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1. Introduction

1.1. Cell-penetrating peptides

1.1.1. Definition and features

Membrane-active peptides are oligopeptides and short polypeptides, usually
containing 8 to 30 amino acid residues, which can translocate through biological
membranes. There are two main groups: antimicrobial peptides (AMPs) and cell-
penetrating peptides (CPPs). AMPs are part of the innate immune response as potent,
broad-spectrum antibiotics acting through the destabilisation of the plasma membrane of
the pathogens. This study presents the other group, the CPPs. They can translocate into
live cells and cell organelles and cause lasting damage only in extremely high
concentrations so that they can deliver several compounds, for example, drug molecules,

to intracellular targets or across the blood-brain barrier or epithelia. [1] [2] [3]

The first peptide identified as a CPP is the Tat, a part of a regulatory protein isolated

from the human immune deficiency virus (HIV). [4] The next one was the penetratin. [5]
[6]

The interest in CPPs has increased in the last two decades because of their versatility.
[7] The first CPP database was published in 2012 and became obsolete in a few years. [8]
The CPPsite 2.0 (https://webs.iiitd.edu.in/raghava/cppsite/index.html) contains 1699

unique peptides described as experimentally validated CPPs, and new structures are still

being uploaded. [9]

These databases are essential source of information regarding CPPs because they not
only contain information on sequence, but also subcellular localisation, physicochemical
properties and uptake efficiency. The above mentioned revision of the database has
completed it with further including knowledge of the model system, cargo information,
chemical modifications and predicted tertiary structure. The CPPsite 2.0 is now
considered to be the most complete dataset and as such, it is frequently used for building

predictive models, especially in case of machine learning methods. [10]

CPP databases were also proved to be useful in planning preclinical experiments and
in some cases, also clinical trials by selecting peptides those were appropriately identified

previously. The most significant limitation of CPPsite 2.0 is the lack of information about


https://webs.iiitd.edu.in/raghava/cppsite/index.html

relevant pharmacology related data for example plasma half-life, bio-distribution and
toxicity. [11]

1.1.2. Classification of CPPs

CPPs can be classified depending on the chain type, the origin, the configuration and
the physicochemical properties. Most of them are linear. Nevertheless, some cyclic
peptides have a peptide bond between the N and C terminals of the backbone (Figure 1.
a). [9] [12] One of the main advantages of cyclic peptides is the much slower
biodegradation. [13]

More than half of the CPPs are synthetic, so the sequence is artificial and often
repetitive. The second largest group is the natural; they are parts of proteins. The chimeric
CPPs, a minor group, are connected by two natural peptide sequences. Another small
group is the design peptides: they are of natural origin but modified artificially (Figure 1.
b). [14]

Most CPPs are built of natural a-L amino acids, but some synthetic peptides contain D
residues, even D and L mixed or other modified amino acids (Figure 1. ¢). The modified
amino acids can be a-L with unnatural side chains, B amino acids even with two side

chains, or anything else that can form peptide bonds. [9]

The two most important features of the amino acid sequence are polarity and charge.
The primary amphipathic peptides have hydrophilic and hydrophobic residues separated
in the series. The secondary amphipathic peptides have residues with different polarity
mixed; usually, they have a polar and an apolar side in a helical conformation. The third

important group is cationic; these peptides contain more positively charged side chains.

[7] [15]
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Figure 1. Statistics about CPPs: backbone type (a); origin of the peptide sequence (b);
configuration of the amino acids (c); transported compound as a conjugate (see below) (d)

1.1.3. Mechanisms of the penetration

Several possible mechanisms of penetration are described in the literature. CPPs may

enter the cells via all usual types of endocytosis: phagocytosis, macropinocytosis,

clathrin-mediated endocytosis, caveolae or constitutive endocytosis (Figure 2. a-€). The

energy-independent mechanisms are direct translocation, membrane thinning, the two

kinds of pore formation, the inverted micelles and the carpet model. [16] The composition

of the membrane probably modifies the mechanism: the same peptide can react differently

with animal cells, bacteria or other membranes, even with different cells of the same

organism. [17] In in vitro experiments, specific endocytosis inhibitors decrease the

internalisation but usually do not prohibit it altogether. Low temperature, when the

energy-independent mechanisms can not process, also only drops the speed of

penetration. [18]



The less complicated mechanism is direct translocation: passive diffusion through the
cell membrane. Linear peptides usually go in a perpendicular position during significant
conformational changes. Hydrophobic or at least amphipathic character is needed for this
process (Figure 2. f). [19] [20]

The membrane thinning is not only a single mechanism; the other energy-independent
processes can also initialise it. When a cationic peptide approaches the membrane, it
attracts the negative groups (phosphate) and represses the membrane lipids' positive
groups (for example, choline). This makes an electrochemical bilayer that spreads to the
membrane's other face and pulls it closer (Figure 2. g). [21]

Two different types of pore formation are described. In the first case, called toroidal
pore, a usually helical peptide is in the middle of the small pore pre-alone while the
membrane lipids turn around the peptide (Figure 2. h). In the second case, called barrel
pore, more peptides form a circle closely next to each other in the membrane, and there

is a much broader pore in this circle (Figure 2. i). [22]

Inverted micelles are in the middle of the membrane and contain one peptide or
sometimes a few peptides covered by membrane lipids. The hydrophilic part of the

phospholipids orientates to the peptide (Figure 2. j). [5] [23]

The carpet model occurs in a high CPP concentration and causes severe membrane
damage, leading to cell death. The peptides are adsorbed on the surface of the membrane
and make it burst, while the lipids form toroid aggregates stabilised by the amphipathic
peptides (Figure 2. k). [17] [24]

The mechanisms of endocytosis need specific features of the peptide, too. Some
peptides can bind to receptors, but receptor-mediated endocytosis is not exclusive. The
peptide has to be adsorbed on the membrane surface to initialise endocytosis as an energy-
independent mechanism. [19] The CPP may sometimes indicate vesicular uptake

spontaneously after interaction with the membrane lipids. [25]

Endocytosis is usually combined with an energy-independent mechanism as an
endosomal escape. Specific domains in the peptide sequence with triptofanes are essential
for this process. [15] Early endosomal escape is vital to avoid lysosomal degradation. [26]

In another mechanism investigated in vitro tests on live cells, CPPs could reach the lumen



of cell organelles via vesicular transport following the endocytosis, especially when the
vesicles are coated with clathrin molecules. [27]
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Figure 2. Active (a-e) and passive (f-k) mechanisms of the CPP penetration: phagocytosis (a);
macropinocytosis (b); clathrin-mediated endocytosis (¢); caveola (d); constitutive endocytosis (e);

direct translocation (f); membrane thinning (g); toroidal pore (h); barrel pore (i); inverted micelle
(j); carpet model (k) [28]

1.2. Penetratin and cyclic CPPs

Six peptides were selected in this study (Table 1). Three are linear: penetratin,
6,14-Phe-penetratin and dodeca-penetratin, while the other three are Kalata B1, SFTI-1
(Sunflower trypsin inhibitor 1), and MCoTI-Il (Momordica comhinchinensis trypsin

inhibitor 1) are cyclic.

Table 1. Amino acid sequences of the investigated peptides [28]

Peptide PDB ID Sequence Reference
Penetratin 1KZ0 ROIKIWFQNRRMKWKK [29]
6,14-Phe-penetratin  1KZ2 RQIKIFFQNRRMKFKK [29]
Dodeca-penetratin 1KZ5 ROIKIWFRKWKK [29]
Kalata B1 INB1 [CGETCVGGTCNTPGCTCSWPVCTRNGLPV] [30]
SFTI-1 1JBL [GRCTKSIPPICFPD] [31]
MCoTI-II 1HA9 [SGSDGGVCPKILKKCRRDSDCPGACICRGNGYCG] [32]

Penetratin (Figure 3. a) is the helix 11l homeodomain fragment of the Antennapedia
homeoprotein isolated from Drosophila melanogaster. It is one of the most frequently
investigated and the earliest known CPPs. It consists of 16 amino acids, 7 of which are
cationic (three arginines, four lysins), so it has seven positive charge units because there
are no anionic residues (Figure 4. a). The three aromatic side chains are essential: the
Trp 6 and the Phe 7 forms a hydrophobic core with n-nt stacking, and there can be an

intramolecular n-cation interaction between Trp 14 and Lys 15. The other amino acids
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are aliphatic hydrophobic or hydrophilic neutral. Its conformation is helical primarily; it
can be a-helix or 310 helices depending on the conditions, and short B-turn parts can be
observed close to both terminals. [29] [33]

6,14-Phe-penetratin (Figure 3. b) is a modified version of penetratin: both triptofanes
are replaced with phenylalanines, so the hydrophobic core and the intramolecular r-cation
interaction are missing (Figure 4. b). Its charge in physiological pH is +7, like the native
penetratin. Its secondary structure is mostly a-helical, with a B-turn at the C-terminal.
According to in vitro experiments, its biological activity is significantly weaker than
penetratin. [29] [33]

Dodeca-penetratin (Figure 3. ) is another penetratin analogue; four amino acids, the
original GIn 8, Asn 9, Arg 11 and Met 12, are excluded (Figure 4. c). Despite the relevant
residues’ existence, there is N0 7-m stacking or zm-cation interaction between the side
chains. The conformation of this peptide is mostly 310 helical. Its penetrating ability is as
good as the penetratin’s because the essential amino acids are included. [29] [33]

