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Introduction: The new frontier of tumor diagnosis and treatment relies on the development

of delivery strategies capable of allowing the specific targeting of the diagnostic agents/

chemotherapeutics, avoiding side effects. In the case of brain tumors, achieving this goal is

made more difficult by the presence of the blood–brain barrier (BBB). Peptides have been

revealed as excellent candidates for both BBB crossing and specific cancer homing.

Nanoparticles (NPs), functionalized with BBB crossing and tumor homing (TH) peptides,

are emerging as smart theranostic systems. However, there is still poor knowledge concern-

ing the molecular structure and dynamical properties of these peptides, essential require-

ments for a suitable functionalization of the delivery systems themselves.

Methods: In this work, by means of molecular dynamics (MD) simulations, we have

extensively characterized the structural and dynamical behavior of several peptides, known

to be endowed of BBB crossing and TH properties.

Results: The simulations point out that, on the basis of their conformational dynamics, the

peptides can be classified in two main groups: 1) peptides assuming a specific structural

conformation, a feature that could be important for interacting with the molecular target but

that may limit their use as functionalizing molecules and 2) highly flexible peptides whose

interaction with the target may be independent of a particular structural conformation and that

may represent good candidates for the functionalization of theranostic NP-based platforms.

Discussion: Such findings may be useful for the de novo designing of NP-based delivery

systems.

Keywords: conformational flexibility, free energy landscapes, essential dynamics, peptides,

brain, theranostic platform

Introduction
Brain tumor remains one of the cancers more difficult to treat. Even if improvements

have been achieved in 5-year disease-free survival rates through a multimodal

treatment, the aggressive nature of such therapy strongly affects the quality of life

of the patients.1 A theranostic approach, defined as an integrated system that can

diagnose, deliver targeting therapies and monitor the response, could represent a

promising strategy for this kind of tumor. Recently, a number of theranostic

approaches, including, for example, carbon nanotubes, liposomes, dendrimers, poly-

meric vesicles2,3 and, more recently, small-molecule multifunctional probes,4–6 have

been proposed for the cancer diagnosis and therapies. However, for brain tumors, the

BBB still represents the main obstacle for drug delivery. Peptides have been recently

Correspondence: Caterina Arcangeli;
Mariateresa Mancuso
ENEA, Italian National Agency for New
Technologies, Energy and Sustainable
Economic Development, Casaccia
Research Centre, Via Anguillarese 301,
Rome 00123, Italy
Tel +39 06 3048 6898/4993
Fax +39 06 3048 6559/3644
Email caterina.arcangeli@enea.it;
mariateresa.mancuso@enea.it

International Journal of Nanomedicine Dovepress
open access to scientific and medical research

Open Access Full Text Article

submit your manuscript | www.dovepress.com International Journal of Nanomedicine 2019:14 10123–10136 10123

http://doi.org/10.2147/IJN.S225793

DovePress © 2019 Arcangeli et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.
php and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

In
te

rn
at

io
na

l J
ou

rn
al

 o
f N

an
om

ed
ic

in
e 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://orcid.org/0000-0002-5459-1024
http://orcid.org/0000-0001-8475-5141
http://orcid.org/0000-0001-7147-7840
http://www.dovepress.com
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php


revealed as excellent candidates for both BBB crossing and

specific homing to brain cancer targets. Peptides are small

in size, easy to produce and highly specific. They possess

remarkable sequence flexibility and can be genetically/che-

mically conjugated with other molecules, for example, with

NPs, of various origins, which, in turn, can be used as

containers of chemotherapeutic agents, for a specific drug

targeting and delivery approach.5–9

In this work, we have extensively characterized the

structural and dynamical behavior, by means of MD simu-

lations, of nine peptides selected from the wide variety of

BBB-penetrating peptides covering different brain-per-

meation mechanisms such as BBB-homing and cell-pene-

trating peptides (CPP). Some CPPs have indeed been

shown as excellent BBB carriers with different degrees

of brain-influx selectivity.8 In the hypothesis of designing

a platform capable of delivering drugs to brain tumors, the

BBB-crossing peptides considered in our study were

derived from a class of peptides that internalize into the

cells by receptor-mediated transcytosis, a process over-

coming the limitation of non-specific uptake by peripheral

tissues and blood vessels. Similarly, in order to distinguish

abnormal from normal tissues, the TH peptides were

selected from those reported in the literature capable of

specifically recognizing the overexpressed brain tumor

receptors. Table 1 summarizes the amino acid sequences

and the molecular targets of the selected peptides investi-

gated in our work.

