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Summary

The plasma membrane presents a remarkable barrier for the delivery of peptide and nucleic
acid based drugs to the inside of cells. This restraint in the path of their development as
therapeutic agents can be offset by their conjugation to cell penetrating peptides (CPPs) that
can lead to an improved pharmacological profile. In this context, conformational behavior
of Vimentin Tubulin Binding Site (TBS) peptide, Vim-TBS (58-81), was investigated for its
acknowledged cell penetrating properties along with Trans-activating Tat (48-60) peptide
and a pro-apoptogenic peptide of p21/WAFI protein (p10). Also, the fusion peptides Vim-
TBS (58-81)-p10 & Tat (48-60)-p10 were studied using molecular mechanics (MM) and
molecular dynamics (MD) based strategies. MM results revealed formation of stable a-helix
like secondary structures in Vim-TBS (58-81), Tat (48-60) and p10 peptides. In water, three
peptides adopted either a helical structure or a random conformation; the stability of either
of the two states being governed by the formation of polar contacts with the solvent. The
fusion peptides formed helical structures after MD simulations but the structure obtained for
the fusion peptide, Vim-TBS-p10 is relatively better characterized in terms of its amphipathic
nature with a hydrophilic face formed by the positively charged residues facilitating a better
interaction of this fusion peptide with the membrane as compared to that of Tat-p10 peptide.
This is the first report on the conformational characteristics of the Vim-TBS (58-81) peptide
and the fusion peptide, Vim-TBS (58-81)-p10. The results presented here are significant for
their potential role in guiding and facilitating the future efforts of designing peptide based
cell penetrating drugs.
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1. Introduction

Living cells are protected from their surrounding
environment by cell membranes that only allow
movement of small molecular size compounds across
their barrier. During the last two decades, a number
of peptides presenting the ability to be translocated
across biological membranes have been identified and
thoroughly studied, resulting in the characterization
of a new family of peptides known as cell-penetrating
peptides, in some cases also frequently referred to as
protein transduction domains (PTDs) (/). CPPs are short
(~35 amino acids) water soluble, partly hydrophobic
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or polybasic peptides that are capable of entering most
mammalian cells at low molecular concentrations in
vivo and in vitro without using any chiral receptors
and without causing significant membrane damage (2).
Many CPPs are highly cationic, usually rich in arginine
and lysine amino acids and hydrophilic, exhibiting
no or relatively low amphipathicity when compared
to other peptides that are known to interact with and
permeabilize phospholipid membranes. The mechanism
of penetration of CPPs is ambiguous, but ample
evidence prevails for multiple mechanisms, including
direct translocation across the plasma membrane and
endocytosis (3).

The profound interest that CPPs evoked among
the scientific community was associated not only with
their ability to cross cellular membranes by a non-toxic
process, apparently independent of membrane receptors
and energy consumption, but mainly due to the capacity

www.biosciencetrends.com



BioScience Trends. 2013, 7(5):209-220.

210

to promote the efficient cellular internalization of
bio-molecules/drugs conjugated to these peptides (4-
11). Since, the lack of permeability of the cellular
membranes to hydrophilic bio-molecules constitutes
one of the most important barriers to the delivery of
therapeutic agents; this discovery has been regarded
as an important step towards the development of novel
strategies to increase the intracellular availability of
molecules with high therapeutic interest but with low
membrane permeability. Furthermore, CPPs are capable
of carrying cargoes of a wide range of molecular size
such as proteins (/2,13), oligonucleotides (/4) and
even 200 nm liposomes (/5,76) into different cellular
compartments. Therefore, they are extremely attractive
candidates to transport drugs to the interior of the cell.
These peptides are also of profound interest in imaging
processes, specifically in case of cancerous cells (/7).
The penetration of CPPs into cells is usually rapid and
of first-order, with half-times from 5 to 20 minutes (/8).
Among all CPPs, which include protein transduction
domains (/9), chimeric peptides and peptides of
synthetic origin, the peptides derived from the HIV-1 Tat
protein (/), from the homeodomain of the Antennapedia
protein of Drosophila (Tat and Penetratin peptides,
respectively), as well as the synthetic Pep-1 peptide
(20), are the best characterized. These peptides have
been successfully used for the intracellular delivery
of different cargoes (2/), including nanoparticles,
full-length proteins, liposomes and nucleic acids,
both in vitro and in vivo, thus resulting in successful
transduction in animal tissues, including the brain.
Intermediate filaments (IFs) by binding to
unpolymerized tubulin at discrete tubulin binding sites,
provides flexible intracellular scaffolding which imparts
structure to cytoskeleton hence, providing resistance to
the cell from external stresses (22). In a recent report,
a peptide Vim-TBS 58-81 corresponding to the tubulin

