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ABSTRACT

CPPsite 2.0 (http://crdd.osdd.net/raghava/cppsite/)

is an updated version of manually curated database

(CPPsite) of cell-penetrating peptides (CPPs). The

current version holds around 1850 peptide entries,

which is nearly two times than the entries in the

previous version. The updated data were curated

from research papers and patents published in last

three years. It was observed that most of the CPPs

discovered/ tested, in last three years, have diverse

chemical modifications (e.g. non-natural residues,

linkers, lipid moieties, etc.). We have compiled this

information on chemical modifications systemati-

cally in the updated version of the database. In or-

der to understand the structure-function relation-

ship of these peptides, we predicted tertiary struc-

ture of CPPs, possessing both modified and natu-

ral residues, using state-of-the-art techniques. CPP-

site 2.0 also maintains information about model sys-

tems (in vitro/in vivo) used for CPP evaluation and

different type of cargoes (e.g. nucleic acid, protein,

nanoparticles, etc.) delivered by these peptides. In

order to assist a wide range of users, we developed a

user-friendly responsive website, with various tools,

suitable for smartphone, tablet and desktop users.

In conclusion, CPPsite 2.0 provides significant im-

provements over the previous version in terms of

data content.

INTRODUCTION

Cell-penetrating peptides (CPPs) are short peptides (<30
amino acids), often cationic and have the ability to in-
ternalize into the eukaryotic cells without causing signi�-
cant membrane damage (1–2). Owing to this intrinsic cell-
penetrating property, CPPs are capable of delivering con-
jugated therapeutic molecules like proteins (3), peptides

(4), nucleic acid (5–8), small molecule drugs (9), nanopar-
ticles (10–11), etc. to the cells and tissues. Over the last
decade, considerable progress has been made toward devel-
oping CPP-based drug delivery systems in various preclini-
cal studies (12–16) leading to the discovery of hundreds of
novel CPPs and their chemically modi�ed analogs. A few
CPPs based formulations are currently being evaluated for
their toxicity and safety in different phases of clinical trials.
Over the years, with the increase in the signi�cance of

CPPs, many computational resources have been developed
to provide information on CPPs. One such resource is avail-
able at http://cell-penetrating-peptides.org/, which provides
knowledge about CPPs and CPP resources. The huge ther-
apeutic importance of CPPs motivated us to develop the
�rst version of CPP database, i.e. CPPsite (17), which pro-
vides comprehensive information on experimentally vali-
dated CPPs. In the past, different groups all over the globe
have developed a few in silico methods for CPP prediction
(18–22). However, all these methods were based on small
data sets and none of these were available in the form of a
web server. In 2013, Gautam et al., have developed CellPPD
(21), a support vector machine based prediction method,
which was trained on a larger data set and �rst time, a freely
accessible web service was provided. Later on, CPPpred (22)
was developed, which was based on neural network.
The �rst version of CPPsite was established in 2012. Since

then, a signi�cant amount of CPP data have been gener-
ated. Therefore, we have performed a major update on CPP
data and developed an updated version, CPPsite 2.0, which
holds 1855 entries, including 1012 recent new entries. In re-
cent years, signi�cant attention has been given to develop-
ing chemically modi�ed CPPs in order to enhance the sta-
bility and bioavailability of CPPs (23–24). In the updated
version, information on chemically modi�ed CPPs and in
vivo model systems used for evaluation of these CPPs was
collected and compiled, whichwas not available in the previ-
ous version. Also, information on various cargoes (like pro-
teins, nucleic acid, small molecules, nanoparticles, etc.), de-
livered using CPPs, was made available to the users. Since
the structure plays an important role in the functionality of
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CPPs, we have predicted secondary and tertiary structures
of CPPs. In the �rst version, structures of only CPPs hav-
ing natural amino acids were predicted and stored. Now, to
overcome this shortcoming, in the updated version, we have
predicted structures of many chemically modi�ed CPPs (in-
cluding CPPs with D-amino acids and a few non-natural
residues) and stored these structures in the database. We
believe that the updated version of the database provides
signi�cant improvement in data content. Various tools for
data searching, browsing and analysis are integrated, which
makes it a useful resource. Furthermore, peptide sequences
are linked to the PubMed ID of the related original article,
allowing users to reach the online article page. A responsive
web-server is built, which is compatible for all users, includ-
ing smartphone and tablet users.

