanced through website up-
dates (e.g. better color schemes that also accommodate the
colorblind (42)), extending the structural annotation (e.g.
with hydrophobic spines (43)), improving the data curation
(e.g. ligand tautomers), and the development of new tools.
Moreover, with every newly released kinase structure, the
coverage and utility of KLIFS will keep increasing.
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[Igithub.com/3D-e-Chem/knime-klifs (30).

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

The authors would like to thank Jorrit van Buren for his
contribution to the fragmentation study and the KLIFS
community for providing us with invaluable feedback and
suggestions to further improve KLIFS.

FUNDING

G.K.K. is supported by a Cancer Center Amsterdam stimu-
lation grant [CCA2018-2-19], B.A.W. receives support from
the Dutch Cancer Society [grants KWF-4874 and KWF-
11038] and the Brain Tumour Charity [Grant 488097].
Conflict of interest statement. None declared.

REFERENCES

1. Carles,F., Bourg,S., Meyer,C. and Bonnet,P. (2018) PKIDB: a
curated, annotated and updated database of protein kinase inhibitors
in clinical trials. Molecules, 23, 908.

2. Roskoski,R. Jr (2020) Properties of FDA-approved small molecule
protein kinase inhibitors: a 2020 update. Pharmacol. Res., 152,
104609.

3. Kooistra,A.J. and Volkamer,A. (2017) Kinase-centric computational
drug development, Annu. Rep. Med. Chem. Elsevier, pp. 197-236.

4. Kooistra,A.J., Kanev,G.K., van Linden,O.P., Leurs,R., de Esch,I.J.
and de Graaf,C. (2016) KLIFS: a structural kinase-ligand interaction
database. Nucleic Acids Res., 44, D365-D371.

5. van Linden,O.P., Kooistra,A.J., Leurs,R., de Esch,I.J. and de
Graaf,C. (2014) KLIFS: a knowledge-based structural database to
navigate kinase-ligand interaction space. J. Med. Chem., 57, 249-277.

6. Kanev,G.K., de Graaf,C., de Esch,L.J.P, Leurs,R., Wurdinger,T.,
Westerman,B.A. and Kooistra,A.J. (2019) The landscape of atypical
and eukaryotic protein kinases. Trends Pharmacol. Sci., 40, 818-832.

7. Vass,M., Kooistra,A.J., Yang,D., Stevens,R.C., Wang,M.W. and de
Graaf,C. (2018) Chemical diversity in the G protein-coupled receptor
superfamily. Trends Pharmacol. Sci., 39, 494-512.

8. Hao,C., Zhao,F., Song,H., Guo,J., Li,X., Jiang,X., Huan,R., Song,S.,
Zhang,Q., Wang,R. ef al. (2018) Structure-based design of
6-chloro-4-aminoquinazoline-2-carboxamide derivatives as potent
and selective p21-activated kinase 4 (PAK4) inhibitors. J. Med.
Chem., 61, 265-285.

9. Jacoby,E., Wroblowski,B., Buyck,C., Neefs,J.M., Meyer,C.,
Cummings,M.D. and van Vlijmen,H. (2018) Protocols for the design
of kinase-focused compound libraries. Mol. Inform., 37, 1700119.

10. Sorrell,E.J., Szklarz,M., Abdul Azeez,K.R., Elkins,J.M. and
Knapp,S. (2016) Family-wide structural analysis of human
numb-associated protein kinases. Structure, 24, 401-411.

11. Klaeger,S., Heinzlmeir,S., Wilhelm,M., Polzer,H., Vick,B.,
Koenig,P.A., Reinecke,M., Ruprecht,B., Petzoldt,S., Meng,C. et al.
(2017) The target landscape of clinical kinase drugs. Science, 358,
eaan4368.

12. Georgi, V., Schiele,F., Berger,B.T., Steffen,A., Marin Zapata,PA.,
Briem,H., Menz,S., Preusse,C., Vasta,J.D., Robers,M.B. et al. (2018)
Binding kinetics survey of the drugged kinome. J. Am. Chem. Soc.,
140, 15774-15782.


https://github.com/3D-e-Chem/workflows
https://klifs.net
https://klifs.net/swagger/
https://github.com/3D-e-Chem/knime-klifs
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaa895#supplementary-data

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Uitdehaag,J.C.M., de Man,J., Willemsen-Seegers,N., Prinsen,M.B.W.,
Libouban,M.A.A., Sterrenburg,).G., de Wit,J.J.P, de Vetter,JR.F., de
Roos,J., Buijsman,R.C. et al. (2017) Target residence time-guided
optimization on TTK kinase results in inhibitors with potent
anti-proliferative activity. J. Mol. Biol., 429, 2211-2230.