Table 1. Amino acid sequence of different peptides investigated

binding site of the type III IF protein Vimentin, has been
shown to enter cells (23) using well-established cell
biology techniques (24). Furthermore, the inhibition of
cell proliferation through nucleus localization of Vim-
TBS 58-81 coupled to pl0 (a pro-apoptogenic peptide
of p21/WAFI protein, an established model peptide to
evaluate the translocation efficiency of CPPs) has been
reported (25).

To the best of our knowledge, no work has been done
on the conformational characterization of the vimentin-
tubulin binding site peptide, Vim-TBS (58-81), for its
cell penetrating properties. Therefore, the primary aim of
this project is to evaluate its conformational preferences
in terms of various interactions that tend to guide and
stabilize its structure. To have an in depth knowledge
of its structural characteristics, structural properties of
Tat (48-60) and p10 peptides were also studied. Tat (48-
60) and p10 were particularly selected as the former is
a well studied CPP and the later is a pro-apoptogenic
fragment of p21/WAFI protein that is often used as a
model cargo to evaluate cell penetrating properties. As
structural versatility has been described as an important
factor to be considered for deciphering cellular uptake
properties by CPPs (26-28) the present work supports
the hypothesis that structural plasticity could have
a crucial role on its properties and functionality.
Therefore, we examined the conformational aspects in
a step by step approach that begins by the identification
of intrinsic properties of the peptides through refined
systematic fragmentation as shown in Table 1 and 2.
The structural states and conformational plasticity of
peptides in distinct environmental models was studied
using molecular mechanics and molecular dynamics
approaches. Finally, conformational preferences of the
fusion peptides Vim-TBS (58-81)-p10 and Tat (48-60)-
pl0 were analyzed by MD simulations in explicit water
as solvent.

Peptide Sequence

Tat 48-60 GRKKRRQRRRPPQ

Vim-TBS 58-81 GGAYVTRSSAVRLRSSVPGVRLLQ
pl0 RQTSMTDFYHSKRRLIFS

Vim-TBS 58-81-p10
Tat 48-60-p10

GGAYVTRSSAVRLRSSVPGVRLLQ-RQTSMTDFYHSKRRLIFS
GRKKRRQRRRPPQ -RQTSMTDFYHSKRRLIFS

Table 2. Model oligopeptide fragments of Tat (48- 60), Vim-TBS (58-81), p10 peptides

Tat. (48- 60) peptide Vim-TBS (58-81) peptide p10 peptide
I 11 111 v I I 11 v v 11 111 v
G48 KSI Q54 R57 GSX VGZ A67 S73 V77 Rl MS Y9 KIZ
R R R P G T v \% R Q T H R
K R R P A R R P L T D S R
K Q R Q Y S L G L S F K L
R” R* p* Q¥ A S R \% Q" M Y R I
T A S R T H R" F
R64 VG% S SII SIS
v
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2. Methods

To gain insights on the @, ¥, ®, & y values and thus,
on the potential energy space explored by each amino
acid residue, the peptide sequences were divided into
short overlapping model oligopeptide fragments, each
containing five to seven amino acid residues (Table
2). Understanding secondary structure of peptides is a
prerequisite for functional characterization. Since, most
of the peptide secondary and tertiary structures are not
available in Protein Data Bank (PDB) secondary structure
prediction methods are used to obtain crucial knowledge
about the structure and function of the peptides.
PSIPRED, a web server (29) based on such prediction
methods, was used to gain valuable insights into the type
of secondary structure these peptides may possibly adopt.
These prediction results (results not shown) provided
the initial background on the various possible starting
conformations for energy minimization studies. Hence,
different starting conformations were taken along with
a linear starting geometry. Every oligopeptide fragment
was then minimized by MM based software- Swiss pdb
Viewer (30), using a steepest descent and conjugate
gradient method with a cut-off of 0.05 kJ/mol. MM
energy minimization calculations were then performed
on the full length peptides i.e. Vim-TBS (58-81), Tat (48-
60) and p10 at a dielectric constant of 4, using different
starting conformations based on the minimization results
of model oligopeptides together with the conformations
obtained from the secondary structure prediction results.
The results thus obtained were analyzed in terms of the
various stabilizing interactions.