Even if several attempts to functionalize NPs of various

origins with the peptides of Table 1 are already reported in

literature,10–17 the design of such systems did not take

advantage of structure-based knowledge of the peptides,

an essential requisite for a suitable functionalization of the

delivery system itself and, up to now, there is still poor

knowledge concerning the molecular structure and dynami-

cal properties of these peptides.

To the best of our knowledge, this is the first study that

reports a detailed characterization, at atomic and temporal

resolution, of structural, dynamical and physicochemical

features of several BBB and TH peptides. We have

exploited the capabilities of MD simulation to determine

the conformation adopted in the physiological aqueous

solution of all the peptides selected, as well as their tem-

poral and structural fluctuations at atomic resolution. The

simulations have put into evidence two classes of peptides

on the basis of their conformational dynamics. Some pep-

tides seem to adopt specific structural conformations,

which could be important for the correct interaction with

their molecular targets. The use of these peptides for

functionalizing delivery systems may be made difficult

by the necessity of correctly maintaining their structural

and functional conformations. Other peptides, on the con-

trary, seem to be characterized by a very high structural

flexibility. This feature suggests that their interaction with

the targets could be independent of a particular structural

conformation, making them good candidates for an ade-

quate functionalization of a theranostic platform. Such

findings may be useful for the de novo designing of NP-

based delivery systems, before beginning the complex

time-consuming and cost-expensive experimental produc-

tion of the theranostic platforms.

Materials And Methods
Molecular Modeling
The amino acid sequences of the peptides used for the

simulations were obtained from the literature (Table 1).

Table 1 Peptides Sequences Used For Modeling And Simulation

Name Sequence Target Ref.

Angiopep2 (ang2) TFFYGGSRGKRNNFKTEEY LRP1 39

ApoE LRKLRKRLLLRKLRKRLL LRP1/LRP2/LDLR 40

RVG29 YTIWMPENPRPGTPCDIFTNSRGKRASNG nAchR 41

TGN TGNYKALHPHNG Unknown 8

EETI 2.5F GCPRPRGDNPPLTCKQDSDCLAGCVCGPNGFCG α/β Integrin

(α5/B1,αν/B3,αν/B5)

44

CooP CGLSGLGVA MDGI 42

CLT-1 CGLIIQKNEC Fibrin/Fibronectin 45

tLyp1 CGNKRTR NRP-1 46

RiGD RGDGPGRGD α/β Integrin (αν/B3) 43

Abbreviations: LRP1/2, low-density lipoprotein receptor-related proteins; LDRP, low-density lipoprotein receptor; nAchR, nicotinic acetylcholine receptor; MDGI,

mammary derived growth factor; NRP-1, neuropilin 1 receptor.
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All the peptides were modeled in their fully extended

conformation by using the open-source PepFold 2.0,18,19

with the exception of EETI 2.5F, whose structure was

modeled by homology modeling. The three-dimensional

structure used as a template for EETI 2.5F consists of the

squash trypsin inhibitor EETI-II (2IT7.pdb), which

showed 67% of sequence identity. An ensemble of thirty

homology models of the EETI 2.5F peptide were gener-

ated by Modeller v9.120 and ranked by their molecular

probability density functional (pdf) values after the highest

optimization level. The best homology-derived model, ie

the model with the lowest pdf value, was used as the

starting structure for the MD simulations.

Molecular Dynamics Simulation

All the simulations were performed using the GROMACS

2016.3 package21 with all-atom AMBER 99sb-ildn and

OPLS-AA force fields,22,23 which are both employed in

the simulation of biomolecules and are able to reproduce

experimentally observed conformational ensembles of

small peptides.24 The AMBER 99sb-ildn force field, in

particular, has been proven to not particularly favor certain

secondary structures.25 TIP3P26 and SPC/E27 water mod-

els were used in combination with AMBER 99sb-ildn and

OPLS-AA force field, respectively.