Kalata B1 (Figure 3. d) is a natural cyclic peptide, a self-defending material of
Oldenalia affinis. It has antimicrobial and hemolytic effects and is stable against
proteolytic mechanisms. It consists of 29 amino acids, and the six cysteines are the most
important to determine the structure: three disulphide bonds between Cys 1 and 5, Cys 10
and 15, Cys 17 and 22 (Figure 4. d). The secondary structure of this peptide is dominated
by a B-sheet and a B-turn; there are no helices. It contains a hydrophobic core and loops,
which can form van der Waals binding to the fatty acid part of the membrane lipids. [30]

SFTI-1 (Figure 3. e) was isolated from Helianthus annuus and may have antitumor
and anti-inflammatory abilities. It comprises 14 amino acids with a cyclic backbone and
a disulphide bridge between Cys 3 and 11 (Figure 4. e). Several hydrogen bonds stabilise
the secondary structure of two short B-sheet parts. It is a potent trypsin inhibitor and
proteolytic stable. [31]

MCoTI-II (Figure 3. f) is a cyclotide isolated from Momordica comhinchinensis. It
consists of 34 residues, one of the largest known CPPs. Like other cyclic CPPs, cysteines
are critical: disulphide bridges between Cys 8 and 25, Cys 15 and 27, Cys 21 and 33 form
the cyclic cysteine knot motif (Figure 4. f). This knot is very rigid and has a hydrophobic
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core inside. A three-line antiparallel B-sheet dominates the conformation of this peptide,
and there are two B-turns and a short a-helical part too. [32]

Figure 3. The 3D structures of the peptides gained by NMR from the Protein Data Base by the
following PDB IDs: 1KZ0 - penetratin (a); 1KZ2 — 6,14-Phe-penetratin (b); 1KZ5 — dodeca-
penetratin (c); INB1 — Kalata B1 (d); 1JBL — SFTI-1 (e); 1HA9 — MCoTI-II (f). The secondary
structures are represented either as ribbons (for the a-helixes and B-sheets coloured bes (unsettled)
and coloured by residue positions (from red to violet). Intramolecular interactions are represented
as dashed lines: H-bond — yellow; n-n stacking — turquoise; mt-cationic — dark green; salt bridge —
purple. [28]
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Deletion

Figure 4. Amino acid sequence of the peptides: penetratin (a), 6,14-Phe-penetratin (b),
dodeca-penetratin (c), Kalata B1 (d), SFTI-1 (e), MCoTI-1I (f). The colours represent the type of
amino acids: glycine-light grey, aliphatic hydrophobic—green, hydrophilic neutral-turquoise,
cationic—dark blue, anionic-red, and aromatic-brown. The modifications in penetratin analogues
and disulphide bridges with cyclic peptide loops are also marked.

1.3. Peptide-drug conjugates

The covalent binding of a small organic drug molecule to a peptide provides the
peptide—drug conjugate. The small organic drug molecule generally has a prominent,
strong pharmacological action. However, for these compounds, conjugation as a strategy
is helpful because these compounds often suffer from some distinct drawbacks, for
example, high toxicity or low tissue penetration. Moreover, their site-targeted or site-
specific application might also offer substantial benefits. [34] [35] [36]

Careful design principles should be followed for constructing peptide—drug
conjugates. First, the drug molecule should be carefully selected. It should have a
functional group that can be attached to the peptide or the linker without losing
bioactivity. Additionally, the linker has to be selected cautiously. Thus, the length,

stability, release mechanism, and solubility must be considered. There are stimuli-
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responsive and biodegradable linkers, which release the active drug molecule into the
environment of, for example, the cancerous tissue with which the general toxicity of an

anticancer agent can be lowered. [34] [35]

CPPs are capable of transporting into cells and even cell organelles and nucleus or
transporting transcellular nearly all types of cargo: small molecules (drug compounds,
diagnostics), macromolecules (DNA, RNA, PNA, proteins) and nanoparticles. [37] [24]
Fluorophores are the most frequent. [9] In gene technology, CPPs are one of the most

effective methods for inserting plasmids into cells. [14]

This study is about drug-conjugated CPPs, which our research group has already
investigated. One of the first applications, conjugating paclitaxel to penetratin, helped
reach the nucleus, thereby increasing the anticancer activity of the active ingredient. [38]
Delivering isoniazid into mycobacteria with penetratin is under investigation. [39] One
of the most recent applications of CPPs (but not small molecule conjugate) is orally active

insulin; the effective preclinical development was published in 2021. [40]

Different strategies were published in the literature for the conjugation of the cargo,
while specific macromolecules could be attached in a non-covalent manner and, for
example, positively charged peptides with nucleic acids via charge-dependent complex
formation with the CPP. [41] Proteins can be physically complex and covalently
conjugated, too. [3]

However, small molecules mainly were bound covalently. [42] The chemistry to attach
the small organic drug molecule to the peptides is a challenging task. The chemical bond
between the two molecules should be orthogonal to other functional groups of the
conjugate, ensuring the formation of only a single compound. The conjugation can be
created by either the terminals of the peptide or through a side chain with the application
of an appropriate functional group. A linker is frequently used to increase the distance
between the peptide and the active ingredient or provide reversibility (capability for
detachment under proper conditions). Almost in three-quarters of the cases, the
connecting group is an amide, but nearby, all of the most known organic functional groups
(ester, ether, sulphide, disulphide, sulphonamide, carbamate, amidine, guanidine, triazole,
carbon-to-carbon) are represented. [43] [44] [45] [46] [17]
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The current study selected three different types of drugs with known penetration
issues. All three were known for their peptide conjugates in the literature, but only one

was investigated as a complex before. [28]

Doxorubicin is a topoisomerase-2 inhibitor cytotoxic anticancer drug. Like most
members of this pharmacological group, it causes severe side effects. Due to its
hydrophilicity (Table 2), its excretion through the kidneys is relatively rapid. To make its
pharmacokinetics even worse, some cancer cells have developed an active efflux system
as protection. In animal tests, the peptide-conjugated form of doxorubicin has been
excreted much slower; therefore, a much lower blood concentration was needed to have
an equal therapeutic effect. [45] [47] [48]

Rasagiline is a specific, irreversible MAO-B (monoamine oxidase B) inhibitor used to
treat Parkinson’s disease; it has to get through the blood-brain barrier. Experimentally
confirmed that the drug attached to penetratin was more effective than its unconjugated
form. [46] [49]

Zidovudine, a reverse transcriptase inhibitor antiviral drug, has been developed to cure
HIV infection. The peptide conjugation can increase its specificity towards the infected

cells, which reduces the side effects of this hydrophilic molecule (Table 2). [44]

Table 2. Partitioning of the investigated drugs [28]

Drug Molar weight Predicted logP* Experimental logP
(g/mol)
Doxorubicin 543.52 -0.184 0.32 [50]
Zidovudine 267.24 -0.038 0.04 [51]
Rasagiline 171.24 2.447 2.462 [52]

* Schriodinger Release 2023-1: QikProp, Schrédinger, LLC, New York, NY, 2021.

1.4. Molecular dynamics
Molecular modelling, including molecular dynamics (MD), is essential in modern drug
development and pharmaceutical research to design active compounds for targets and

optimise biopharmacy for original and supergeneric medicines.

Molecular dynamics is a computational method for modelling the time course of
molecular processes. It uses the tools of molecular mechanics (MM), consequently
operates with force fields, and applies classical physics rules with Newton’s and

Coulomb’s laws at the molecular level. Mass points represent the atoms, the covalent
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bonds by springs; the ions appear as charge points and the polar bonds as dipoles. So, it
needs much less computational power than quantum mechanics. The covalent bonds and
formal charges do not change during the simulation, so MD cannot model reactions.
Delocalisation can be modelled very limitedly because it does not calculate with the exact

electron structure.

1.4.1. Force fields

The Optimised Potential for Liquid Simulations (OPLS) is the most commonly used
MM force field (FF) and is also suitable for MD. In this model, the nonpolar hydrogen
atoms belong to one unit with the carbon atom to which they are bonded. The OPLS3e
version can also handle the nonbonding electron pairs and the halogen bonds. The
medium can be an implicit or explicit solvent model. The implicit model includes
dielectric constant and density. Explicit models, what we used, contain individual
molecules of the water, membrane and any other components. [53] [54] [55] [56]

Another popular (FF) is CHARMM, developed directly for MD simulations. It has
particular parametrisation for small molecules, biopolymers and membranes focusing on
biophysical properties. AMBER is a widely used FF for MD simulations, too; it has
parametrisation for druglike molecules and macromolecules but for a limited set of lipids;
nevertheless, it can handle complex lipid membranes. Slipids has taken over many
parameters from CHARMM and AMBER and has the most extensive collection of
steroids. GROMOS is developed for lipid-protein simulations and has parametrisation for

more unique (for example, bacterial) lipids. [57]

Polarisable models are a recent innovation; they modify the partial charges during the
simulation due to the changing sterical and environmental effects. The most important
types are the Drude oscillator model, the FlexQ method and AMOEBA. They have been

tested on a limited lipid set and need more computation than standard FFs. [57]

1.4.2. MD methods

Various unique methods of MD are developed: atomistic MD, metadynamics,
umbrella sampling, replica exchange methods and coarse-grained models. Atomistic MD
is the standard method, which calculates the complete molecular structure without
additions or simplifications, so it must calculate with many interactions while

investigating contacts and clashes and their changes over time. However, the drastic
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improvement in computational capacities, especially using graphical processor units
(GPU), allowed us to apply all-atom calculations on hundred nanoseconds or even

microseconds time scales. [58] [59]

Metadynamics operates with additional forces to turn over energetic barriers for
simulating membrane penetration, folding or peptide aggregation. It lets us observe the

system’s unstable arrangements, but choosing the appropriate energy bias is challenging.