Simulations provide a great deal of information with
respect to the stability of non-covalent interactions in
water and gain insight on the dynamic characteristics
of the peptides in solvent. GROMACS software was
used for the MD studies (37). Interaction parameters for
the simulations were taken from GROMOS-96 force
field (3/). Energy of the system was minimized with
the convergence value (emtol) of 1000 kJ mol” nm™. In
order to allow equilibration of solvent around the model
sequence, the position of all residues was restrained for
20ps at the desired temperature. MD simulations were
performed for 1ns in an NVT ensemble with water
(32) as solvent at a constant temperature of 300K i.e.
at constant volume, temperature, and mass. The run
was carried out with a time step of 2fs using the Leap
Frog Algorithm (33) and temperature was controlled
through weak coupling to a constant temperature bath
(34) using a coupling time constant; 7, of 0.1ps and a
reference temperature; T, of 300, 313 & 343 K. LINCS
algorithm (35) was used to restrict all bonds to their
equilibrium lengths and the center of mass motion of
the system was removed at every step to maintain the
effective simulation temperature at 300 K. Pressure was
controlled using weak coupling with a time constant
of 0.5 ps and a reference pressure of 1 Bar. For the

evaluation of coulomb interactions and Van der Waals
interaction a cut off of 0.9 and 1.0 nm respectively was
applied. Long range forces were updated every 10fs
during generation of the neighbor list. Long Range
Electrostatic Interactions were calculated using a Particle
Mesh Ewald Summation (36). Initial velocities of all
atoms were taken from a Maxwellian distribution at the
desired initial temperature. Because we aim to establish
the conformational characteristics of vimentin tubulin
binding peptide for its potent applications as a cell
penetrating peptide, MD simulations of this peptide in
conjunction with p10 (fusion peptide) were also carried
out along with the simulations of the fusion peptide Tat
48-60-p10 (acting as control for the study) at 300 K
with the same MD parameters (3/) for 1 ns under NVT
conditions. The results obtained were analyzed using
VMD software (37). Detailed analysis will help in the
understanding of the interactions playing key roles in
the mechanism of cell penetration. All simulations were
carried out using the GROMACS Molecular Dynamics
Package on the Desktop FUJITSU Workstation R570-2.

3. Results
3.1. MM energy minimizations
3.1.1. Model oligopeptides

In order to best explore the potential energy surface,
three different starting geometries were taken (based
on the PSIPRED Prediction results) for minimization
of the various model oligopeptides of Vim-TBS 58-
81 with @, ¥ values of -57°, -47°; -139°, 135° & 180°,
180° corresponding to a-helix, B-strand and linear
conformations respectively. This preference of ®, ¥
values is also based on extensive study of previous
work on usual and unusual peptides/peptoids (38-40).
On the basis of energy, the most stable conformations
obtained after steepest descent minimization followed
by a conjugate gradient method for various model
oligopeptides of Vim-TBS 58-81, Tat 48-60 and p10
peptides are discussed in Table 3. It is evident from the
results that the most stable conformation in all model
oligopeptides of Vim-TBS (58-81) populated the second
quadrant of the Ramachandran map with @, ¥ values
of ~ -100°, 110° (= 30°) except for model oligopeptide
IV. Such structures are particularly stabilized by
minimization of steric constraints imposed by the lengthy
and/or bulky aromatic and/or charged side chains. Also,
CH---m interactions and hydrophobic interactions lend
stability to such conformations. In model oligopeptide
IV no regular secondary structure was observed as large
deviations in the @, ¥ values of particularly the centrally
placed proline and glycine residues were observed.
Proline is a known and most efficient helix breaking
residue in natural proteins and peptides because its
nitrogen cannot form hydrogen bonds (4/). On the other
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hand, glycine is the simplest least restricted amino acid
and thus, can explore a larger conformational region
favoring a larger number of possible combinations of @,
Y values on the Ramachandran map (42,43). Therefore,
the consecutively positioned proline and glycine residues
(with contrasting conformational behavior) are argued

to be responsible for the non-regular/random secondary
structure in oligopeptide I'V.