MATERIALS AND METHODS

Data collection

Since the �rst version of CPPsite was established in 2012,
there has been a signi�cant growth toward exploration of
novel CPPs with better therapeutic effect. Therefore, we
have performed a major update on CPP data generated in
the last three years. Data were collected from research arti-
cles and patents. In order to collect the comprehensive infor-
mation on CPPs, rigorous searching criteria was employed.
First, in order to obtain the research articles having infor-
mation on CPPs, search was performed in PubMed using
‘cell-penetrating peptides’ as query from the time period
between July 2012 and April 2015. From the obtained ar-
ticles matching the search criteria, we excluded review ar-
ticles, prediction methods and book chapters. Next, after
careful reading, rest of the research articles were manually
screened for the relevant CPP information. Only research
papers containing information about experimentally vali-
dated CPPs and their analogs were selected for further cu-
ration.
Similarly, patents were searched using ‘cell-penetrating

peptides’ as query from patent lens database. After care-
ful readings, patents having information of experimentally
validated CPPs were selected for further data curation. In-
formation of CPP sequences, their family, names, nature,
chirality and other relevant experimental information like
uptake ef�ciency, sub-cellular localization, terminal modi-
�cations, in vitro/in vivomodel systems (cell lines or animal
models), etc. were extracted manually after careful reading
of the shortlisted research articles. This information was
compiled systematically in a tabulated manner. We have
made multiple entries of same CPP if it has been tested
in different experimental conditions (e.g. cell lines, animal
model) or reported in different research papers. In this way,
we �nally compiled total 1855 entries (843 from the previ-
ous version and 1012 new entries) with 1699 unique CPP
sequences.

Database architecture and web interface

CPPsite 2.0 is built on an Apache HTTP Server (version
2.2.17) installed onmachine with RedHat Enterprise Linux
(version 6.2) as operating system. The responsive front-end,

which is suitable for mobile, tablet and desktop, was de-
veloped using HTML5, CSS3, PHP (version 5.2.14) and
JavaScript (version 1.7). MySQL (a relational database
management system, version 5.0.51b) was used at the back-
end to manage the data. The architecture of CPPsite 2.0
database is shown in Figure 1.

Data content

Data were compiled in two different tables as primary and
secondary data. The manually curated information such as
PubMed ID, CPP sequences, name, their category, chiral-
ity, nature, ends modi�cations, length and other relevant ex-
perimental information like uptake ef�ciency, uptake mech-
anism, sub-cellular localizations, model systems used for
CPP testing, cargo types, etc. were organized as the primary
information.
We have derived other important information from the

primary data like physiochemical properties and amino acid
composition of CPPs. This information was stored as sec-
ondary information in the database. Since structure plays
a major role in de�ning the function of a peptide, we also
performed the structural annotation of the peptides present
in CPPsite 2.0. We followed a systematic approach for per-
forming structural annotation. First, if the peptide was al-
ready available in Protein Data Bank (PDB) (25), we as-
signed the same structure to that peptide as present in PDB.
We mapped the sequences of all the peptides of CPPsite 2.0
to that of PDB sequences to identify such peptides. If the
peptide was not available in PDB, we predicted the struc-
ture of those peptides using structure prediction techniques.
Peptides with length ranging between 5 and 30 residues
were predicted using theweb-service PEPstrMOD (in paral-
lel communication). PEPstrMOD is an updated version of
PEPstr method (26), which predicts the tertiary structure
of peptides. PEPstrMOD is capable of handling peptides
with natural as well as non-natural ormodi�ed amino acids.
Many peptides in CPPsite2 contains modi�ed residues like
Ornithine, �-alanine, etc. which were predicted using PEP-
strMOD which integrates force �eld libraries (FFNCAA
(27), FFPTM (28) and SwissSideChain (29–30) to tackle
non-natural residues. The peptides having natural amino
acids but linked with �uorophores (used for labeling) at ter-
minal residues or having other complex modi�cations were
treated as natural and their structure was also predicted us-
ing PEPstrMOD.
Peptides having the length between 1 and 4 residues