Umbrella sampling contains multiple parallel simulations on the same system with
different restraints to generate collective variables. The collective variable describes the

importance of system parameters, for example, distances, angles and dihedrals.

The replica exchange method runs parallel simulations of the same system in different
physical conditions (especially temperatures) and compares them. The collective

variables need not be given manually.

Coarse-grained (CG) models reduce the complexity of the molecules; more atoms are
represented by one particle, so it needs less computation than atomistic MD and is even
suitable for high-throughput processes. One CG bead usually contains three to six heavy
atoms, so a typical lipid molecule is represented by eight to fourteen beads. The
parametrisation should represent atomistic interactions (structure-based, bottom-up
strategy) and thermodynamic properties (thermodynamic-based, top-down strategy). One
of the most important limitations is the lack of some common interactions, especially
hydrogen bonds. The Martini model is the most commonly used CG method, has
parametrisation for most biomolecules, and is compatible with the most important
modelling programs. SDK model has been developed for membrane simulations, making
proteins less accurate. SIRAH force field has been developed to model proteins and
nucleic acids. ELBA model is the most accurate in electrostatic interactions and lipid-
water interactions. Solvent-free models, for example, Dry Martini, PLUM and LIME,
exclude the solvent interactions and incorporate them into the potentials between the CG
beads. Supra-CG modes simplify the molecules even more for long-timescale simulations

of extensive systems. [57]
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1.4.3. Examples

Several studies have aimed at modelling the penetration mechanism by applying
molecular dynamics. The following section will address a few examples concerning CPP
penetration with MD. [60] [61] [62]

Lensink et al. took one of the first studies on simulating penetratin in 2005. The peptide
did not translocate during the simulation utilising Gromacs; several interactions were

observed between the peptide and the membrane lipids. [63]

Herce and Garcia published a critical study about MD simulations of CPPs in 2007.
They found that the HIV Tat peptide translocates spontaneously, mainly via transient
pores, while the positively charged side chains interact with the phosphate groups of the
membrane lipids. [64] Their next article in 2009 is about pore formation by arginine-rich
peptides. [65]

In a study published in 2015 by He et al., the role of the membrane tension was
confirmed in simulations with the coarse-grained MD method. The results showed that
polyarginine in low concentrations was only adsorbed on the membrane surface, and
translocation in higher concentrations was completed in less than 100 ns. The mentioned

mechanism was direct translocation after membrane thinning. [66]

In a study by Bennett 2016, the CM15 antimicrobial peptide did not translocate; it only

entered the membrane and reached its equilibrium point inside the lipid bilayer. [67]

Another study by Alaybeyoglu et al. 2016 successfully simulated the direct
translocation of pVEC (an amphipathic CPP) using the steered MD method. The
trajectory also revealed that the penetration was led by the N-terminal amino acid of the
peptide, while the cationic side chains interacted with the phosphatide groups, enhancing
the adsorption on the membrane. [68]

The importance of transmembrane electric potential in silico was also demonstrated in
MARTINI coarse-grained MD and metadynamics simulations, in which the translocation
of arginine-rich design peptides was successfully promoted by the introduction of the
electrostatic gradient in a study published in 2018. [69]

Ulmschneider, in 2017 and 2018, investigated the mechanism of antimicrobial

peptides using molecular dynamics simulations. The mechanism could be direct

18



translocation, transient pore-forming or carpet model, depending on the membrane
composition and the physical conditions. The complete process needed microseconds

while ions translocated together; the peptides and lipids did a flip-flop. [70] [20]

The energetic aspect of the transmembrane penetration of peptides was studied by Yao
et al. in 2019. The formation of salt bridges and parallel hydrogen bonds between
guanidium and phosphate groups ensures more than half of the energy needed for the
membrane translocation; the bonds between ammonium and phosphate groups give less

energy. Additionally, the hydration of the peptide inhibits the penetration. [71]

Several works have been published in MD simulations on CPPs in recent years,
summarised in a review by Reid et al. in 2019. This study categorises all unique methods
and tools used, such as atomistic MD, metadynamics, umbrella sampling, and replica
exchange methods, to name a few. However, despite continuous developments, no
universally applicable method has been developed, and many technical problems still

need to be assessed. [58]

Tran et al. 2021 used MD simulations to validate and prioritise the penetration of CPPs
generated by artificial intelligence. As a result, a novel CPP sequence named Pep-MD
was de novo identified by computational methods and then synthesised, and its

penetration potential into living cells was demonstrated by in vitro experiments. [72]

In a recent study, Gimenez-Dejoz and Numata demonstrated that the penetration
mechanism for CPPs containing unnatural amino acids depends on the lipid composition
of the membrane utilising steered MD simulations. The side chains of a-aminoisobutyric
acid facilitated hydrophobic interactions inside the membrane, while the lysine side
chains formed electrostatic interactions with the phosphatide groups in the outer layers.
[73]
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2. Objectives

2.1. Peptide conjugate database

The covalent conjugation of a drug compounds with a peptide can improve its
pharmacokinetic properties and cell specificity. There was a number of successful
examples on this field in the past and there has been a significal increase in their numbers
recently, partially because of the relative ease of their chemical synthesis. Considering
their importance in biomedical and pharmaceutical applications, constructing a

comprehensive peptide—drug conjugate database is particularly important.

However, according to our knowledge no such public database has existed before. It
should be noted that there has been a database available for cell-penetrating peptides that
contains some information on peptide—drug conjugates. Nonetheless, this source focuses
on data collected only for cell-penetrating peptides.

We proposed to collect the synthesised peptide-drug conjugates from the literature and
organise them into a new database. We intended to create a comprehensive collection
including drugs and other relevant organic compounds connected to any peptides, not
only CPPs. We applied only a few but still strict restrictions: the connection must be
covalent, and the peptide contains less than 100 residues mostly focusing on natural

amino acids, artificial peptide analogues were excluded.

The database should include a primary identifier for all molecules and properties, like
the name and pharmacological class of the drug, the sequence and name of the peptide (if
aviable), the exact mode of conjugation. We intended to share the database for all
researchers who may be interested in the topic. This source of information freely

accessible through a web-based interface with multiple search options.

2.2. MD simulations

We aimed this study to ascertain the effect of the covalently conjugated drug molecules
on the peptide. We ran atomistic MD simulations to model the changes of secondary and
tertiary structure of three linear (penetratin, 6,14-Phe-penetratin, dodeca-penetratin) and
three cyclic (SFTI-1, Kalata B1, MCoTI-1I) CPPs and also their conjugation with

doxorubicin, rasagiline and zidovudine. [28]
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With these simulations, we intended to explore how these peptides behave near the
membrane surface and inside the membrane and how this is affected by certain
modifications to the amino acid sequence and the conjugation. We have also attempted
to investigate whether such a relatively simple explicit system can be used to model

membrane penetration.

The target of doxorubicin is located in the nucleus, and zidovudine has to enter the
infected cells. Rasagiline has to translocate across the blood-brain barrier, which certain
peptides could facilitate. Applying CPPs could improve the delivery of these active
ingredients in lower doses with fewer side effects.

We utilised explicit solvent and membrane models during the MD simulations to study
the behaviour of the conjugates in water, inside the membrane, and on the surface of the
membrane. We were looking for similarities and differences between the unconjugated
peptides and their conjugated forms. We intended to determine if the conjugated cargo

helps or inhibits the penetrating ability of the peptides.

Despite the high number of studies about CPPs, not to many results with MD
simulation of drug-conjugated CPPs have been published yet, and comprehensive studies

with more different peptides and small molecules are rare. [28]

The original aim was to model the internalisation process, but despite our effots it did
not occur spontaneously. Therefore, we focused on some aspects that might be involved
in the penetration leading to the internalisation, such as the formation of intermolecular
interactions, orientation and conformational changes of the penetratin and analogues, and

the influence of the conjugated small molecule on the process.