The peptide Tat (48-60) is highly positively charged
and is predicted by PSIPRED to adopt a helical
structure (except residues 57-60 that are predicted to
adopt a coil like structure). Keeping these observations

Table 3. Molecular mechanics results for the most stable conformational states of various model oligopeptides

Vim-TBS 58-81

Fragment I G G A Y A% T R
D - -175.4 -119.4 -126.0 -76.4 -68.6 -118.6
v 146.6 152.7 148.8 143.0 88.1 86.3 -
® - -178.3 -177.9 -171.2 178.1 -177.7 175.2
Fragment II A\ T R S S A Y \Y
D - -69.6 -115.0 -117.1 -114.5 -115.1 -116.9 -116.2
v 139.7 87.4 99.6 148.3 149.2 138.9 - -
® - 177.4 -178.0 179.6 178.8 178.9 -178.3 -179.4
Fragment II1 A \% R L R S S
O] - -76.5 -68.8 -71.4 -123.0 -116.7 -110.4
v 143.2 88.4 85.2 81.3 145.1 149.3 143.8
® - 178.3 -179.4 175.5 -175.3 179.4 178.8
Fragment IV S \Y% P G A% R
D - -103.9 -60.5 62.8 -130.4 -111.6
v 96.2 126.4 132.5 -148.5 82.8 -
® - -175.9 176.2 179.0 -179.8
Fragment V A\ R L L Q
D - -70.6 -69.0 -74.3 -120.2
v 103.1 86.4 81.3 77.4 -
® - 177.8 177.4 178.0 -175.8
Tat 48-60
Fragment I G R K K R
O] - 55.6 -63.2 -81.1 -127.9
b4 -152.6 -95.5 35.7 39.9 -
® - -178.5 172.7 -179.7 -179.1
Fragment 11 K R R Q R
(0] - -50.8 -57.4 -90.3 -72.5
v -91.1 -47.8 -26.3 -32.2 -
® - -176.2 178.2 179.7 -174.1
Fragment I1I Q R R R P
(0] - -73.4 -79.2 -114.0 -57.3
b4 -154.3 72.6 81.8 106.0 -
® - 172.6 176.5 -173.6 178.2
Fragment IV R P P Q
o} - -48.1 -58.6 -66.6
v -39.8 -32.2 -29.8 -
® - -179.9 170.2 -177.3
P10
Fragment | R Q T S M T
(0] - 49.9 -59.5 -64.1 -70.5 -68.7
v -28.6 -45.6 -55.9 -28.7 -44.3 - S
® - 176.5 178.0 176.5 171.4 -175.4 -65.4
Fragment II M T D F Y H -
(0] - -55.5 -50.4 -64.8 -61.5 -69.7 178.1
b4 -32.2 42.1 -41.4 -46.6 -35.7 -42.7
® - -177.9 176.1 177.7 175.6 175.1
Fragment II1 Y H S K R R S
O] - -58.0 -59.7 -58.0 -65.4 -70.8 -63.3
b4 -29.3 -40.5 -46.0 -353 -29.5 - -
® - -177.8 172.6 177.4 176.9 172.0 178.8
Fragment IV K R R L 1 F
(0] - -47.0 56.2 -64.8 -60.1 -64.6
v 146.6 -50.1 -39.5 -45.3 -42.5 -42.6
® - 178.5 1753 176.5 175.2 175.3
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Figure 1. Characteristic 2, ribbon structure is observed in
Vim-TBS model oligopeptide III, where arginine residues
are placed consecutively.