were predicted using an alternative approach. We used an
extended conformation of the peptide (with phi and psi
torsion angles of 180◦ for each residue) as initial struc-
ture, which is then subjected to energy minimization and
molecular dynamics simulation to get the output predicted
structure. The peptides with more than 30 natural amino
acids were predicted using I-TASSER suite (31). I-TASSER
(named as ‘Zhang-Server’) was among the best methods in
the server category in recent CASP (2011 and 2010) exper-
iments for the assessment of protein structure prediction
(32).
The predicted tertiary structures of peptides were given as

input to DSSP software (version 2.0.4) (33) which assigns
eight types of secondary structure states. DSSP describes
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Figure 1. Architecture of CPPsite 2.0.

these states as helix (alpha helix (H), 3/10 helix (G) and pi
helix (I)); strand (extended strand (E) and beta-bridge (B));
turn (T); bend (S) and loop (C).

IMPLEMENTATION OF TOOLS

A sleek and intuitive responsive web-interface was devel-
oped with a number of tools, which facilitates data search-
ing, browsing and analysis very conveniently. Following is
the description of these tools:

ENQUIRE. ENQUIRE is a powerful searching facility,
which assists users to search the database in an easy way.
It has �ve search options, e.g. keyword search, literature
search, complex search, segment search, mapping and sec-
ondary structure. Keyword search is a basic search option,
which allows users to perform a simple search using key-
words on any �eld of the database, e.g. name of CPP, se-
quence of CPP, nature of CPP, etc. Module permits user
to display at least six provided �elds at a time. Literature
search designed for performing extensive literature search
against CPPsite 2.0. It allows user to search the papers used
for extracting CPPs. Complex search is an advanced search
option and permits users to search the database rapidly us-
ing multiple options by adding a number of queries at a
time. Segment and Mapping search options allow the user
to run a sub-search and super-search where a query peptide
is mapped against all peptides of CPPsite 2.0. Secondary

structure search option allows users to search user’s sec-
ondary structure against CPPs.

BROWSE ON. BROWSE ON is a data-browsing tool,
which helps users to fetch data on speci�c �elds. Users can
extract the detailed information on the four speci�c �elds
that include (i) chemical modi�cations, (ii) category, (iii)
cargo and (iv) length. The chemical modi�cations �eld is in-
tegrated to allow users to fetch the information of all possi-
ble types of chemicalmodi�cations, includingmodi�cations
at the N- and C-termini and modi�cation in the sequences
like incorporation of non-natural residues. Based on the ori-
gin of CPPs, we have classi�ed CPPs in three categories that
include (i) protein derived (ii) chimeric and (iii) synthetic.
Also based on their nature, CPPs are grouped in different
categories like cationic, amphipathic, non-amphipathic, etc.
In addition, CPPsite 2.0 contains information of both lin-
ear and cyclic peptides. User can browse the information of
any type of CPPs using appropriate browsing �elds.
In the cargo type �eld, users can retrieve information on

various cargoes delivered by CPPs like nucleic acid, pro-
tein, peptide, �uorophore, small molecule drug, nanopar-
ticles, etc. For instance, using this �eld, user can extract all
CPPs, which have reported to deliver nucleic acids as cargo
(or any particular cargo) into the cells. The length �eld pro-
vides browsing of CPPs based on length of the peptide.
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COMPOSITION. In addition to the information on CPP
sequences, the most relevant physicochemical properties
of CPPs are calculated like charge, hydrophobicity, am-
phipathicity, isoelectric point, etc. This is a very impor-
tant analysis tool, which helps user to analyze and retrieve
CPPs with desired amino acid composition/frequency and
physicochemical properties. This tool has �ve modules:
(i) amino acid (AA) composition, (ii) AA frequency, (iii)
physicochemical property (PP) composition, (iv) PP fre-
quency and (v) SS composition. The lastmodule assists user
to searchCPPs based on their secondary structure composi-
tion. For example, using this tool, one can retrieve all CPPs,
which have high composition of helical state or CPPs having
high amphipathicity.