Despite the lack of penetration, based on these interactions and changes we may be

able to extrapolate to the penetrating capability of these molecules.
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3. Methods

3.1. Database building

3.1.1. Data collection and processing

The entries in the ConjuPepDB (https://conjupepdb.ttk.hu/) result from a rigorous

curation process. We painstakingly collect and annotate covalent peptide—drug conjugates
from the literature, ensuring the utmost data quality. Our search in the CAS database

(https://www.cas.org/) via the SciFinder" tool (https://scifinder-n.cas.org/) was conducted

using various keywords such as ‘peptide conjugate’, ‘peptide conjugated’ and ‘peptide
conjugations’ combined with ‘drug’. A conjugate was included in our database only if it
contained a peptide and a small molecule connected through a covalent bond. In most
cases, the latter component was a drug or imaging compound, but other
pharmacologically and biologically relevant conjugates were also discovered. Each
literature entry was meticulously evaluated, and only those with one or more relevant
substances assigned were included. Peptide conjugates and peptides with protecting
groups were not included. Several articles were omitted because no valid peptide
conjugate structures were set in the CAS database (small molecules only peptide only or
no structures at all) despite indication in their title or abstract. Other sources, such as

Elsevier’s Reaxys database (https://www.reaxys.com/), were also searched. However, the

number of articles with assigned peptide conjugates was significantly lower (this is the
reason why no cross-references were included in our database). [43]

Conjugate structures are referred to by their CAS registration numbers and the small
molecule parts. The amino acid sequences of the peptide part are also included. These
were taken from the CAS database (if they were specified) or added manually recognised
from the 2D structures. The conjugated small molecules were identified either by name,
as referred to within the articles, or manually by their 2D structure. The conjugate
structures and the corresponding small molecules were exported from the CAS database
in MDL mol format. [43]

According to the type of the covalent bond, each selected conjugate was classified into
one of the following groups: amide, urea, triazole, sulfonamide, sulfide, guanidine, ether,
ester, disulfide, carbamate, carbon-to-carbon (C—C), azide, ammonium, amidine. Based

on the indication of the drug conjugates, they were also grouped into types of biomedical
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application: anticancer, anti-inflammatory, neurological, and antimicrobial, while non-
drug conjugates were categorised as ‘other’. It's important to note that these non-drug
conjugates, despite not being the primary focus, have significant practical applications
concerning organic synthetic strategy and planning for organic chemists, thereby adding

to the overall value and relevance of the ConjuPepDB. [43]

3.1.2. Database design and implementation

Information about the peptide—drug conjugates is stored in several relational tables
connected via parent-child relationship entity. Apache HTTPS server 2.4 with MySQL
server 5.7 in the back end was used to host the ConjuPepDB database. A web graphical
interface allows users to view and interact with that data. This dynamic interface uses
PHP 7.2, HTMLJ5, CSS, and JavaScript technologies. Bootstrap3 and jQuery libraries are
also used to make a responsive, mobile-first front end (Figure 5.). [43]

JpGraph library  (https://jpgraph.net/) was wused to plot charts. Jmol
(http://www.jmol.org/) is used for rendering the 3D model of the peptide-drug
conjugates, whereas JSME Molecular Editor v2017-02-26 was employed for depicting
the 2D model of small molecules present in a conjugate. [74] Chemical search is
implemented using RDKit, an Open-source toolkit for cheminformatics

(http://www.rdkit.org). ConjuPepDB is built upon relational database management

system (RDBMS) technology for easy retrieval and scalability. [43]

3.1.3. Structure search

ConjuPepDB allows users to perform different structure searches on the small peptide
molecule—drug conjugates. Users can draw the query structures using JSME, a free
molecule editor written in JavaScript. [74] RDKit toolkit was used to generate the
chemical fingerprints and perform different types of chemical searches in the database
(Figure 5). [43]

Three types of chemical search were implemented. An exact match returns whether or
not two molecules are the same. Substructure search returns whether or not the query
molecule is a substructure of the target molecule. If the molecules are represented as a 2D
graph, atoms are indices, and their bonds are vertices. Then, substructure search can be
approached as a subgraph isomorphism problem, where the task is to find out whether, of

two given graphs, A and B, A contains a subgraph that is isomorphic to B. Similarity
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search returns whether or not the Tanimoto similarity between two molecules

(fingerprints) exceeds the cut-off value. [43]
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Figure 5. The schematic diagram of data collection and processing workflow and layout of
information retrieval in ConjuPepDB. Taken from ConjuPepDB: a database of peptide—drug
conjugates [43]

3.2. MD simulations of peptide conjugates

The Maestro graphical user interface (GUI) of the Schrédinger molecular modelling
package was used in this study (Schrodinger Release 2022-3: Maestro, Schrodinger,
LLC, New York, NY, 2022). The entire workflow is summarised in Figure 6. [28]

Download PDB Preprocess
Maestro GUI Prime
Merge Setup Simulation .
Drug molecules Minimize
Maestro Build LigPrep

Figure 6. Schematic chart of the workflow of modelling the peptide conjugates [28]

3.2.1. Preprocessing of peptides and conjugates

The peptide structures were downloaded from the Research Collaboratory for
Structural Bioinformatics Protein Database (RCSB PDB, http://rcsb.org) based on the
identifying code (PDB ID), see Table 1 and imported into the project. [75] All entries
were derived from NMR spectroscopy with multiple structures always working with the
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first member of the most significant cluster. Each structure was analysed with
Schrodinger Protein Preparation Wizard, and the preprocess option was used to cap the
termini of the linear peptides (the N-terminal was acetylated, and the C-terminal was
transformed into an N-methyl-amide group). [76] (Schrodinger Release 2022-3: blood—
brain reparation Wizard; Epik, Schrodinger, LLC, New York, NY, 2022; Impact,
Schrodinger, LLC, New York, NY; Prime, Schrodinger, LLC, New York, NY, 2022).
[28]

Drug molecules were drawn by the 2D sketcher module of the Maestro GUI and
minimised by the LigPrep module (Schrodinger Release 2022-3: LigPrep, Schrodinger,
LLC, New York, NY, 2022). The conjugates were made by merging the optimised (most
probable protonation, tautomerisation and conformation) small molecule and selected
peptide structures, and the linkers were added by the 3D Builder application within the
interface: a glutaryl group for doxorubicin, a triazole ring for rasagiline, and phosphoric
amide for zidovudine. In the case of the three linear peptides, the conjugations were
formed through their N-terminal, while an appropriate amino acid side chain was utilised
in the case of the cyclic peptides (Lys 5 of SFTI-1, Lys 14 for MCoTI-Il, and Thr 4 for
Kalata B1, table 3). [44-46] The simulations included the six unconjugated peptides, all
possible combinations of the three drugs, and the six peptides, so in all 24 different

peptides and conjugates were built. [28]
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Table 3. Schematic representation of the investigated conjugates. [28]
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3.2.2. Setup and building of the systems

All MD simulations in this study were completed with the Desmond Molecular

Dynamic software under Schrédinger (Schrodinger Release 2022-3: Desmond

Molecular Dynamics System, D. E. Shaw Research, New York, NY, 2022. Maestro-

Desmond Interoperability Tools, Schrodinger, New York, NY, 2022). The run setup was

assembled with the Desmond System Builder application under Maestro. Every

simulation box contained one conjugate or peptide compound. Initially, we intended to

study the conformational changes of the peptides and their complexes in water. Water
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box simulations with the explicit single-point charge (SPC) water model were utilised to
complete this. In these simulations, the peptides and conjugates were placed into an
orthorhombic simulation box using the buffer method, where the medium spread of 10 A
was in every direction from the compound. [77] Sodium and chloride ions were
automatically placed to statistically reach the isotonic (0.15 M) concentration within the
system, and additional counter ions were added to neutralise the charge of the peptide or

conjugate if needed. That is, the net charge of the system was reduced to zero.

In the case of runs with membrane, the unimolecular lecithin (palmitoyl-oleoyl-
phosphatidylcholine, POPC) model was utilised for all simulations. Like the water box
runs, the orthorhombic box with a 10 A buffer was used to build the setup and assembles
were automatically completed with water boxes on both the membrane's top and bottom.
The SPC water model and ions were also added, as described before. The membrane
components were added automatically, and the software OPLS3e was used for the final
positioning of the molecules to avoid steric clashes. The OPLS-AA is an all-atom force
field parameter for proteins and many general classes of organic molecules; therefore, no
further parametrisation for the drug molecules is necessary. [53] [54] [56] According to
the literature, this system is suitable for modelling peptides with membranes. [78] [28]

Initially, the automatic placement option within the “Set Up Membrane” dialogue box
was used for the default position and orientation of the peptides. Most of our peptides can
be found in the OPM (Orientations of Proteins in  Membranes,

https://opm.phar.umich.edu/) database; hence, the software associated with the membrane

was placed using the conventions. The “Adjust membrane position” option was used if a

membrane orientation change was needed.

We intended to study the initial steps of the penetration, so in the case of the “top”
simulations, we expected to see spontaneous penetration, which was not observed. In this
series of simulations designated as “top”, peptides were manually positioned outside the
membrane at approximately 10 A distance from the surface, using the “Adjust membrane
position” function. In the third set of simulations, we expected the peptides/conjugates to
exit the intramembrane space, so in the runs assigned with the label “intra”, the
peptide/conjugate was positioned inside the membrane. Because of the relatively small
size of the peptides/conjugates, all were fully submerged into the membrane.
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Approximately equal distances were kept from the membrane’s inner and outer surfaces.
In the case of penetratin and its analogues, simulations were started with parallel if ,,top”
and perpendicular if ,,intra” orientations of the chains relative to the membrane plane.
(Figure 7.)

All 24 peptides and conjugates mentioned above were placed into three simulation
boxes (water box, with POPC membrane, starting from the intra- and top positions) and

an additional paralell intra-membrane system, so 73 systems were included in the study.

Figure 7. The arrangements of the MD simulation systems: water box (a), starting from inside of
the phosphatidylcholine (POPC) membrane bilayer (b) and starting from the top of the
phosphatidylcholine (POPC) membrane bilayer (c).