in consideration along with the properties and
functionalities of the consecutively placed residues,
various model oligopeptides were designed in such
a manner that each fragment was not more than 5
residues in length. As it is clear from the results in
Table 3, these model oligopeptides showed variable
conformations contrary to the prediction results for the
peptide thus signifying the importance of length and
nature of the amino acid residues. A careful and critical
analysis of these results particularly in the case of model
oligopeptides I & III revealed that whenever lysine and
arginine are placed consecutively (model oligopeptide I)
no uniform structure is formed, while a uniform helical
structure was observed when only arginine residues were
positioned consecutively (model oligopeptide III), as
apparent from the graphical view in Figure 1. This can be
explained on the basis of formation of seven membered
hydrogen bonds between the carbonyl-oxygen of the
ith residue and amide hydrogen of the i"+2 residue i.e.
Arg deo; sninen = 2.03, 2.27 A and carbonyl-carbonyl
interactions resulting in the formation of the 2, ribbon
structure (Figure 1) (44). Thus, it would not be wrong
to say that the type of positively charged residue plays a
crucial role in designing a helical secondary structure of
short length cationic oligopeptides like in the protamine
family of cationic peptides (mainly composed of arginine
70%) (45,46). Further, a short model oligopeptide IV
corresponding to residues 57-60 of Tat (48-60) (that
were predicted to adopt a coiled structure) is designed
specifically to contain two consecutively placed proline
residues in the center. Contrary to the well known fact
that proline facilitates formation of protein secondary
structure elements such as turns and the polyproline
IT helix, but typically disfavors a -helix and B-strand
conformations (47). It was observed that in this model
oligopeptide both proline residues adopt @, ¥ values
characteristic of 3,, helices and further results in the
formation of a strong ten membered hydrogen bond

Table 4a. Molecular mechanics results for Vim-TBS (58-81)
peptide

Seq | State [ State I1 State 111

G -,141.6 -,90.1 -,146.7

G 54.2,-107.8 -49.4,-37.7 -175.4,153.6
178.6 -177.8 -178.4

A -55.9,-38.6 -51,-41.6 -118.6,146.8
177.2 175.8 -178.9

Y -64.5,-29.1 -66.3,-38.7 -112.2,94
176.4 -179.6 -169.8

\% -64,-49 -59.8,-55.4 -70.6,89.6
175.5 175.4 -179.6

T -73.9,16.7 -58.6,-35.1 -69.2,83.7
-171.5 175.1 178.4

R 125.3,142.7 -62.2,-52.9 -73.7,85.7
-174.5 172.2 179.3

S -56.3,96 -60.2,-41.8 -121,148.1
-174.5 178.1 177.4

S -153.1,-176.1 -66.9,-38.8 -113.5,142.8
-171.9 175.2 178.2

A -72.5,74.8 -58.5,-43.5 -72.3,83.9
179.5 169.5 176.1

\% -123.6,137.7 -58.4,-45.2 -72.5,81.5
178.1 -172.8 177.4

R -45.68,-38.8 -57.9,-46.1 -72.5,82.1
-178.1 175 -178

L -44.4,-39.3 -57.9,-44.6 -73.1,78.9
176.6 174.8 175

R -81.5,46 -58.7,-60.5 -117.3,99
-179 174.6 -175.2

S -169.1,-157 -61.2,-29.5 -115,144.4
178.8 -177.6 179.3

S -161.6,89.3 -54.1,-34.8 -119.1,148.2
173.5 173.8 179

\'% -118.9,91.3 -68.7,-48.3 -113,103.9
165.9 179.3 177.3

P -57.9,108.1 -54.2,-39.6 -64.6,92.6
-171.1 165.7 175.4

G 64.9,164.9 -54.9,-50.4 -68.6,78.8
-7 172.2 176

\% -122.6,89.2 -56.4,-47.6 -73.7,86.6
170.3 174.1 179.5

R -121.3,160.9 -55.8,-45.6 -69.1,84.2
179.2 176.3 177.8

L -40.1,-46.3 -62.7,-38.4 -69.2,80.2
-176.6 175.6 176.9

L -104.7,29.5 -66.7,-36.6 -74.2,77
-177.8 172.6 177.6

Q -125.5,- -63.1,- -119.3,-
176.7 177.7 -175.7

AE

kcal/mol 29.7 0.0 96.4

between the carbonyl oxygen of the first arginine residue
and the amide hydrogen of the fourth amino acid residue,
deoi s = 1.86 A. Energy minimization results of
the various model oligopeptides of pl10 revealed the
formation of helical secondary structures stabilized by
strong carbonyl...carbonyl interactions and a strong
hydrogen bond network (Table 3).

