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ABSTRACT

Proteolysis-targeting chimeras (PROTACs), which
selectively degrade targeted proteins by the
ubiquitin-proteasome system, have emerged as a
novel therapeutic technology with potential advan-
tages over traditional inhibition strategies. In the past
few years, this technology has achieved substantial
progress and two PROTACs have been advanced into
phase | clinical trials. However, this technology is still
maturing and the design of PROTACs remains a great
challenge. In order to promote the rational design
of PROTACs, we present PROTAC-DB, a web-based
open-access database that integrates structural in-
formation and experimental data of PROTACs. Cur-
rently, PROTAC-DB consists of 1662 PROTACs, 202
warheads (small molecules that target the proteins
of interest), 65 E3 ligands (small molecules capa-
ble of recruiting E3 ligases) and 806 linkers, as well
as their chemical structures, biological activities,
and physicochemical properties. Except the biolog-
ical activities of warheads and E3 ligands, PROTAC-
DB also provides the degradation capacities, bind-
ing affinities and cellular activities for PROTACS.
PROTAC-DB can be queried with two general search-
ing approaches: text-based (target name, compound
name or ID) and structure-based. In addition, for the
convenience of users, a filtering tool for the search-
ing results based on the physicochemical properties
of compounds is also offered. PROTAC-DB is freely
accessible at http://cadd.zju.edu.cn/protacdb/.
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INTRODUCTION

In the past few years, proteolysis-targeting chimeras (PRO-
TACs), which selectively induce targeted protein degrada-
tion through the ubiquitin-proteasome system, represent a
new drug discovery strategy and have attracted extensive
attention from medicinal chemists and pharmaceutical in-
dustry (1-4). PROTAC:S are heterobifunctional molecules,
which contain a small molecule targeting the protein of in-
terest (warhead), a small molecule capable of recruiting an
E3 ligase (E3 ligand), and a linker connecting the above
two moieties. In contrast to traditional occupancy-based in-
hibitors that have sufficient binding affinities to druggable
active sites, PROTACs require only transient binding to
target proteins to catalytically induce ubiquitination and
degradation (5,6). Furthermore, since it is unnecessary for
warheads to occupy druggable binding sites which mod-
ulate protein functions, PROTACs can exploit all surface
binding sites on the targeted proteins and hence have the
potential to modulate ‘undruggable’ targets (6).
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The first PROTAC was reported by Sakamoto ef al. in
2001, and it consists of a covalent inhibitor of methion-
ine aminopeptidase 2 (MetAP2) and a ten-residue phos-
phopeptide fragment capable of recruiting an F-box pro-
tein B-transducin repeat-containing protein (B-TRCP) (1).
However, due to the limitations of peptide-based PROTACs
in vivo, researchers have increasingly focused on the de-
velopment of potent small-molecule PROTACs. In 2008,
Schneekloth et al. reported the first small-molecule PRO-
TAC, which degraded androgen receptor (AR) through its
recruitment to the E3 ligase, MDM2 (2). Shortly there-
after, inhibitors of apoptosis protein (IAP)-based PRO-
TACs termed SNIPERs (specific and nongenetic IAP-
dependent protein erasers) have also been developed (4). As
the rapid development of the PROTACS technology, nowa-
days, a number of PROTACs achieved potent and highly
selective degradation of targeted proteins in cellular assays
and even in vivo (5,7-13). Encouragingly, two PROTACs
named ARV-110 and ARV-471, targeting AR and estrogen
receptor (ER), respectively, have been advanced into phase
I clinical trials (14).

Despite the tremendous progress made over the past
decade, designing PROTACs with desirable physicochem-
ical, absorption, distribution, metabolism, and excretion
properties still remains a big challenge. Different from tra-
ditional small molecule drugs, PROTACs may not conform
to the Lipinski’s ‘rule of five’ due to their high molecu-
lar weight, which would limit their cellular permeability
and other drug-like properties (15,16). Although the op-
timization of PROTACSs should focus more on the whole
molecule rather than the individual components, it is use-
ful to consider them individually in preliminary PROTAC
design (17). In this regard, the linker design is considered
as the foremost critical domain for the design of PRO-
TACs (15). Moreover, accumulated evidences illustrate that
linkers are associated with the entropy, selectivity, activity,
aqueous solubility, permeability of PROTACsSs, and so on
(17,18). However, the exploration of the linker designs is
endless. In order to boost the rational design of PROTAC:S,
itis quite essential to collect and annotate experimental data
and structural information about PROTACS.