3.2.3. MD simulations

The completed setups were loaded into Desmond’s Molecular Dynamics interface,
where the simulations were initialised. Although the Desmond software supports several
variants of the Amber, CHARMM and OPLS-AA force fields, Schrodinger only supports
running Desmond MD simulations with the OPLS family of force fields. [56] All MD
simulations began with the standard relaxation protocol, which also includes equilibration
utilising the default settings: starting with a 12-ps-long NVT (constant substance, volume,
and temperature) ensemble simulation at 10 K temperature, followed by two 12-ps-long
NPT (constant substance, temperature, and pressure) ensemble simulation at 10 K
temperature and 1.01325 bar pressure and, finally, a 24-ps-long NPT ensemble simulation

at 300 K temperature and 1.01325 bar pressure. The program re-randomizes the velocity
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of the atoms at the beginning of each stage, based on statistical thermodynamics. [79]
[28]

Following the relaxation, all MD simulations were always carried out with NPT

settings, where the pressure was 1.01325 bar, and the temperature was 300.0 K. [80] [28]

Simulations were completed on hardware with nVidia® GeForce GTX 1070 Ti 1683
MHz x2432 GPU under Linux Ubuntu. The 100-ns simulations took approximately 7-8
hours, while the 1000-ns simulations took a maximum of 70-80 hours. The recording
interval of the trajectory was set to 100 ps in the case of the 100-ns simulations and 1000
ps for the 1000-ns simulations; that is, all trajectories contained 1001 frames (including

before the first and after the last step).

All water box and intra-membrane systems simulations were run for 100 ns except two
additional 1000 ns simulations, while the membrane-top systems were run for 1000 ns,

so we completed 74 simulations.

3.2.4. Structure analysis

The Structure Analysis application of Schrédinger was used to evaluate the trajectories
(Schrodinger Release 2022-3: Prime, Schrodinger, LLC, New York, NY, 2022). The
most critical data is the amino acid alpha carbon atoms' root mean square deviation
(RMSD), depending on the running time. All the RMSD values were calculated compared
to the 0 ns geometry of the trajectories (after the relaxation and equilibration). If the
RMSD does not change, the conformation is stable. In contrast, if the RMSD increases or
decreases, the atoms move, and the system is not in equilibrium. In addition, if the
included atoms are near their reference position, the RMSD is lower and high numbers
show significant motion. [81] [82] [28]

The evaluation also included monitoring the change in the number of intramolecular
hydrogen bonds within the peptides over time, which correlates with the changes in the
secondary structure. Less intramolecular hydrogen bonds may indicate irregular, less
stable conformations, while a higher number usually means a more organised and

energetically stable folded structure. [28]

Comparing the Ramachandran plots of the peptides at different simulation times can

also show structural differences. In the case of minor conformational movements during
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simulation, the @ and ¥ dihedrals were quite similar at the initial and final frames.
However, the coordinates of the dominant conformations changed when significant

changes were observed in the ® and ¥ dihedrals on the Ramachandran plot.

Because of the software's limitations, we could not track all the interactions between
the peptides-small molecules and the membrane during the simulations. Therefore, we
manually counted the hydrogen bonds, salt bridges and n-cation interactions marked by
the graphical interface in the final frame (at 1000 ns) within the trajectories of
membrane-top simulations. The hydrogen bridge can span a maximum distance of 2.8 A,
The angle between the donor and the bridge is at least 120°, while the angle between the
acceptor and the bridge is at least 90°. The maximum distance between salt bridges is 5.0
A. Additionally, the maximum distance for n-cation interaction is 6.6 A, with a maximum
angle of 30°.More interactions mean more robust anchoring to the membrane;
nevertheless, if the peptide reaches the interior of the membrane, it can form fewer

interactions among the apolar fatty acid chains.
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4. Results

4.1. Setting up ConjuPepDB, a database for peptide conjugates

Our research group has built and recently published a database of peptide-drug
conjugates called ConjuPepDB. It contains over 1640 covalent conjugates of various
conjugates of peptides (not only CPPs) and small molecules collected from 230 research
articles. [43] It provides comprehensive information about a peptide conjugate, for
example, 2D and 3D models, molecular properties, compound identifier, structural
information including peptide sequence, covalent binding mode, conjugated small
molecule structure, bibliography and other information. [43]

Here, we introduce ConjuPepDB, a database containing information on conjugates
formed by a covalent bond between a peptide and a small organic drug molecule. The
database includes details such as the Chemical Abstracts Service registration number
(CAS RN) of the conjugate, the names of the peptide and the small organic drug molecule,
the biomedical application, and the type of conjugation. Additionally, a chemical
structure search for the small organic drug molecule is available, making it easier to
explore the various conjugates (Figure 8. a-b). ConjuPepDB hopes to further increase the
progress of this intensively developing field of drug research by providing a quick
overview for interested non-specialists. More importantly, detailed information collected
interests researchers from various fields, such as chemists, pharmacists, clinicians, or
biologists. [43]

ConjuPepDB is crafted to be intuitive and user-friendly, offering several navigation
options. Users can browse through conjugates, articles, structures, and biological
activities. The interface provides robust querying capabilities, enabling easy retrieval of
specific conjugates from the database. Users can perform simple searches as well as
complex, chemical fingerprint-based substructure searches. Additionally, the responsive
web interface ensures compatibility with devices of various screen sizes (Figure 8. c-e).
[43]

31


https://conjupepdb.ttk.hu/

Browse Conjugates

a Showing al from

Artcle yoar e
e o

View Conjugates details
ConjuPepDs ID: cpd01295

ical structure 0 viewer @

30 mose is for representation purpose anly

£pan1205

g EBEEEmED e [F)

schematic @

seazch ANANANANAANNN—R
C

Search in ConjuPepds
CRQIKIWFONRRMIWKK maleimida Pacitaxel

\gentncation

ConjuPepDB D

Search Smiles 8]

Mokecusar weight 395266

£pa01205

Froo toxt soarch @

Metecuiar for

o CraiHzzablyrOnas;

Chemical name | @

Sequence (one leter)

ARMKWKK
Lengtn -

See detais of Scolea:  Search Peptide name G

Simple search @ CAS number

264803042

slect & keyword to search, then type the term you want 10 search in the below mput, and press the search btton
Keyword: & ConjuPepDB 1D (| CAS RN - Application
Appication

Anticancer therapy. human king and breast cancer cell ines

Aaational furtien IMproving solubisty an cell penetraton

Pharmacological ciass

Avtice search @ ComE
Selsct & keyword o search. then ype he term you w the bekow s, and press the saarch button Gonjugate i e
Keyword: & Title * Authors © Journal * Yeor

Linker

Hia
Linkss Type maleimade
‘Smas masecue o —
- Smat mosecue CAS —

Browse articles Structure method

Browse conjugates by articles

HUR soivent
Artiche 1D Year
arv Titio alw Authors &1¥ Journal AIY DO Rocords

i of argning-rich col-penerating  Hakaso. uiko; Konish, Yusuks: Usda mad vl controled 2012 €

e e v i S csamsdpopens

poptides i umee

anticancer drug defrery in o poural ol the
v X LogP o
Cantrolled Redease i
Suciety
Rotatable bonds o
0015 Design ar biclogical evabuaicn of cel Hasrolahi Shirazi, A, Towori, Rekesh, Molecular w13 @ 2
penetiating peptde-saxorubicin conjugates 5 Chikars. Evupsnder S Mandsl, Dindys! pharmaceutcs H band donor =
produgs Paiang, Keykavous :
Controlled release of free daxorubicin §om  Chen, Zhipeng, Zhang, Pengcheng. Joumndl of controled 2014 € Hbond acceptor a7
paptide g Conjugates by drug kisding hastham. Andrew G: Moon. Jae Hyon: elsssa - oficial
Modey. James W Jr; L, ¥i-an; Cu, ol fthe Posar surface a e
Hanggang ortrolsd Releass
Society
1004 Cell penctraling peplides a5 efficient Jain, Aastha; Shah, Sushmita G. Chugh Phamacetical 2015 & 1
ranocamers for delsery ol antiurgal Archana esearch itations.
compaund. natamyein for the trest
fungal kenstis © Title Year Authars Journal ool
10015 Acinable Cll Pensatng Popc Conjigsicd  Chig, Hora,2h. Jg V1., Xioo-Ding e G 1 PASOTOT  SynInesis 2na biological St of conjugates 2006 Wang, Shuong: Zheley, NKolsl  Biooigani & o
modrug for Tumor Targeted Drug Delivery. Qu . E“"': \-{n“' Han. Kai: Cheng. Yin- . Bbetween paciitarel and the cell detvery vector Z: Duff. Susan. Fischer, Peter M. Medicinal Chemestry
Jia. Thang, Nan-Zhen itertaces eiaay
Duaktargeting hybrid paptide-conugated Sheng, Yfuan. You. Yiwen: Chan. Yun iwdomational Joumal 2016
doxcrubicin for drug vsistanc reversal in of Pharmacsuics ) .
broast cancer Article details
B3 mametics derived from Bim BH3 daman Yiae: Wy, Lijuan: L, esochun Wang  Binarganic and w8 & 1 L
core vegion show PTP1B inkibtory acthy.  Shulin, Zhang, Chuanliang

g the potential of cell-penetrating peptides for cancer therapy using a new
fold

Increasing
pentagonal scaffo

wopesn Jounal of 2019 €
hrr

increasing the potentisl of cel-per Duan, Fraga, Alexandra G, Pedrasa,
peptides fer cances therapy using a new Joege. Martel, Ffima, Ve, Huns