3.1.2. Full-length peptides

Molecular mechanics energy minimization results of
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Table 4b. Molecular mechanics results for different conformational states of Tat (48-60) peptide and p10 peptide

Tat (48-60) peptide p10 peptide
Seq.| I 11 Seq.| 1 1T
G -,94.6 -,-149.3 R -,-24.6 -,99.1
R -62.2,-83.5 49.7,-94 Q -48.2,-43.3 -123.5,146.1
-175.7 178.8 -176.3 179.8
K -118,-3.9 -55.4,-41.1 T -60.1,-64.5 -69.7,90.9
171.3 176.1 176 178.5
K -99.9,119.9 -58,-44.9 S -56.9,-44.7 -67.8,84.4
-169.7 176.6 179.3 175
R -173.5,153.4 -64.7,-45.2 M -60.7,-49.4 -72.6,85.7
173.5 178.7 177.5 -177.2
R -49.8,-39.9 -58.7,-45.4 T -63.8,-40.9 -70.1,23.3
169.3 175.6 175 -178.9
Q -90.6,36 -58.7,-45.2 D -55.7,-44.5 -84.9,34.7
174.8 174.1 172 -158.8
R -171.4,-152.9 -60.3,-40 F -58.6,-51.6 -88.6,39.9
173.6 174.9 173.2 -177.3
R -81.9,91.6 -63.2,-31 Y -56,-47.4 -82.2,81.6
-176.3 175.9 177.5 -174
R -122,100.3 -59,-41.5 H -59.1,-46.2 -121.3,100
163.6 -175.2 174.3 -172.2
P -58.9,135.1 -62.8,-37.7 S -61.4,-38.7 -70.4,82.1
177 172 174.7 176.7
P -599,-41.7 -64.8,41.3 K -61.3,-46.5 -69,80.9
174.9 163.9 173.2 179.6
Q -75.8,- -61.9,- R -57.2,-46.3 -72.6,76.5
173.1 177.3 173.6 178.6
R -58.1,-42.9 -73.4,79.4
174.9 -178.6
L -59.2,-45.8 -75.8,74.7
173.1 -179
I -59.6,-43.7 -78.1,88.7
174.3 -177.2
F -64.1,-36.7 -122.9,143.1
176.9 176.3
S -60.8,- -113.9,-
-178.8 179.8
AE AE
kcal/mol 33 0.0 kcal/mol 0.0 61.8

the full length peptides i.e. Vim-TBS (58-81), Tat (48-
60) and p10 are as summarized in Table 4a & b.

3.1.3. Vim-TBS (58-81)

Three different starting conformations were taken for
minimization studies based on the prediction server
results as well as the model oligopeptide minimization
results. The first conformation called 'State I
corresponds to a state with starting geometry obtained
after model oligopeptide fragment minimization
calculations. The prediction server results have shown
the propensity of both B-strand and coil type secondary
structure throughout the sequence, and therefore @,
Y values of the other two starting conformations
correspond to B-strand i.e. -139°, 135° (State III) and
a-helix i.e. -57°,-47° (State II). It is evident from the
results in Table 4a that the energetically most stable
conformation is State II with ®, ¥ values of ~ -59.3°,-
45.3° forming a characteristic a-helix like secondary

Figure 2. Intra-strand hydrogen bond network and
carbonyl-carbonyl interactions stabilize Vim-TBS (58-81)
peptide in the a-helical conformation.

structure. A molecular view of this conformation given
in Figure 2 depicts the typical intra-strand hydrogen
bonding network along with strong carbon-carbonyl
interactions. The torsion angles of various residues
of State I were found to lie in the second and third
quadrant of the Ramachandran plot. Consequently,
both the carbonyl-carbonyl interactions and formation
of hydrogen bonds lack uniformity and regularity. It
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is worth mentioning that smaller model oligopeptides
of Vim-TBS (58-81) (Table 3) revealed the stability
of B-strand structure while in the full length peptide
the a-helical structure was observed highlighting the
critical relation between peptide length and secondary
structure. Consequently, future design paradigms for
this peptide need to emphasize and explore this vital
relation in order to achieve the best design. This is the
first report on the structural characterization of Vim-
TBS (58-81) peptide.