SIMILARITY. This tool helps users to input his/her pep-
tide sequence and search identical/similar CPPs stored in
CPPsite 2.0 database. We have integrated BLAST (34) and
Smith–Waterman (35) search tools to assist users in search-
ing their peptides against CPPsite 2.0 database. The pep-
tide alignment tool provides the facility to align query pep-
tides with the peptides present in CPPsite 2.0. The 2D-
similarity tool allows users to input desired secondary struc-
ture states (DSSP state format) and search all the peptides
having identical/similar secondary structure to the query.
The 3D-similarity tool permits users to input any query
structure in standard PDB �le format and search for all the
peptides with similar/exact structural fragments present in
CPPsite 2.0. We integrated jcsearch tool (version 5.10.0) in
3D-similarity, which searches against CPPsite 2.0 peptide
library stored and maintained in SMILES format.

RESULTS AND DISCUSSION

The CPPsite database is updated to facilitate the access
to the latest information on experimentally validated CPP
sequences and their structures. The �rst version of the
database contains 843 entries providing information of 741
unique CPPs. We have performed a major update on CPP
data and incorporated around 1012 new entries. Thus, the
total entries inCPPsite 2.0 are 1855, which provide informa-
tion of 1699 experimentally validated unique CPPs. CPPsite
2.0 is a unique collection of diverse CPPs that includes lin-
ear (1753), cyclic (102), CPPs with L-amino acids (1564), D-
amino acids (63) and having both L-and D-residues (32). In
addition,most of theCPPs (1017 entries) are synthetic while
774 entries provide information of CPPs that are derived
from natural proteins/ peptides and 64 are chimeric (fusion
of two different peptides) in nature (Figure 2). CPPs are
classi�ed based on their nature like cationic, amphipathic,
cystein-rich, etc. In CPPsite 2.0, around 714 entries are of
cationic CPPs (arginine and lysine-rich peptides) and 391
entries show amphipathic (both primary and secondary)
CPPs. In addition, many other CPPs are cysteine-rich, hy-
drophobic, anionic and non-amphipathic in nature as well.
During the early years, the uptake mechanism of CPPs

was amatter of debate. In the earlier studies (before 2003), it
was reported that CPPs were internalized by both endocytic
and non-endocytic pathways (direct penetration). But after
2003, most of the papers reported that CPPs internalized
mainly by endocytic pathways. Now, it is a well-accepted

fact that most of the CPPs are internalized by endocyto-
sis though few CPPs can internalize by direct penetration
as well. We have collected information on uptake mecha-
nism of CPPs and user can fetch this information from the
database.
Though CPPs are highly ef�cient delivery vehicles and

less toxic, their physicochemical properties often limit their
progression from research lead to use in the clinic. Most of
theCPP-cargo complexes are entrapped into the endosomes
post endocytosis and gets degraded into the lysosome (24).
Thus, the bioavailability of attached cargoes is severely re-
duced resulting into the insuf�cient biological response. In
order to be effective at low concentrations, peptide-cargo
complex must be released into the cytosol from endosomes
before being degraded into the lysosome. Therefore, con-
siderable efforts have been made, over the years, to design
and develop chemically modi�ed CPP analogs in order to
increase their bioavailability and stability (24). CPPsite 2.0
provides information of chemically modi�ed CPPs as well.
A total 1125 and 897 entry gives information onN-terminal
(e.g. acetylation) and C-terminal modi�cations (e.g. ami-
dation), respectively. In addition, around 200 entries pro-
vide information on diverse chemical modi�cations in the
sequence itself such as addition of lipid moiety, incorpora-
tion of non-natural amino acids, peptide back bone modi-
�cation, residue side chain modi�cation, etc. The informa-
tion on chemical modi�cations along with CPP uptake ef�-
ciency will be very important for the users and will be help-
ful while developing novel CPP analogs with an objective
to increase the bioavailability (endosomal escape). Also the
data available in CPPsite 2.0 can be used to develop various
prediction tools like the prediction of endosomolytic CPPs.
In the past, a plethora of studies has been carried out to