Although there are some comprehensive databases that
also collect some PROTACSs information, such as GtoPdb
(19), PubChem (20) and ChEMBL (21), the quantity and
experimental information of PROTAC: in these databases
are still quite limited. Here, a newly developed database,
PROTAC-DB, is therefore introduced with a user-friendly
web interface. To the best of our knowledge, this is the
first online database that collects the diverse information
related to PROTACS, including their chemical structures,
biological activities, and physicochemical properties. Fur-
thermore, to better facilitate user analysis, the structures of
PROTAGC: are divided into three domains, including war-
heads, E3 ligands and linkers. The PROTACSs with the same
warheads, E3 ligands or linkers can be categorized into dif-
ferent detailed information pages, which can also be served
as a valuable resource for the rational design of PROTAC:S.
Moreover, all data of PROTACS, warheads, E3 ligands and
linkers are available for downloading as either SDF or
CSV files.

MATERIALS AND METHODS
Data collection and processing

The basic data collection and processing stages of
PROTAC-DB are illustrated in Figure 1. The information
of PROTACs was searched in PubMed using the key-
words of ‘degrader* OR protac OR proteolysis targeting
chimera’. The literature about small-molecule PROTACs
was collected and that about peptide-based and HaloTag
PROTAC:Ss was ruled out. Subsequently, the chemical struc-
tures and biological activities of PROTACs were manually
extracted from the literature. The biological activities here
contain the degradation capacities, binding affinities, and
cellular activities. The detailed information is as follows.

Degradation capacity: In general, DCsy (concentration
that results in a 50% targeted protein degradation) and Dy«
(the maximal level of protein degradation) are utilized to
quantify the power of targeted protein degradation of PRO-
TACs. However, since a large number of PROTACs lacked
the above data, the percentage degradation was also inte-
grated into the database if it was assessed at least at two
concentrations and at least two independent experiments
were conducted for each concentration. Furthermore, the
Western blotting (WB) figures were also collected to show
the degradation capacities of PROTACs. But it should be
noted that the WB figures are only displayed on the detailed
information pages of PROTACS, not on the searching result
pages.

Binding affinity: The binding affinities between PRO-
TACs and targeted proteins, PROTACSs and E3 ligases, and
the formation of ternary complexes were collected. The
binding affinity of the formation of ternary complex can be
employed to assess the capacity of PROTAC-induced com-
plex formation with E3 ligase and targeted protein. It can
be determined through some assays between E3 ligase (tar-
geted protein) and the complex of PROTAC and targeted
protein (E3 ligase) (22,23). There are four types of values,
including Ky, Kj, ICsy and ECsy. Only Ky and ICs, are
displayed on the searching result pages and the other are
shown on the detailed information pages. In addition, the
biophysical binding data, including AG, AH, -TAS, t1)2,
kon and ko, were also collected into the database and dis-
played on the detailed information page.

Cellular activity: Five types of values, including ICs,
ECsp, Glsg, ED5sy and GR 5, were collected. Similarly, EDs
and GRjj are only displayed on the detailed information
pages, not on the searching result pages.

Additionally, ten important physicochemical properties
related to drug-likeness calculated by using the RDKit
toolkit (http://www.rdkit.org) and ALOGPS (24) were pro-
vided on the detailed information pages, including molecu-
lar weight, exact mass, partition coefficient (log P), aqueous
solubility (logS), heavy atom count, ring count, hydrogen
bond acceptor count, hydrogen bond donor count, rotat-
able bond count and topological polar surface area. Fur-
thermore, the PDB codes of the ternary crystal structures
of PROTAC:Ss were also incorporated to the database.