The modeled peptides were placed in a dodecahedron

box in which water molecules and 100 mM of NaCl, includ-

ing neutralizing counter-ions, were added. Periodic boundary

conditions (PBC) were applied to better describe the condi-

tion of full hydration and avoid edge effects. The energy of

all the systems was minimized by using 5000 steps of stee-

pest descent (SD), with a tolerance of 100 kJ mol−1nm−1.

Water molecules were then equilibrated by keeping the pep-

tide atoms constrained. Systems were equilibrated under the

NVT ensemble for 200 ps followed by further 200 ps under

the NPT ensemble. Unrestrained MD simulations were car-

ried out in the NPTensemble for different simulation lengths,

as indicated in Table 2. A global stochastic thermostat,28 with

a time constant of 0.1 ps, was used to keep the temperature at

310 K. The average pressure was kept at 1 bar with a time

constant of 2 ps by using the isotropic Parrinello–Rahman

barostat.29,30 Newton’s equation of motion was integrated

using a leapfrog31 algorithm with a 2-fs time step. The

dielectric constant was set to 1.0. The particle mesh Ewald

(PME) method32 was used to compute the long-range elec-

trostatic forces. For the short-range electrostatics and Van der

Waals interactions, a cut-off of 1 nm was used. Rotational

and translational motions of the system were removed and all

bonds were constrained with the LINCS algorithm.33 Initial

velocities were assigned according to Maxwell–Boltzmann

distribution.

Table 2 summarizes the MD simulations carried out in

this study.

Analysis Of Trajectories
The trajectories were analyzed with tools included in

GROMACS. The Gromos method34 was used to perform

the cluster analysis. The matrix of atom positional RMSD

between pairs of structures was calculated for the Cα
atoms of the peptide. The criterion of similarity for the

two structures was positional RMSD < 0.10 nm for the Cα
atoms of the peptide.

Essential dynamics (ED) method35 is based on the

principal component analysis (PCA) of the covariance

matrix of the positional fluctuations of the Cα atoms.

After removal of the overall rotational and translational

motions, the diagonalization of the matrix yielded the

principal directions of the large amplitude concerted

Table 2 Summary Of Simulations Performed

Simulation

Name

Force Fields Number Of

Residues

Number Of Solvent

Molecules

Number Of Total

Atoms

Simulation

Length

ang2 Amber99sb-ildn, TIP3P 19 1866 5923 950 ns

ApoE Amber99sb-ildn, TIP3P 18 2900 9109 1 µs

ApoEo OPLSAA, SPC/E 18 2912 9219 1 µs

RVG29 Amber99sb-ildn, TIP3P 29 3013 9502 1 µs

TGN Amber99sb-ildn, TIP3P 12 1730 5376 1 µs

EETI 2.5F Amber99sb-ildn, TIP3P 33 3203 10,056 1 µs

CooP Amber99sb-ildn, TIP3P 9 885 2769 1 µs

CLT-1 Amber99sb-ildn, TIP3P 10 1168 3663 1 µs

tLyp1 Amber99sb-ildn, TIP3P 7 932 2922 1 µs

RiGD Amber99sb-ildn, TIP3P 9 934 2931 950 ns
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motions (essential eigenvectors) that characterize the

essential subspace of the peptide’s internal dynamics.

The cosine content of the first eigenvector’s projections,

an index of the sampling convergence,36 was calculated.

The metastable conformational states of the systems

(minima) and the barriers connecting these states are

obtained from the free energy landscape plots, which

were given by:

Δðv1; v2Þ ¼ �kBT ½lnPðv1; v2Þ�
P(v1,v2) is the probability distribution of the molecular

system along the first two eigenvectors.

Hydrogen bond (HB) and salt-bridge analyses were

performed following the criteria adopted in Gromacs. An

HB was assumed to exist during the simulation if the

donor to acceptor distance was shorter than 0.35 nm and

the hydrogen-donor-acceptor angle was lower than 30°. A

salt-bridge was assumed to exist during the simulation if

the distance between the side-chain oxygen (O) of Asp or

Glu and the side-chain nitrogen (N) of Lys, Arg or His was

less than 0.40 nm. The solvent-accessible surface area

(SASA) was computed by following the algorithm adopted

in Gromacs.37

The graphic representations of the peptide trajectory snap-

shots were made by means of VMD.38 The 3D free-energy

landscape plots were obtained with homemade Python39

scripts.