3.1.4. Tat (48-60) peptide

Two different starting conformations were taken to
carry out energy minimization studies viz., State I with
starting conformation corresponding to @, ¥ values
obtained after model oligopeptide minimization and
State II with @, ¥ values corresponding to the a-helical
region (-57°,-47°). State II that adopted a uniform
a-helix type secondary structure (Table 4b) except
terminal residues, was found to be energetically most
stable. Helical secondary structures have already been
highlighted in the literature as being necessary for cell
penetration properties (48,49) because such structures
seem essential particularly within the lipid phase of
the membrane for its cellular uptake and stabilization.
Minimization studies (at a dielectric constant of 4) have
revealed that Vim-TBS (58-81) adopts a secondary
structure similar to that observed in Tat (48-60), and the
same mechanism of cell penetration can be attributed to
Vim-TBS (58-81) based on the structure-function and
activity relationships (50,51).

3.1.5. p10 peptide

Similarly, two different starting conformations were
selected for energy minimization studies i.e., with
a-helix like torsion angles (State I, Table 4b) and with
B strand like torsion angles (State 11, Table 4b). On the
basis of steepest descent and conjugate gradient energy
minimization studies, the a-helix secondary structure
(State I) was found to be more stable by ~ 62 kcal mol™.

3.2. MD simulations

In general, conformations adopted by proteins/peptides
are significantly influenced by local environmental
conditions that refer to the solvation interface
which communicates bulk properties of the solvent
(like temperature, pressure etc.) to the peptide and
determines localized effects about the proteins/peptides
due to specific solute-solvent interactions (52). For a
better understanding about conformational behavior,
dynamic structure, interactions and stability of these
peptides in aqueous environment, MD simulation
studies were performed in explicit water. Simulation
results in terms of ®, ¥ and o values for the various

starting conformations of Tat (48-60), Vim-TBS (58-81)
and pl0 peptides are given in Table 5. Conformation
I, II, and III of Vim-TBS (58-81) correspond to the
starting geometry with @, ¥, ® values obtained after
MM energy minimization studies. Similarly, final
conformations obtained after MM studies for Tat (48-60)
and p10 peptides were the starting conformations for
MD simulation studies.

Simulations in water revealed that all three peptides,
Tat (48-60), Vim-TBS (58-81) and p10, adopt either
a helical structure or a random conformation in water
(Table 5). The energy difference between these two
states is ~ 5-6 kcal/mol and is not such that it allows/
favors exclusive population of any state especially
when one considers the energy contribution of a single
hydrogen bond i.e. ~ 2-5 kcal/mol (53,54). In Vim-TBS
(58-81), Conformation II with average ®, ¥ values of
~ -63°, -54° was energetically more stable with respect
to conformation I and III by 6.2 and 11.5 kcal/mol
respectively. On the other hand such a helical structure
(Conformation II) was energetically less stable by 5
kcal/mol in Tat (48-60) peptide. The stability of these
two states is governed by the dominance or contribution
of polar contacts between the solvent water molecules
and the various backbone and side chain functionalities
(intermolecular interactions) of the peptide. Because
these two conformations are labile on the energy scale
it is argued that in water both helical and random coil
like structures co-exist in a dynamic state and moreover,
this energy gap can be compensated by the choice of the
solvent i.e., in protic or aprotic environment (55). It is
worth mentioning here that these results are consistent
with the NMR and CD spectroscopy results that have
shown the occurrence of no regular geometry in Tat (48-
60) peptide. Solid-state NMR shows that Tat (48-60) is
highly dynamic and adopts a random coil conformation
(56). The CD spectrum studies of Tat peptide (residues
34-56) have also reported a disordered conformation
in buffer solution with a strong negative band at 198
nm and weak positive ellipticity between 212 and 222
nm (57). The 'H/"°N HSQC spectrum of Tat has also
suggested that the protein is undergoing conformational
exchange on the millisecond to microsecond time scale,
indicating a transient structure formation (58). It is also
worth mentioning here that almost 30% of the eukaryotic
proteome is intrinsically distorted under physiological
conditions i.e., in the absence of binding parameters
these proteins or protein segments do not fold into a
stable conformation but exist in a more or less restricted
ensemble of conformations determined by the amino acid
sequence (57). Utility of this observation lies in the fact
that the unfolded proteins have an advantage over folded
proteins in providing a much larger surface area enabling
multiple interactions with other molecules (59).