pentagons! scatoid Acthors: Duste, Diarss; Fraga, Alexandis G | Packoss, Jorge; Matel Fétima, Vale. Nano. European Jourmal of Phaimacology. (2019)
164 eiphar ‘e

otnen- Joumsl of Medicingl 2001 €

SO0z Movel peptide conjugatss for tumor-specific  Lange Michaed: Kaatz, Faioc
o lenspach.  Chamistry Alrs

motherapy Rutishausser, Barbara; Wunderi
Heidi, Beck Sickinger. Amnatiz G

ance trestment is ono of the taajo Sekds ofiterest o tha sciertiic communty, Wwetimont in Gancar resesech is costly but sesental to prods patents whh
In s prject. we descrbe the syninesis and charocterizaiion of new thiazole dematives coupled to CPP2. a cell penctrating
Pogtida-Drug Conjugate Linked wa a Disulie  Geng. Qian: Sun, Xun, Gang, Tan; Zhang, Zhi-  Binconyugate w2 @ Using 3 human sdenacarcinoms dered ce Sne (Car were euabiated fo antproieratne (14
Band for Kidney Targeted Drug Delwery Rang Charnisry n) and cytotone ofect (extraceiiiar iactate dohydrogenaze acity) One of these dermatves. the BTZCA d and s
wed the abity to decraace tumour coll va + ruman breast
Goncer chemothirapy besed on ting f | Schaby, Anderw V. Nogy: At ool 1998 @& 1 s wore devaioped against JTT4, L929 and TH1 callines and thiz new family shawsd o

. ' (BTZCA and CPP2). The use of smaller CPP conjugatad weh this famiy of derhathes can be also considored in Auee
yiotune peptide conpgates Lo the ndocrinciogy for the deveiopment of new drugs to cancer therapy

Figure 8. Overview of different ConjuPepDB webpages. The layout of the browse conjugates
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4.2. 100 ns simulations in explicit water and membrane models
As mentioned, the penetratin structure and its analogues were much more flexible than

the cyclic peptides.

The unconjugated penetratin and 6,14-Phe-penetratin remained a-helical primarily in
the water model, but the shorter dodeca-penetratin could not maintain the helical structure
to the end of the simulations. In membrane models, both penetratin and 6,14-Phe-
penetratin mostly sustained the initial helical structures during the simulations, but
dodeca-penetratin was uncoiled and became disordered. The unconjugated and
conjugated forms of penetratin and its analogues did not show any fundamental

differences in the water box or POPC membrane during the 100-ns simulations.

The conformationally constrained cyclic peptides in both conjugated and unconjugated
forms did not show any noticeable changes during the 100-ns simulations in water or with
the POPC membrane model because of their rigid structure (Figure 9.). The most

significant movements were observed with the zidovudine conjugate of the MCoTI-I1.

Figure 9. The displays of multiple frames of superimposed structures of the same peptide from
the trajectories (snapshots), colour-coded by simulation time using a blue-red colour gradient.
These 100-ns simulations were run in water boxes with the three cyclic CCPs SFTI-1 (a), Kalata
B1 (b) and MCoTlI-II (c).

4.3. Unconjugated penetratin and analogues

Penetratin moved into a perpendicular position during 1000 ns even if its starting

position was parallel in the membrane. (Figure 10.)
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Figure 10. The positional change of penetratin in the 1000-ns MD simulation with POPC
membrane model — the peptide moves from inside the bilayer, and the longest axis becomes
approximately parallel with the membrane plane.

A complete structural rearrangement was observed with penetratin in the proximity of
the surface of the POPC membrane model. At first, the helix was uncoiled and ceased to
exist entirely and then slowly transformed into two-strand antiparallel 3-sheets connected
by a B-turn, laid to the surface of the membrane. The analysis of the last frame of the
trajectory also revealed that four salt bridges and eleven hydrogen bonds were formed
between the peptide and the membrane molecules, and no zm-cation interactions were
observed (Figure 11. a.). The 6,14-Phe-penetratin and the dodeca-penetratin remained
helical primarily, with their N-terminal partially sinking into the POPC membrane (Figure
11. b-c). [28]
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Figure 11. Comparison of the initial (left) and final (right) positions of unconjugated CCPs during
the 1000-ns membrane simulations: penetratin with POPC (a); 6,14-Phe-penetratin with POPC
(b); dodeca-penetratin with POPC (c) — all peptides starting from the surface of the bilayer. [28]

During the simulation of penetratin on the POPC membrane model, the RMSD
fluctuated in the first half of the time, increased rapidly before 600 ns and then stayed in
a close interval until the final frame (Figure 12. a). The number of hydrogen bonds
decreased in the simulation’'s middle, quickly increasing at 600 ns and then staying on that

level, indicating the new stable conformation (Figure 12. b).
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Figure 12. RMSD diagram of the a-carbon atoms of the peptides (a) and the total number of
intramolecular hydrogen bonds (b) plotted against simulation time during the 1000-ns MD
simulation of the unconjugated penetratin peptide — starting from the top of the membrane bilayer.
[28]

In the Ramachandran plot, most of the dihedrals were in the range of the area belonging
to the helical conformation at the beginning of the simulation of unconjugated penetratin
on the POPC membrane surface (Figure 13. a). After 1000 ns, most dihedrals moved to

the B-sheet and B-turn areas (Figure 13. b).
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Figure 13. Comparison of the Ramachandran plots of the unconjugated penetratin peptide at the
beginning (a) and end (b) of the 1000-ns simulation with the POPC membrane model — starting
from the top of the membrane bilayer. [28]

4.4. Conjugated penetratin and analogues

During 1000-ns simulations, however, we observed that the cargo molecules
significantly affected the peptide's structure and the conjugate's position relative to the
membrane. In contrast to native penetratin (which entirely decoiled), the helical structure
remained intact in all conjugated forms. Those positioned with one of the terminals
towards the membrane, often partially sank into it, with the axis of the helix either

perpendicular or closing angle with the membrane’s plane.

All doxorubicin conjugates were positioned differently: the penetratin conjugate
moved apart from the membrane, and no interactions were formed (Figure 14. a). The
6,14-Phe-penetratin conjugate anchored to the membrane through its N-terminal with the
doxorubicin tightly bound on the surface (Figure 14. b). In contrast, the dodeca-penetrarin
conjugate positioned with its C-terminal and doxorubicin in the water box (Figure 14. c).
[28]

The rasagiline conjugates of all three penetratin analogues were always positioned
with their N-terminals toward the membrane, and the conjugated compound sank into the
bilayer (Figure 14. d-f). [28]

The simulations with zidovudine conjugates showed that among the three drugs, this
was the least transportable, and its conjugates had significantly less interaction with the

membrane: the penetratin conjugate was anchored with its C-terminal to the membrane,
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while the N-terminal with the cargo moved away (Figure 14. g), the 6,14-Phe-penetratin
conjugate entirely moved apart from the membrane (Figure 14. h), while only the dodeca-

penetratin conjugate turned towards it with the N-terminal (Figure 14. i). [28]

Figure 14. The final positions of the 1000-ns POPC membrane simulations with different CCP-
conjugates: penetratin—doxorubicin (a); 6,14-Phe-penetratin—doxorubicin (b); dodeca-penetratin—
doxorubicin (c); penetratin—rasagiline (d); 6,14-Phe-penetratin—rasagiline (e); dodeca-penetratin—
rasagiline (f); penetratin-zidovudine (g); 6,14-Phe-penetratin—zidovudine (h); dodeca-penetratin—
zidovudine (i) — all conjugates were started from the top of the membrane bilayer. [28]

The penetratin-doxorubicin conjugate remained helical; the RMSD fluctuated within
a very small interval during the entire simulation (Figure 15. a). The number of hydrogen
bonds never dropped significantly, indicating no significant conformational changes
(Figure 15. b).
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Figure 15. The RMSD diagram of the a-carbon atoms of the peptides (a) and the total number of
intramolecular hydrogen bonds (b) plotted against simulation time during the 1000-ns MD
simulation of penetratin—doxorubicin conjugate — starting from the top of the membrane bilayer.
[28]

4.5. Unconjugated and conjugated cyclic peptides

We observed that the unconjugated cyclic peptide structures did not change during the
1000 ns simulations, regardless of the medium. During the POPC runs, they all positioned
toward the membrane and then tightly anchored to its surface with a minimal sinking into
the bilayer. Several mostly uncharged hydrogen bonds were observed between the peptide
heteroatoms (as donors) and the heteroatoms of the membrane (as acceptors) because
these cyclic peptides — except MCoTI-11 — have only a few amino acids with polar side
chains, which limits their capability for the formation of ionic interactions (Figure 16. a-
c,). [28]
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The impact of conjugation in the case of the cyclic CPPs seemed to be less significant,
indicating that their capability for adherence was less hindered. Namely, the positions of
all conjugates were very similar to those of their unconjugated forms with the POPC
membrane model after 1000 ns. The doxorubicin conjugate of all three cyclic peptides
sank into the membrane (Figure 16. d-f). Rasagiline sank into the membrane when it was
conjugated with the MCoT]I-I1, but it remained on the surface of the membrane when
conjugated with the other two cyclic peptides (Figure 16 g-i). Similarly, zidovudine sank
deeply in the bilayer when conjugated with MCoTI-11 but stayed on the surface with
Kalata B1 and SFTI-1 (Figure 16. j-1). Also, it must be pointed out that the simulation
with MCoTI-11-zidovudine was the only one in which a considerable membrane distortion

was observed, although no full penetration nor perforation occoured (Figure 16. I).
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Figure 16. The final positions of the 1000-ns POPC membrane simulations with cyclic CCPs and
their conjugates: unconjugated SFTI-1 (a); unconjugated Kalata B1 (b); unconjugated MCoTI-II
(c); SFTI-1-doxorubicin (d); Kalata B1l-doxorubicin (e); MCoTI-llI-doxorubicin (f); SFTI-1-
rasagiline (g); Kalata B1l-rasagiline (h); MCoT]I-ll-rasagiline (i); SFTI-1-zidovudine (j); Kalata
B1-zidovudine (k); MCoTI-1I-zidovudine (I) —all conjugates were started from the top of
the membrane bilayer. [28]