Based on the collected information of PROTACS, the
structures of PROTACs were further separated into war-
heads, E3 ligands and linkers according to the literature
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Figure 1. The basic data collection and processing stages of PROTAC-DB: (I) the literature searching stage, (II) the data collection stage and (I11) the data
processing stage by separating PROTACS into warheads, E3 ligands and linkers.

and the initial structures of warheads and E3 ligands (struc-
tures before being modified and integrated into PROTAC ).
The biological activities of the initial structures of warheads
and E3 ligands were collected from the literature and other
databases, such as PubChem (20), ChEMBL (21) and Bind-
ingDB (25). The important physicochemical properties of
linkers and the initial structures of warheads and E3 ligands
were also calculated in the same way. All in all, 1662 PRO-
TACs, 202 warheads, 65 E3 ligands and 806 linkers were
collected into PROTAC-DB.

Development of PROTAC-DB

PROTAC-DB was built using the Python web framework
of Tornado (an asynchronous networking library, https:
/Iwww.tornadoweb.org/en/stable/) and deployed on a Linux
server, accessible at http://cadd.zju.edu.cn/protacdb/. All
the data was stored in PostgreSQL (an object-relational
database, https://www.postgresql.org/). For the visualiza-
tion of 2D chemical structures, the OpenEye Python toolk-
its were employed to generate the images of structures.
Moreover, ChemDoodle was utilized as the molecule edi-
tor, which helps users to query the database with self-edited
molecules (26).

RESULTS
Query and browse of database

In order to facilitate the retrieval of the data in PROTAC-
DB, we provide the searching and browsing tools. As to
the searching tools, PROTAC-DB can be queried with text-
based and structure-based search. Text-based search serves

as a simple way to search throughout PROTAC-DB by
entering a single term, such as target name, compound
name or ID. For structure-based search, users can input
a SMILES string, upload a MOL/SDF file or sketch a
molecule within the ChemDoodle editor. After the self-
edited molecule has been imported, one of the three search-
ing options (e.g. similarity, substructure or exact) can be
chosen. In the similarity search, the bit vector Morgan fin-
gerprint, an FCFP-like fingerprint, is utilized to compute
the Tanimoto similarity between two molecules. A dataset
(PROTACS, warheads, E3 ligands or linkers) can be selected
for searching.

The browsing tools summarize the data in PROTAC-DB
through two categories: ‘Target browse’ and ‘Compound
browse’. The target browse will display the list of the names
of the targeted proteins under the class tabs of ‘PROTACs’,
‘Warheads’, ‘E3 ligands’ and ‘Linkers’. Then, clicking on
the selected proteins in the list will jump to the list of all
compounds corresponding to the protein. The compound
browse is mainly utilized to visualize the 2D structures of
all compounds under the class tabs of ‘PROTACs’, “War-
heads’, ‘E3 ligands’ and ‘Linkers’. In addition, under the
class tabs of ‘PROTACSs’, “Warheads’ and ‘E3 ligands’, the
biological activities will also be displayed.

Visualizing and filtering the results within a datasheet

The query or browsing results are displayed as a datasheet
that contains the 2D structures and other information, such
as compound IDs, targeted proteins and biological activi-
ties (Figure 2). Clicking on the image of the structure can
get an enlarged one. Besides, in order to help users to refine
the search, the filtering tool based on the physicochemical
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Figure 2. The query or browsing results and the filtering tool for the PROTAC dataset.

properties (e.g. molecular weight, log P, log S, topological
polar surface area) is provided by PROTAC-DB. The min-
imum and maximum values of each property in the search-
ing results will also be displayed in the filtering tool.

For PROTAC S, except the 2D structures, compound IDs
and targeted proteins, the biological activities are also dis-
played in the datasheet, which contains the degradation
capacities, binding affinities and cellular activities. The
datasheet can be sorted according to the values of biological
activities.

For warheads and E3 ligands, only the initial structures
are shown in the searching results. The structures integrated
into PROTAC:S after modification are summarized in their
corresponding detailed information pages. Moreover, the
biological activities of the initial structures are also dis-
played in the datasheet. Similarly, the datasheet can also be
sorted according to these criteria.