Roskoski,R. Jr. (2019) Cyclin-dependent protein serine/threonine
kinase inhibitors as anticancer drugs. Pharmacol. Res., 139, 471-488.
Roskoski,R. Jr. (2016) Classification of small molecule protein kinase
inhibitors based upon the structures of their drug-enzyme complexes.
Pharmacol. Res., 103, 26-48.

Sorgenfrei,F.A., Fulle,S. and Merget,B. (2018) Kinome-wide profiling
prediction of small molecules. ChemMedChem, 13, 495-499.
Jaeger,S., Fulle,S. and Turk,S. (2018) Mol2vec: unsupervised machine
learning approach with chemical intuition. J. Chem. Inf- Model., 58,
27-35.

Miljkovic,F., Rodriguez-Perez,R. and Bajorath,J. (2020) Machine
learning models for accurate prediction of kinase inhibitors with
different binding modes. J. Med. Chem., 63, 8738-8748.
Rodriguez-Pérez,R., Miljkovi¢,F. and Bajorath,J. (2020) Assessing the
information content of structural and protein-ligand interaction
representations for the classification of kinase inhibitor binding
modes via machine learning and active learning. J. Cheminform., 12,
36.

Mendez,D., Gaulton,A., Bento,A.P., Chambers,J., De Veij,M.,
Felix,E., Magarinos,M.P., Mosquera,J.F., Mutowo,P., Nowotka,M

et al. (2019) ChREMBL: towards direct deposition of bioassay data.
Nucleic Acids Res., 47, D930-D940.

Davies,M., Nowotka,M., Papadatos,G., Dedman,N., Gaulton,A.,
Atkinson,F., Bellis,L. and Overington,J.P. (2015) ChAEMBL web
services: streamlining access to drug discovery data and utilities.
Nucleic Acids Res., 43, W612-W620.

UniProt,C. (2019) UniProt: a worldwide hub of protein knowledge.
Nucleic Acids Res., 47, D506-D515.

Braschi,B., Denny,P., Gray,K., Jones,T., Seal,R., Tweedie,S., Yates,B.
and Bruford,E. (2019) Genenames.org: the HGNC and VGNC
resources in 2019. Nucleic Acids Res., 47, D786-D792.

Bult,C.J., Blake,J.A., Smith,C.L., Kadin,J.A., Richardson,J.E. and
Mouse Genome Database, G. (2019) Mouse Genome Database
(MGD) 2019. Nucleic Acids Res., 47, D801-D806.

Armstrong,J.F., Faccenda,E., Harding,S.D., Pawson,A.J.,
Southan,C., Sharman,J.L., Campo,B., Cavanagh,D.R.,
Alexander,S.P.H., Davenport,A.P. et al. (2020) The [TUPHAR /BPS
Guide to PHARMACOLOGY in 2020: extending
immunopharmacology content and introducing the [UPHAR/ MMV
Guide to MALARIA PHARMACOLOGY. Nucleic Acids Res., 48,
D1006-D1021.

Jaeger,S., Igea,A., Arroyo,R., Alcalde,V., Canovas,B., Orozco,M.,
Nebreda,A.R. and Aloy,P. (2017) Quantification of pathway
cross-talk reveals novel synergistic drug combinations for breast
cancer. Cancer Res., 77, 459-469.

Sanchez-Vega,F., Mina,M., Armenia,J., Chatila, W.K., Luna,A.,
La,K.C., Dimitriadoy,S., Liu,D.L., Kantheti,H.S., Saghafinia,S et al.
(2018) Oncogenic Signaling Pathways in The Cancer Genome Atlas.
Cell, 173, 321-337.

Rose,A.S., Bradley,A.R., Valasatava,Y., Duarte,J.M., Prlic,A. and
Rose,P.W. (2018) NGL viewer: web-based molecular graphics for
large complexes. Bioinformatics, 34, 3755-3758.

Nucleic Acids Research, 2021, Vol. 49, Database issue D569

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

43.

44.