Results And Discussion
The actual success of developing a theranostic platform for

brain tumors is significantly determined by an effective

knowledge of the physiochemical, structural and dynamical

features of the molecules making up the system. In this

respect, MD simulation has the great advantage of represent-

ing an inexpensive and powerful tool, providing the experi-

mental designers with insights on both structural stability and

dynamical flexibility of the systems, at temporal and spatial

resolution.40 We have previously successfully employedMD

simulations to provide insights for protein design,41 for

structure-based NPs functionalization,42 and to evaluate

dynamical processes at peptide–inorganic interfaces.43

Here, we report, for the first time, a detailed characterization,

at spatial and temporal resolution, of long-scale MD-derived

structural, dynamical and physicochemical features of sev-

eral BBB-crossing and TH peptides.

The peptides investigated in our study were selected

from the literature. Table 1 reports the names, the amino

acid sequences and the molecular targets of the chosen

peptides. Among the BBB-crossing peptides, we have

focused our attention on Angiopep-2 (ang2) and on apoli-

poprotein E-derived peptide (ApoE) that specifically target

the low-density lipoprotein receptor-related proteins

(LRP1/LRP2), which are overexpressed in the brain as

well as in tumors.44,45 Two additional BBB-crossing pep-

tides, RVG29, a rabies virus-derived peptide which can

enter into neurons by interaction with the nicotinic acet-

ylcholine receptor (nAchR),46 and TGN, a phage-display

derived peptide, whose sequence is actively transported

across brain endothelial cells,13 were also included in our

study. The TH peptides were selected from those reported

in the literature to specifically recognize the overexpressed

brain tumor receptors. CooP47 is a in vivo phage-display

derived peptide that interacts with the mammary-derived

growth inhibitor (MDGI), whose level of expression is

higher in glioblastoma. Among the peptides that specifi-

cally bind α/β integrin receptors, usually overexpressed in

glioblastoma and medulloblastoma, we selected RiGD, a

small sequence with the presence of two copies of the

RGD peptide, that recognizes αVβ3 receptor,48 and EETI

2.5F, an engineered mutant fragment of the Ecballium

elaterium trypsin inhibitor (EETI-II), including the tripep-

tide RGD, that is known to recognize the α5β1, αVβ3, αVβ5
integrins.49 CLT-1, a phage display derived cyclic peptide,

which recognizes fibrin–fibronectin complexes,50 and

tLyp1, a truncated derivative of the tumor lymphatic tar-

geting peptide that specifically binds neuropilin 1 receptor

(NRP-1),51 were also considered in our investigation.

Only a sparse knowledge about the molecular structures

of three of the considered peptides – namely of ApoE, EETI

2.5F and Lyp-1, the cyclic form of tLyp1 – is reported in

literature.49,52–55 In order to obtain a full characterization of

all nine peptides, we monitored their structural and dyna-

mical behaviors in physiological solution by 0.95 and 1-μs-
long MD simulations, as reported in Table 2.

A visual inspection of the molecular configurations

sampled by the peptides in the simulations is shown in

Figure 1. ApoE is the tandem dimer sequence of the recep-

tor-binding domain (residues from 159 to 167) of the human

ApoE (hApoE). In its native form and within the hApoE

protein, a helix element represents the secondary structure

of such domain.52 During our simulation, the isolated

domain undergoes a misfolding process, and after 600 ns

of the simulation, the peptide adopts a beta-hairpin confor-

mation (Figure 1A and supplementary video 1A). In order

to assess if this event was due to an inappropriate choice of

the potential energy function,56 the peptide was simulated
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with a different force field (OPLSAA) and named ApoEo. A

similar behavior was observed for ApoEo (Figure 1B and

supplementary video 1B), indicating that this feature is

independent of the force field used and is, presumably, the

conformation adopted by this peptide in an aqueous system.

EETI 2.5F is part of a family of peptides consisting of three

interlocking disulfide bonds (Cys2-Cys24, Cys14-Cys26,

Cys-20-Cys32) that form a structural motif known as a

cysteine knot. This disulfide-bonded framework confers

these peptides with high structural, thermal, chemical and

proteolytic stability.49,53 The simulation snapshots show

that the structural conformation adopted by the EETI 2.5F

peptide in aqueous solution is maintained throughout the

simulation with some fluctuations of the apical RGD-con-

taining loop (Figure 1C and supplementary video 1C). CLT-

1 peptide is characterized by a disulfide bond (Cys1-

Cys10), which confers it with proteolytic stability. Such

bond acts also as a structural constraint and the simulation

snapshots put into evidence that after 300 ns of the simula-

tion the circular conformation of the peptide undergoes

deformations (Figure 1D and supplementary video 1D).