The RMSD of the unconjugated SFTI-1 has an uncertain increasing tendency without
any outlier values (Figure 17. a). The number of hydrogen bonds fluctuated but remained

stable, so the peptide conformation did not rearrange (Figure 17. b).
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Figure 17. The RMSD diagram of the a-carbon atoms of the peptides (a) and the total number of
intramolecular hydrogen bonds (b) plotted against simulation time during the 1000-ns MD run of
the unconjugated SFTI-1 peptide — starting from the top of the membrane bilayer. [28]

4.6. Summary of the interactions

The number of interactions between membrane-peptide and membrane-conjugate
based on the last frame of the trajectories was summarised in Table 4. Despite our
expectations, the unconjugated penetratin did not form any rt-cation interactions with the
membrane lipids. Interestingly, in the case of the unconjugated 6,14-Phe-penetratin
although the contact area was limited (compared to penetratin), five salt bridges, seven
hydrogen bonds and one = -cation interaction were formed (Table 4 Entry5.). The
unconjugated dodeca-penetratin connected even more loosely to the membrane surface
with only one salt bridge and six hydrogen bonds (Table 4 Entry 9.). [28]

Despite the perpendicular position, the 6,14-Phe-penetratin-doxorubicin formed five

salt bridges, seven hydrogen bonds and one = -cation interaction with membrane
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molecules (Table 4 Entry 6.). The dodeca-penetratin-doxorubicin connected even more
loosely (compared to its unconjugated form) to the membrane surface with only one salt
bridge and six hydrogen bonds (Table 4 Entry 10.). The position of the rasagiline
conjugate of all three penetratin analogues was stabilised by forming several hydrogen
bonds and salt bridges between the peptide and membrane molecules (Table 4 Entries 3,
7, 11.). The zidovudine conjugate of penetratin and its analogues formed the fewest

interactions on average (Table 4. Entries 4, 8, 12.).

The cyclic peptides and conjugates generally had fewer interactions with the
membrane than the penetratin and analogues because the more significant portions of
these peptides were located within the membrane and only slightly above. The lack of
aromatic side chains also excluded the appearance of m-cation interactions with the
positively charged choline groups of the POPC membrane. There were some exceptions,
though, like the MCoT]I-11-doxorubicin and MCoTI-I1-zidovudine conjugates, with many
hydrogen bonds salt bridges (Table 4. Entries 22, 24.).

Table 4. The number of observed interactions between the peptides/conjugates and the POPC
membrane molecules at the end of the 1000 ns simulations. [28]

Entry Peptide Conjugate H- - salt

bond cation bridge

1 penetratin (1KZ0) unconjugated 11 0 4
2 penetratin (1KZ0) doxorubicin 0 0 0
3 penetratin (1KZ0) rasagiline 12 1 7
4 penetratin (1KZ0) zidovudine 1 0 2
5 6,14-Phe-penetratin unconjugated 7 1 5
(1KZ2)
6 6,14-Phe-penetratin doxorubicin 8 0 3
(1KZ2)
7 6,14-Phe-penetratin rasagiline 10 0 4
(1KZ2)
8 6,14-Phe-penetratin zidovudine 0 0 0
(1KZ2)
9 dodeca-penetratin (LKZ5)  unconjugated 6 0 1
10  dodeca-penetratin (LKZ5)  doxorubicin 2 1 3
11  dodeca-penetratin (1KZ5) rasagiline 5 0 4
12  dodeca-penetratin (LKZ5)  zidovudine 4 0 2
13 SFTI-1 (INB1) unconjugated 0 0 0
14 SFTI-1 (INB1) doxorubicin 10 0 2
15  SFTI-1 (INB1) rasagiline 6 0 2
16  SFTI-1 (1NB1) zidovudine 2 0 2
17  Kalata B1 (1JBL) unconjugated 2 0 0
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5. Discussion

5.1 Peptide conjugate database

Anticancer (372) and antimicrobial (262) utilisations are the most common application
types of peptide conjugates (Figure 18). Some chemotherapeutic agents are poorly soluble
in water or are toxic. These drawbacks can be mitigated by conjugating them with a small
peptide. Other conjugates are designed as ‘prodrugs’ activated by an enzyme the tumour
cells produce by cleaving the peptide part. Tumor-specific peptides made the targeted
therapy available: the Human epidermal growth factor (HERZ2) receptor and the
gonadotropin-releasing hormone (GnRH) receptors are typical examples of these. Adding

a CPP can more effectively cumulate the anticancer drug in the tumour cells.

The antimicrobial (containing antibacterial, antiviral, antifungal, and antiprotozoal)
conjugates (110) are the second most frequent conjugates analysed (Figure 18). In most
instances, these conjugates enhance the selectivity or effectiveness of the compounds (or
reduce their resistance) compared to their unconjugated forms. For example, the
antimycobacterial activity of peptide-conjugated pyridopyrimidine derivatives was more
effective and less toxic in a series of in vivo and in vitro testing than the original drug
compound. Antiprotozoal (23 conjugates, mainly antimalarial), antiviral (114 conjugates,
for example. HIV-1, Hepatitis-C and Herpes simplex virus), and antifungal (15

conjugates) also were found in the literature in a smaller number.

A significant number of anti-inflammatory drug conjugates (122 in total) have been
identified (Figure 18), including those used for treating conditions like rheumatoid
arthritis. Additionally, conjugates targeting specific tissues, such as bone-targeting
ibuprofen, have also been explored.

Central nervous system diseases, primarily Alzheimer's (Figure 18), also appear to be

a promising research area, with 71 conjugates identified.

Our literature search primarily focused on drug conjugates with biomedical
applications. Several other conjugates (749 in total) were identified without distinct
pharmacological properties (Figure 18). These primarily involved various synthetic
endeavors aimed at inventing and refining conjugation techniques, often without

accompanying biological testing. Various rare biomedical applications were also
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published, including facilitated blood—brain barrier transport biotechnological
applications like DNA cleavage, radiolabeling, imaging, or chelationIn the context of the
database, these entries are valuable as they highlight the broader applicability of peptide
conjugates and offer valuable insights into synthetic solutions for organic chemists

interested in this field.

Anticancer; 23.6%

Other; 47.5%

nti-inflammatoric;
7.7%

Meurological; 4.5%

Antiviral; 7.2%

Antifungal; 1.0% | Antibacterial; 7.0%
Antiprotozoal; 1.5%

Figure 18. Distribution of applications found for the database entries. [43]

5.2. Differences between water box, intra-membrane and membrane top
In the water box and the POPC membrane model, we ran 100 ns MD simulations to
observe the conformation of the peptides and their conjugates. The 1000 ns membrane-

top simulations should attempt to penetrate.

Compared to the structures obtained from the initial NMR structures in the water
model, both penetratin (1KZ0) and 6,14-Phe-penetratin (1KZ2) showed an increase in
helical section size over 100 ns. This is likely due to the correct basic to polar neutral side
chain ratio. Dodeca-penetratin (1KZ5), on the other hand, adopted an irregular
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conformation at the end of the run, presumably because it contains too few amino acids
to form a stable helix.

When running MD simulations in a membrane model, only relatively minor changes
from baseline were observed for the penetratin and 6,14-Phe analogue structures, with a
typical decrease in the dihedral angle dispersion and some modification of the peptide
position within the membrane. dodeca-penetratin, on the other hand, was not found to be

more stable in the membrane than in the water model.

At the end of 1000 ns run-time simulations from the inside of the POPC membrane
model, started parallel and perpendicular to the membrane plane, the penetratin axis was
in a position almost vertical to the membrane, independent of the initial position; it can

be assumed that this may be the most stable position in the membrane.

Complete membrane penetration was generally not observed for any of the molecules
investigated. In the case of linear CPPs, penetratin showed a significant conformational
change during the simulation, creating several salt bridges and hydrogen bonds with the
negatively charged lipid surface, forming two strands connected by a B-turn. Phe-
modified penetratin showed a different behaviour: it maintains its original helical
conformation, and the N-terminal of the helix slightly merges into the lipid bilayer. The
dodeca-penetratin derivative behaves similarly but combines slightly more deeply into
the lipid bilayer. Fewer H-bonds and salt bridges were formed than the penetratin, but

additional w-cationic interactions were also observed.