evaluate the cargo carrying capability of various CPPs in
different in vitro and in vivo settings. For the �rst time, in-
formation on in vitro/in vivo model systems, used for eval-
uation of CPPs, was compiled. We have compiled 1623 en-
tries providing information of CPPs that have been tested
for their internalization ef�ciency in only in vitro settings
while 36 entries compiled CPPs that are tested only in in vivo
conditions. There are many entries (196), giving informa-
tion ofCPPs, which are evaluated both in vitro and in vivo. In
these assays, CPPs have been conjugated to a variety of car-
goes ranging from small molecule drug to macromolecules
like nucleic acid and protein and their ef�cacy and cargo
loading capabilities were evaluated. This is very important
information and thus we have collected and compiled the
information on different cargoes delivered by these CPPs.
Most of the CPPs (948 entries) have been reported to deliver
�uorophores (e.g. FITC, rhodamin B, �uorescein, etc.) as
cargo, and 260 entries gives information on nucleic acid (e.g.
siRNA, miRNA, plasmid DNA, dsRNA, etc.) followed by
proteins (159 entries) and nanoparticles (127 entries) which
have used as cargoes. Many other CPPs are reported de-
livering therapeutic peptides (antimicrobial and anticancer
peptides), peptide nucleic acid (PNA), and small molecule
drugs (e.g. doxorubicine, paclitaxel, etc.) as shown in Figure
2.

In addition to this information, we have predicted the ter-
tiary structures of CPPs and stored in the database. CPPsite
2.0 stores a total of 1558 peptide structures out of which
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Figure 2. Schematic representation of distribution of peptide entries in the CPPsite 2.0 based on (A) linear and cyclic conformation of CPPs, (B)
chirality/modi�cations of CPPs, (C) origin of CPPs and (D) different types of cargoes delivered by CPPs in various in vitro and in vivo settings.

58 are derived from PDB, 1411 are predicted using PEPstr-
MOD while 89 are predicted using I-TASSER suite soft-
ware. The structures of some of the peptides containing
complex chemical modi�cations were not predicted.

CONCLUSION

With over 1000 new entries, CPPsite 2.0 content has in-
creased signi�cantly since its �rst publication in 2012. In
addition, we have improved theCPP data coverage by incor-
porating additional �elds, including information on diverse
chemical modi�cations. To the best of authors’ knowledge,
CPPsite 2.0 is the only database available to public, which
provides comprehensive information on CPPs. We believe
that the updated version will be very useful for the scienti�c
community.

LIMITATION AND UPDATE OF CPPsite 2.0

In CPPsite 2.0, we have tried to provide the complete in-
formation about experimentally validated CPPs. One of the
important concerns of therapeutic peptide is their toxicity,
their plasma half-life and bio-distribution. This informa-
tion is not incorporated in the current version due to lack of
suf�cient data. We will try to incorporate this information

in the next version, if data will be available. The next ver-
sion of the database (CPPSite 3.0) will be developed with
incremental improvements in ≈3 years.
We have developed a HTML form on the web interface

where user can submit any new experimentally validated
CPP sequence and related information. In order to main-
tain the high standard quality of the database, we will con-
�rm the validity of new peptide entry before including into
the database. Also, on regular basis, our team will update
the information in the database.

AVAILABILITY

CPPsite 2.0 is freely available at http://crdd.osdd.net/
raghava/cppsite/. The website is compatible with using on
desktop, tablet and smartphone. In order to retain the users
of the previous version of the database, the older version of
the database (CPPsite1) will not disappear and is accessible
at http://crdd.osdd.net/raghava/cppsite1/.
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