The simulation snapshots of ang2, RVG29, TGN, CooP,

tLyp1, and RiGD peptides capture different structural con-

formations indicating that they do not assume a specific and

unique structure, exploring several conformational config-

urations (Figure 1E–J and supplementary videos 1E–1J).

ApoE

t=0ns t=100ns t=300ns

sn007=tsn005=t t=900ns

A

t=0ns t=100ns t=300ns

sn007=tsn005=t t=900ns

B

ApoEo

t=0ns t=100ns t=300ns

sn007=tsn005=t t=900ns

C

EETI 2.5F

t=0ns t=100ns t=300ns

sn007=tsn005=t t=900ns

D

CLT-1

Figure 1 Simulation snapshots, taken at selected times, of (A) ApoE, (B) ApoEo, (C) EETI 2.5F, (D) CLT-1, (E) ang2, (F) RVG29, (G) TGN, (H) CooP, (I) tLyp1 and (J) RiGD
of the MD trajectories.

Notes: The peptide backbone is shown as a cyan ribbon. Charged residues (Arg, Lys, Glu, Asp) are represented by CPK model. The black dashed lines show hydrogen

bonds. Color codes for the selected residues: carbon, cyan; hydrogen, white; nitrogen, blue; oxygen, red; sulfur, yellow. Movies of the peptide trajectories are available as

supplementary data.

Dovepress Arcangeli et al

International Journal of Nanomedicine 2019:14 submit your manuscript | www.dovepress.com

DovePress
10127

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/get_supplementary_file.php?f=225793.pdf
https://www.dovepress.com/get_supplementary_file.php?f=225793.pdf
https://www.dovepress.com/get_supplementary_file.php?f=225793.pdf
https://www.dovepress.com/get_supplementary_file.php?f=225793.pdf
https://www.dovepress.com/get_supplementary_file.php?f=225793.pdf
https://www.dovepress.com/get_supplementary_file.php?f=225793.pdf
http://www.dovepress.com
http://www.dovepress.com


In order to assess the overall stability of the MD

simulations, we collected a number of structural and

dynamical properties as a function of simulation time.

An indicative measure of the stability was obtained by

t=0ns t=100ns t=300ns

sn007=tsn005=t t=900ns

E

ang2

t=0ns t=100ns t=300ns

sn007=tsn005=t t=900ns

F

RVG29

t=0ns t=100ns t=300ns

sn007=tsn005=t t=900ns

G

TGN

t=0ns t=100ns t=300ns

sn007=tsn005=t t=900ns

H

CooP

t=0ns t=100ns t=300ns

sn007=tsn005=t t=900ns

I

tLyp1

Figure 1 (Continued).
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monitoring the RMSD of the Cα atoms coordinates from

their initial values as a function of the simulation time

(Figure 2). The RMSD values of both ApoE and ApoEo

simulations reach a plateau within 500 ns of simulation,

indicating that a conformational stability is always

achieved also by using two different force fields. The

RMSD values of the CLT-1 seem to reach a temporary

stability within the first 300 ns, then the peptide starts to

explore several conformational states. A different trend is

observed for the remaining peptides. Indeed, the RMSD

values of all the peptides show large fluctuations around

0.6 nm for ang2, 0.5 nm for TGN, 0.8 nm for RVG29, 0.4

nm for CooP, 0.2 nm for EETI 2.5F, 0.3 nm for tLyp1 and

0.3 nm for RiGD throughout all the simulation time.

The cluster analysis of the trajectories supports these

findings and reveals further structural features. The cumu-

lative number of clusters (every 10 ns) throughout the

trajectories of the peptides is reported in Figure 3. The

number of clusters provides information about the level of

population of the sampled conformational space during the

simulation. A limited conformational sampling is observed

for EETI 2.5F, whose total number of clusters is only

about 25. The conformational sampling of ApoE and

ApoEo reaches the stability after 500 ns of simulation,

whereas CLT-1 shows a conformational stability only dur-

ing the first 300 ns of simulation. The structural conforma-

tions of tLyp1 seem to converge, after 300 ns of

simulation, into about 80 clusters. On the contrary, the

time evolution of the number of clusters of ang2,

RVG29, TGN, CooP, and RiGD shows an increasing

trend. Generally, this behavior indicates that the peptides

do not cluster into peculiar structures suggesting that the

structures of these peptides may be intrinsically flexible.