The cyclic CPPs behave in a radically different manner. All three investigated
compounds extruded water between themselves and the membrane, and they were
attached to the lipid bilayer, forming direct interactions. Entropic reasons, a leading cause

of water exclusion, can explain the peptide's anchoring to the membrane.

When calculations were started from the lipid bilayer, linear peptides stayed within the
membrane but were oriented perpendicular to the surface of the membrane. However,

cyclic peptides behaved differently, migrating between the two lipid bilayers.

As we mentioned, all three cyclic peptides showed strong conformational stability.
The disulfide bridges of the knot motif kept the tight structure, and the intramolecular

hydrogen bonds increased the rigidity, too. In addition, the included cyclic CPPs contain
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proline residues that stabilise their region's secondary structure despite glycines. The
penetratin and its analogues have neither glycines nor prolines, so their conformation is
much more variable overall. The linear backbone and the lack of cysteines give them even

more structural freedom.

5.3. Affect of the conjugated molecules
The conjugated compounds generally did not interact with the CPPs during the
simulation. However, in all cases, the drug molecule's conjugation significantly

influenced the molecules' membrane-interacting behaviour.

Doxorubicin is an amphiphilic molecule possessing a hydrophobic anthraquinone ring
substituted with a hydrophilic aminosugar derivative. When doxorubicin was attached to
penetration, the conjugate moved apart from the membrane. In the case of Phe-derivative—
doxorubicin conjugate, the molecule behaved differently. The N-terminus carrying the
conjugate merged slightly into the membrane. The dodeca-penetratin derivative—
doxorubicin conjugate joined barely into the membrane with its C-terminal. The
hydrophilic part of the molecule can form hydrogen bonds with the phospholipids. These
facts suggest that the amphipathic nature of doxorubicin influences the behaviour of the

conjugate.

The following drug investigated is zidovudine, a more hydrophilic molecule than
doxorubicin. When it was conjugated to penetratins, no interaction was found between
the two parts of the conjugates. The C-terminal of the penetratin conjugate slightly
merged into the membrane, while the N-terminal equipped with the zidovudine remained
in the water. In the case of the Phe-derivative—zidovudine conjugate, the assembly
diverged from the membrane and persisted in the water phase. In the case of the 12-AA-
long dodeca-penetratin derivative conjugate, the N-terminus slightly merged into the
membrane. The phosphate group of the zidovudine could form a salt bridge to the choline
part of a POPC molecule.

Rasagiline, a hydrophobic compound, was also tested and conjugated to the three
penetratins. All three conjugates behaved similarly; the peptidic part retained its helical
conformation and slightly merged into the membrane with its N-terminal region.
However, the rasagiline part sincerely joined the bilayer because of its highly apolar

nature. The aromatic ring can form nt-cation interaction with the choline part of lecithin.
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When calculations were started from the lipid bilayer, penetratin and its two
derivatives remained in their original helical conformation and oriented perpendicular to
the lipid bilayer. Under these conditions, the conjugates of these peptides behaved in a

very similar way.

For the cyclic CPPs, the polarity of the small organic molecule dominantly influenced
the behaviour of the conjugate. The peptide part was attached to the membrane in all
cases, and water was extruded. As a conjugate, Doxorubicin slightly merged into the
membrane, forming a hydrogen bond with the oxygen atom bound to the phosphorous
atom in the lipid’s head part. Zidovudine diverged from the membrane because of its
hydrophilic nature and formed hydrogen bonds with water molecules. The most

hydrophobic rasagiline deeply merged into the membrane as long as its linker allowed.

When cyclic CPP conjugates were positioned in the middle of the membrane and used
as starting geometry, MD calculations revealed that the peptide inserts between the two

lipid bilayers and the conjugates followed the CPP.

Penetratin suffered the most significant effect on its conformation: no one of its
conjugates went through the structural change as observed in the unconjugated peptide
case. The two penetratin analogues' conjugates are arranged into a similar conformation
as unconjugated. As expected, the cyclic peptides maintained prominent conformational
stability after the conjugation.

Secondary interactions between the conjugated compound and the peptide were not
decisive, but we observed some—a double n-x stacking formed between the doxorubicin
and the indole group of tryptophane in the penetratin. The phosphate group of zidovudine
connected to the first backbone amide group of penetratin. In the case of dodeca-
penetratin, m-nt stacking formed between the ring system of doxorubicin and the

phenylalanine.
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6. Conclusions
In brief, we developed ConjuPepDB, a freely accessible database containing

comprehensive information on peptide-drug conjugates. Through manual curation, we
compiled and summarized crucial details from this rapidly advancing field of potential
drug candidates. Each entry includes essential information such as the conjugate's
structure, CAS RN, peptide and small organic drug molecule names, along with details
on its biomedical application and the type of chemical linkage used for coupling.
ConjuPepDB encompasses 1,645 entries sourced from 238 research papers across 95
scientific journals, establishing it as the first comprehensive database of its kind. We
anticipate that this resource will underscore the significance of these organic compounds
and their substantial biomedical potential for future industrial applications.

In the following study, we examined the behaviour of CPPs with covalently conjugated
drug molecules, applying atomistic MD simulations. Although a complete membrane
penetration was not observed, some interesting conformational and positional changes

were supervised during the 1000-ns simulation time.

We found that only the unconjugated penetratin underwent significant conformational
rearrangement, while less flexible 6,14-Phe-penetratin and dodeca-penetratin kept their
mainly helical structure. Penetratin and its analogues were more affected by the polarity
of the conjugated small molecule: the hydrophilic zidovudine ostensibly inhibited the
interaction between the peptide and the membrane, the more hydrophobic rasagiline led
the entire conjugate in between the membrane bilayer, during the impact of the

amphiphilic doxorubicin depended on the peptide.

The three cyclic peptides (SFTI-1, Kalata B1 and MCoTI-I1) behaved similarly during
the simulations. Because their structure is so stable, only minimal conformational changes
were observed, and their position compared to the surface of the lipid bilayer was less
variable. The effect of the conjugates on the penetration also seemed less significant, but

the conjugated small molecules were oriented according to their polarity.

The final position of the native penetratin could be the first step of a mechanism of
passive penetration (direct translocation, pore formation, inverted micelles or carpet

model) as described in the literature, but some form of endocytosis could also follow it.
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The anchoring on the membrane surface of the other peptides and conjugates may also
indicate the possibility of penetration.

The failure of direct penetration might result from the model's relative simplicity.
Although we used atomistic MD, a simple monomolecular membrane model was applied,
and other possible membrane components and the membrane potential needed to be
adequately implemented. Our system contained only a single CPP conjugate; therefore,
more complex multi-molecular mechanisms could not be examined, such as

complexation with other proteins or pore formation.

It is also conceivable that a more complex system, a more detailed, multi-component
membrane model, might be needed to successfully model penetration, including, for
example, sphingomyelin and ceramide, but most importantly, cholesterol, in addition to
POPC and POPE (palmitoyl-oleoyl-phosphatidylethanolamine); all these components
mixed in proportions approximating the composition of biological membranes, even in
different proportions in the two layers. The membrane potential of the cell and the other

extra- and intracellular concentrations of ions may also be essential to consider.

A larger scale system with multiple peptides or conjugates should also be considered,
as in most models described in the literature, various CPP molecules and their interaction
and cooperation with each other may be required simultaneously. A sufficiently large
system is suitable for modelling pore formation, inverse micelles, and carpet models with

long enough run times.

We sincerely hope that we can build a much larger simulation box including not only
a single peptide in sufficiently high concentration; spontaneous penetration may be

observed, even if such a system is unsuitable for modelling most types of endocytosis.
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/. Summary

Peptide-drug conjugates are compounds consisting of a small drug molecule and a
peptide linked together. Despite their significance, there was no comprehensive database
for these compounds. To address this, we developed ConjuPepDB, a free, curated

database providing detailed annotations of peptide-drug conjugates.

ConjuPepDB includes fundamental details such as the CAS number and components
of each conjugate, their biomedical applications, and specific chemical conjugation

methods. The database features over 1600 conjugates from nearly 230 publications.

The user-friendly web interface is accessible across devices and offers multiple search
criteria, including chemical structures, with a dedicated help page. ConjuPepDB supports

researchers in related fields.

Cell-penetrating peptides (CPPs) can cross biological membranes, transporting
conjugated cargo into cells. Our computational study models several peptides and their
conjugates. We chose three linear CPPs: penetratin, and two analogs (6,14-Phe-penetratin
and dodeca-penetratin), and three cyclic CPPs: Kalata B1, SFTI-1, and MCoT]I-Il. Each

was conjugated with doxorubicin, zidovudine, and rasagiline.

Molecular dynamics (MD) simulations examined the behavior of conjugated and
unconjugated peptides in water and membrane models. Analysis showed penetratin's
interaction with the membrane caused significant structural rearrangements, while cyclic

peptides remained stable due to their conformational stability.

Membrane—peptide and membrane—conjugate interactions were identified and
compared. Covalent conjugation influenced penetratin and its analogs more than the
cyclic CPPs. Simulations underscored the effectiveness of computational methods for
CPP complexes, enhancing our understanding of penetration mechanisms and advancing
drug delivery to intracellular targets. Promising conjugates included rasagiline-penetratin
and its analogs, Kalata Bl-rasagiline, MCoTlI-ll-rasagiline, Kalata B1-doxorubicin,
MCoT]I-11-doxorubicin, and MCoT]I-11-zidovudine.
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