Bournez,C., Carles,F., Peyrat,G., Aci-Seche,S., Bourg,S., Meyer,C.
and Bonnet,P. (2020) Comparative assessment of protein kinase
inhibitors in public databases and in PKIDB. Molecules, 25, 3226.
McGuire,R., Verhoeven,S., Vass,M., Vriend,G., de Esch,I.].,
Lusher,S.J., Leurs,R., Ridder,L., Kooistra,A.J., Ritschel,T. et al.
(2017) 3D-e-Chem-VM: structural cheminformatics research
infrastructure in a freely available virtual machine. J. Chem. Inf.
Model., 57, 115-121.

Kooistra,A.J., Vass,M., McGuire,R., Leurs,R., de Esch,I.J.P,,
Vriend,G., Verhoeven,S. and de Graaf,C. (2018) 3D-e-Chem:
structural cheminformatics workflows for computer-aided drug
discovery. ChemMedChem, 13, 614-626.

Michael,B., Nicolas,C., Fabian,D., Thomas,G., Tobias,O.,
Thorsten,M., Peter,O., Christoph,S., Kilian,T. and Bernd,W. (2007)
In: KNIME: the Konstanz Information Miner. Springer.
Mazanetz,M.P., Goode,C.H. and Chudyk,E.I. (2020) Ligand-and
structure-based drug design and optimization using KNIME. Curr.
Med. Chem., doi:10.2174/0929867326666190409141016.
Gerstenberger,B.S., Ambler,C., Arnold,E.P., Banker, M.E.,
Brown,M.F,, Clark,J.D., Dermenci,A., Dowty,M.E., Fensome,A.,
Fish,S. et al. (2020) Discovery of tyrosine kinase 2 (TYK2) inhibitor
(PF-06826647) for the treatment of autoimmune diseases. J. Med.
Chem., doi:10.1021/acs.jmedchem.0c00948.

O’Reilly,M., Cleasby,A., Davies, T.G., Hall,LR.J., Ludlow,R.E.,
Murray,C.W., Tisi,D. and Jhoti,H. (2019) Crystallographic screening
using ultra-low-molecular-weight ligands to guide drug design. Drug
Discov. Today, 24, 1081-1086.

Liu,T., Naderi,M., Alvin,C., Mukhopadhyay,S. and Brylinski,M.
(2017) Break down in order to build up: decomposing small
molecules for fragment-based drug design with eMolFrag. J. Chem.
Inf. Model., 57, 627-631.

O’Hare,T., Shakespeare,W.C., Zhu,X., Eide,C.A., Rivera,V.M.,
Wang,F., Adrian,L.T., Zhou,T., Huang,W.S., Xu,Q. et al. (2009)
AP24534, a pan-BCR-ABL inhibitor for chronic myeloid leukemia,
potently inhibits the T3151 mutant and overcomes mutation-based
resistance. Cancer Cell, 16, 401-412.

Patani,H., Bunney, T.D., Thiyagarajan,N., Norman,R.A., Ogg,D.,
Breed,J., Ashford,P., Potterton,A., Edwards,M., Williams,S.V. et al.
(2016) Landscape of activating cancer mutations in FGFR kinases
and their differential responses to inhibitors in clinical use.
Oncotarget, 7, 24252-24268.

Erlanson,D.A., de Esch,I.J.P., Jahnke,W., Johnson,C.N. and
Mortenson,P.N. (2020) Fragment-to-lead medicinal chemistry
publications in 2018. J. Med. Chem., 63, 4430-4444.

Dominique,S., Paula,S., Jérémie,M. and Andrea,V. (2020) In:
KinFragLib: Exploring the Kinase Inhibitor Space Using
Subpocket-Focused Fragmentation and Recombination.

Sydow,D., Wichmann,M., Rodriguez-Guerra,J., Goldmann,D.,
Landrum,G. and Volkamer,A. (2019) TeachOpenCADD-KNIME: a
teaching platform for computer-aided drug design using KNIME
workflows. J. Chem. Inf. Model., 59, 4083-4086.

. Roskoski,R. Jr (2017) Guidelines for preparing color figures for

everyone including the colorblind. Pharmacol. Res., 119, 240-241.
Taylor,S.S. and Kornev,A.P. (2011) Protein kinases: evolution of
dynamic regulatory proteins. Trends Biochem. Sci., 36, 65-77.

Eid,S., Turk,S., Volkamer,A., Rippmann,F. and Fulle,S. (2017)
KinMap: a web-based tool for interactive navigation through human
kinome data. BM C Bioinformatics, 18, 16.