To assess if the observed structural instability was due

to an intrinsical flexibility of the peptides or to an insuffi-

cient sampling of the conformational states, the cosine

content of the first eigenvector’s projections, an index of

the sampling convergence,36 was calculated by means of

ED analysis and reported in Table 3. Only RVG29 shows a

value of cosine content of the first eigenvector more than

0
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Figure 2 Cα RMSD of the peptides with respect to the equilibrated conformations as a function of simulation time.
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0.5, suggesting that longer simulation times are required to

conclude that a structural convergence of this simulation

was reached. This can occur when simulating the folding

of a large peptide starting from a completely deployed

structure, as is the case of the RVG29 peptide. The cosine

content values of the first eigenvectors of ang2 and CLT-1

indicate that the structures of these peptides perform a

semi-random conformational landscape sampling. On the

contrary, the low values of cosine content registered for

Apo, ApoEo, TGN, CooP, EETI 2.5F, tLyp1 and RiGD

(less than 0.1) are strong indicators of a non-diffusive

dynamics and clearly demonstrate good convergence for

these simulations.

In order to capture essential information on the peptide

conformational sampling, we described the dynamical

behavior of the peptide in terms of peptide’s free energy.

The free energy landscape surfaces as a function of the first

two eigenvectors (PC1 and PC2) of the peptides are shown

in Figure 4. The free energy landscapes of ang2 and RVG29

show several narrow isoenergetic peaks (Figure 4A),

whereas TGN, CooP, tLyp1 and RiGD (Figure 4B) show

several and broad minima, suggesting that these peptides

are highly flexible and characterized by several conforma-

tional states of similar energy. The free energy landscape of

CLT-1 (Figure 4C) shows a single prominent minimum

surrounded by few other minima. This is not surprising
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Figure 3 The cumulative number of clusters as a function of simulation time.

Table 3 Values Of Cosine Content Of First Eigenvector’s Projection

Obtained By The PCA Analysis Of The Peptide Simulations

Peptide Cosine Content Of PC1’s Projectiona

ang2 0.28

ApoE 0.05

ApoEo 0.001

RVG29 0.67

TGN 0.0031

EETI 2.5F 0.081

CooP 0.023

CLT-1 0.48

tLyp1 0.012

RiGD 0.0054

Notes: aValues of cosine content of PC1 projection ≤ 0.1 indicate converged

simulation; values ranging from 0.1 to 0.5 indicate semi-random diffusion; values

ranging from 0.5 to 1.0 indicate random diffusion.31
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since CLT-1 is a cyclic peptide and the disulfide bond acts as

a structural constraint. The free energy landscapes of ApoE,

ApoEo and EETI 2.5F (Figure 4C) exhibit two prominent

minima corresponding to two distinct conformational

states. A pictorial view of the ApoE and of EETI 2.5F

peptide motions along the first eigenvector is also shown

in Figure 4D. ApoE shows a general collective motion

involving almost all the residues. The consequence of this

collective motion is a conformational change from the helix

to the beta-hairpin element. Such a finding should not

surprise, since it is already known that α-helix structures,

usually stable in a hydrophobic environment, may undergo

destabilization in hydrophilic environments, and structural

transitions to a more stable β-hairpin conformation can

occur.57 Large collective motions of the EETI 2.5F residues

forming the RGD-containing loop above the knotted zone

are observed. In particular, this loop seems to move away

from the bottom. This behavior suggests that EETI 2.5F can

assume two distinct conformational states during the simu-

lation. This result seems to support a very recent finding,58

in which it was suggested that EETI 2.5F can bind αʋβ3

integrin by conformational selection from distinct confor-

mational states adopted by the very flexible RGD-contain-

ing loop.