For linkers, only the 2D structures, compound IDs and
targeted proteins are shown in the datasheet. The ‘R1° and
‘R2’ in the structures represent the sites that conjugate war-
heads and E3 ligands, respectively.

Accessing all data of a compound

If users are interested in a compound, clicking on its com-
pound ID in the result datasheet will jump to the detailed
information pages where all data about this compound are
summarized.

In the detailed information pages of PROTACS, four dif-
ferent tabs are incorporated, including summary, represen-
tation, calculated properties and activity data. As shown in
Figure 3A, the summary tab displays the structures of PRO-
TAC, warhead, linker and E3 ligand. The ‘R1’ and ‘R2’

in the warhead and E3 ligand represent the corresponding
sites connecting to the linker.

Moreover, for the convenience of users, the similarity
searching tool is also integrated into the summary tab
to find the similar compounds of this PROTAC in the
database. The similarity threshold here is >0.80. The MOL
and SDF files of the compound are also available for down-
loading in the summary tab. Furthermore, if users are in-
terested in the warhead, linker or E3 ligand, they can click
the ‘Details’ button to open the corresponding detailed in-
formation page to get more information. Below the struc-
tures, the compound ID, name, targeted protein and E3 lig-
ase used by the PROTAC and the molecular weight are sum-
marized. If the PROTAC has a ternary crystal structure, the
PDB codes will also be shown in the summary tab.

The representation tab contains the [IUPAC name, InChl,
InChlI key, canonical SMILES and molecular formula. For
the calculated properties tab, ten important physicochemi-
cal properties are displayed, including molecular weight, ex-
act mass, log P, log S, heavy atom count, ring count, hydro-
gen bond acceptor, hydrogen bond donor count, rotatable
bond count and topological polar surface area.

In the activity data tab (Figure 3B), all biological activ-
ities for the selected compound are shown, including the
degradation capacities, binding affinities and cellular activ-
ities. Apart from the numerical activity data, the WB figure
is also displayed to characterize the degradation capacities
of the PROTAC.

For warheads and E3 ligands, their detailed information
pages are quite similar, and thus only those of warheads
are described here. As shown in Figure 4A, the summary
tab shows the initial structure of the warhead, compound
ID, name, target, and molecular weight. Similarly, users can
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Figure 3. (A) Summary and (B) activity data tabs in the detailed information pages of PROTACsS.

also look up the similar compounds in the database through
the ‘Similar Compounds’ button and the similarity thresh-
old is also >0.80. In addition, the MOL and SDF files of
the compound are also downloadable here. For the PRO-
TAC tab (Figure 4B), the first row displays the structure in-
tegrated into PROTACSs after modification. Moreover, the
PROTAC:S based on this warhead are summarized here to
help users analyze the data easier. Users can also choose
the PROTAC data for a specific target to display when this
warhead targets multiple proteins. Besides, the detailed in-
formation page also contains the representation, calculated
properties, activity data and external resources tabs which

are not displayed in Figure 4. The representation, calcu-
lated properties, activity data tabs are similar to those of
PROTAC:. The external resources tab includes the links to
external databases such as PubChem, ChEMBL and Bind-
ingDB.

With respect to linker, the summary tab contains the
structures, compound ID, molecular weight, and buttons
for similarity searching and downloading. In the PROTAC
tab, similarly, the PROTACs with this linker are summa-
rized here to help users analyze the structures. The filtering
tool based on the targeted proteins is also provided here. In
addition, the remaining two tabs, including representation
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Figure 4. (A) Summary and (B) PROTAC tabs in the detailed information pages of warheads.

and calculated properties, are also similar to those of PRO-
TACs.

CONCLUSION

Given the unique properties and potential advantages of
PROTAGC: in the pharmaceutical sciences, data collection
is necessary to address the challenge of the design of potent

PROTAC:S. Therefore, we present a user-friendly PROTAC-
DB server that enables researchers to easily query, browse
and analyze the structures of PROTACs in the database.
As the rapid development of PROTACS, we will constantly
add new data, update the database and improve the usabil-
ity of the web interface. We expect that PROTAC-DB can
be served as a valuable resource and powerful tool for the
rational design of PROTACS.
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