The overall flexibility of the peptides was also deter-

mined to calculate the root mean square (RMSF) of Cα

atoms after projecting the trajectories along their respec-

tive PC1 directions. This method has the advantage to

show the flexibility only of the essential motions of the

peptide, since PCA filters the global slow motions (large

amplitude motions) from the fast motions,35 which usually

are referred to as thermal fluctuations that can affect the

measurement of the flexibility itself. Figure 5 reports the

RMSF values averaged over atoms and normalized by the

Figure 4 The 3D surfaces of free energy landscape of (A) ang2, RVG29, TGN,

CooP, (B) tLyp1, RiGD, (C) ApoE, ApoEo, EETI 2.5F and CLT-1. (D) Selected

configurations obtained by considering the Cα motions along the first eigenvector

for ApoE and EETI 2.5f.

Note: Arrows indicate the direction of the motion. 0
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residue number. The overall flexibilities of ApoE, EETI

2.5F and CLT-1 are lower than those of TGN, RVG29,

ang2, CooP, tLyp1 and RiGD. By this comparison and

taking together all the results, peptides can be classified

into two main groups: the first group characterized by a

low structural flexibility and the second one by a high

level of conformational flexibility. This finding may have

functional implications, since conformational flexibility is

often required for many peptide functions, eg for binding

affinity and to improve the selectivity towards biological

targets.59

A further characterization of the structural and physi-

cochemical properties of the peptides was obtained by

performing an analysis of the hydrogen bonds (HBs),

salt-bridges and of the solvent-accessible surface area

(SASA), as a function of simulation time. As shown in

Figure 6 and Table 4, the number of intra-peptide HBs of

TGN, CLT-1, CooP, tLyp1, and RiGD show a quite con-

stant trend, which oscillate around less than 5 hydrogen

bonds (Table 3). The HB numbers of ApoE and ApoEo

stabilize after 500 ns of simulation, suggesting that the

hairpin conformation adopted by these peptides is stabi-

lized by 6–7 hydrogen bonds. A constant number of HBs

is also observed throughout the simulation of EETI 2.5F,

indicating that the structure of this peptide is maintained

stable by around 14 hydrogen bonds. The trend of the

number of HBs of ang2 and RVG29, instead, follows an

increasing course throughout the simulations.

The salt-bridges (ion pairs) were calculated by moni-

toring the distance between the side-chain O of Asp or Glu

and the side-chain N of Arg, Lys or His. From the analysis

were excluded ApoE, TGN, tLyp1, and CooP, since the

Asp/Glu–Arg/Lys/His couples are not present in their

sequences. All the salt-bridges calculated by using an

O-N distance threshold of 4 Å are reported in Table 4.

The table shows that ang2 and RVG29 peptides form 7 and

8 salt-bridges, respectively. The formation of 1, 2 and 3

salt-bridges is observed for CLT-1, RiGD and EETI 2.5F,

respectively. However, analyzing the temporal evolution of

these interactions during the simulations, only a few of
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them seem to actually contribute to the peptide structure

stabilization. Consider in this respect Figure 7, in which

only the salt-bridges present in the simulation with a time

percentage greater than 60% are plotted. The Glu17—

Arg11, Glu17—Arg8, and Asp3—Arg7 salt-bridges seem

to confer the ang2 and RiGD peptides with strong stability.

The continuous ruptures and formations, throughout the

simulations, of the remaining salt-bridges reported in

Table 4 (data not shown) indicate an intrinsic flexibility

of these peptides despite their structural stability.

The estimation of the solvent-accessible surface area

gives information on the extent to which the residues of

the peptide interact with the environment, in our simula-

tion the solvent. As shown in Figure 8, quite constant

trends of SASA, as a function of simulation time, are

observed for CooP, CLT-1, EETI 2.5F, tLyp1 and RiGD

peptides, indicating them as stable molecules. The SASA

values of ang2, TGN and RVG29 peptides, instead, rapidly

change during the simulation time, suggesting that these

peptides undergo small conformational changes occurring

around hydrophobic regions. As expected, the SASA

values of ApoE and ApoEo vary only during the first

500 ns of simulation. After this time, they fluctuate around

a constant value. This behavior suggests that the peptides

adopt a stable conformation, with defined buried and sol-

vent-exposed areas.

On the overall, the high level of intramolecular inter-

actions and the well-defined buried and solvent-exposed

areas observed for ApoE, EETI 2.5F and CLT-1, result in a

low conformational flexibility, suggesting that these pep-

tides may interact with the target by preconfigured con-

formational states, as actually evidenced by PCA analysis.

On the contrary, the small number of intramolecular inter-

actions and the large number of isoenergetic conforma-

tional states, observed for ang2, TGN, CooP, tLyp-1 and

RiGD, result in high conformational flexibility, which may

allow these peptides to bind their molecular targets

through an induced-fit like mechanism. Even if similar

results were obtained for RVG29 peptide, the PCA-based

convergence analysis evidenced that longer simulation

times would be required to conclude that its conforma-

tional flexibility is actually an intrinsic feature of this

peptide.

Conclusion
Designing and developing a NP-based platform, functio-

nalized with BBB crossing and TH peptides, may repre-

sent a smart and promising approach to deliver drugs to

brain tumors. Enormous benefits to such an approach may

derive from the comprehension of the physicochemical,

structural and dynamical features of the molecules making

up the platform. Due to its capability to assess the stability,

flexibility and dynamics of molecular systems, at both

temporal and spatial resolutions, MD is considered a

Table 4 Summary H-Bonding And Salt-Bridge Analyses

Peptide Average Number

Of Intra-Peptide

HBs

Salt-Bridges

ang2 10 ± 0.026 Glu17—Arg11; Glu17—Arg8;

Glu17—Lys10; Glu18—Arg8;

Glu18—Lys10; Glu18—Lys15

ApoE 7.4 ± 0.020 -

ApoEo 6 ± 0.018 -

RVG29 13 ± 0.034 Asp16—Arg10; Asp16—Arg22;

Asp16—Arg25; Asp16—Lys24;

Glu7—Arg10; Glu7—Arg22;

Glu7—Arg25; Glu7—Lys24

TGN 3.3 ± 0.020 -

EETI

2.5F

14 ± 0.020 Asp19—Lys15; Asp8—Arg4;

Asp8-Arg6

CooP 1.7 ± 0.014 -

CLT-1 2.8 ± 0.017 Glu9—Lys7

tLyp1 1.8 ± 0.013 -

RiGD 4.3 ± 0.023 Asp3—Arg1; Asp3-Arg7

Figure 7 The temporal evolution of specific salt bridges of ang2 and RiGD

peptides.

Note: The black line, drawn at 4 Å, indicates the value of the O-N distance at

which a salt bridge is considered inferred.
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powerful tool.40 Here, we focused our attention on four

BBB-crossing and five TH peptides and, to the best of our

knowledge, for the first time we have characterized in

detail their structural, dynamical and physicochemical fea-

tures by exploiting the capabilities of MD simulation.

Our results demonstrate that the proposed computa-

tional approach could represent a valuable tool to evaluate

the conformation adopted in the physiological aqueous

solution of all the nine peptides as well as their temporal

and structural fluctuations at atomic resolution.

The emerging picture is that the investigated pep-

tides can be classified into two main groups on the basis

of their conformational flexibility. Three peptides,

ApoE, EETI 2.5F and CLT-1, assumed specific struc-

tural conformations during the simulations. The dynami-

cal behavior of these peptides, captured by PCA-based

free-energy landscapes, seems to be driven by large

collective motions, which may be crucial for a suitable

interaction with their molecular targets. Even if these

peptides are characterized by an intrinsic stability,

assessed by an overall low conformational flexibility

and by a high number of intramolecular interactions,

their use to functionalize delivery systems may be

made difficult by the necessity of keeping unchanged

their structural and functional conformations after the

genetic/chemical functionalization of NPs. The remain-

ing peptides (ang2, TGN, CooP, tLyp1 and RiGD), on

the contrary, are clearly characterized by an intrinsical

structural flexibility. This feature suggests that their

interaction with the targets could be independent of a

particular structural conformation (induced-fit binding),

making them good candidates for a suitable functionali-

zation of a theranostic platform. The simulation time for

the RVG29 peptide resulted insufficient in order to con-

clude that all its conformational states were sampled. A

comparative analysis of the structural and dynamical

behavior of the free peptides, here described, with the

same peptides anchored to a substrate mimicking the

NPs would be also required for a full validation of

the peptide classification here hypothesized. Current
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efforts are focusing on the set-up of a simulation pro-

cedure for this comparison.
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