p10 peptide adopted the helical conformation in
its most stable state (Table 5) and was found to be
more stable by 5.8 kcal/mol than Conformation II.
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Table 5. MD results under NVT conditions for different conformations of Tat (48-60), Vim-TBS (58-81) and p10 peptide

after 1 ns simulations with @, ¥, ® values

Vim pl0 Tat
1 11 1T 1 II I 1I
-,-143.8 -,148.6 -,-131.6 172 -,135.6 -121.1 -,-133.5
118.1,127.8 -66.4,-161.7 -75.8,-80.3 -54,88.6 -54.4,113.2 -53.5,-41.5 -52.1,-51.7
175.5 -178.1 -175 175.6 167.8 180 -166.8
-42.4,-56 -53.1,-50 -62.9,-49.2 -66,-27 -93,84 -65.5,-44.1 -51,-49.1
-165.8 -179 178 -173.7 -170 -173 180
-90,-22.2 -63.5,-52.3 -98.4,118 -52.8,-65.2 -76.9,80 -74.1,107.5 -65.2,-26.3
-174 -176 170 -177.4 163.4 -173 166.6
-57.2,-51.8 -50,-55 -110.5,130.9 -44.6,-55.4 -94.2,86.2 -65.6,147.6 -63.7,-38.6
179 178 179 165.9 -176 162.2 167.2
-129.4,132 -50.1,-32 -63.2,133.2 -74,-33.4 -76.9,-58 -51.6,-73.7 -67.2,-50
-177 178.2 164.4 -172.1 174.6 166 177.7
59,23 -80.2,-57 -124.2,129 -62.7,-52.1 -97.8,123.4 -93.5,-73.6 -57.6,-53.3
-178.6 167.6 175 170.3 -163.3 -166.5 -177.6
57.6,120 -58.6,-54 -167.9,148 -49.3,-34.4 -131,144 -107.2,180 -60.4,-37.7
172.9 -176 -172 164.8 172.3 -178.7 174.2
-155.7,156 -56.1,-50.6 -92,133 -61.7,-47.7 -67,-26.8 13.8,100 -75.2,-27.6
178.3 -176.4 -176 169.2 176.3 -179.2 180
-105,122 -45.3,-52.5 -91,68.2 -58,-38.3 -84.4,-79.1 -119,118.7 -52.6,-44
-171.6 172.4 -178 171.7 -172.5 -165.7 177.3
57.7,145 -85,-29.2 -65,121 -65.6,-51.4 -67.7,119.1 -63.5,150.4 -61.4,-54.9
173 -169 -172.4 178.3 167.7 164.3 168.6
-48.4,-42.6 -70.2,-54 -123.8,83.1 -60.9,-40.7 -108,158.8 -60.3,143.6 -94.6,59.1
-166.8 175.3 176 174 -178.3 171 165.4
-63,-37.8 -53,-52.2 -111.4,103.8 -55.3,-38.6 -135.5,104.1 -140.7.- -121.8,-
180 172.6 163 172 180 -173.8 171
-104.8,29.2 -45.8,-45 -148.3,157.7 -70,-44 -83.6,127
178.1 172.6 168 173.3 163.5
-112,108 -52.4,-35.2 -9.3,-81.3 -65.4,-28.3 -95.6,-162
170 170.4 178 180 180
-56,75 -116.5,-32.4 -124,104.9 -76,-52.1 -78.3,142
-176 -173 -165.4 167 163.4
-129,120 -55.3,-53.6 36.4,68.7 -112,83.5 -66.8,113.7
-176 180 173.7 -172.6 160.4
-63.4,132.6 -50,-51.8 -75.1,139.3 -87.4,- -126,-
-173.4 -178.1 177.5 -173.5 -174.8
-123,-171 -55.4,-61 -97,-107.2
23 179 -167.2
50,61 -62.1.-27.6 -97.4,-39.3
177.2 -171 172.5
-116.7,141 -77,-49 -95.7,148
169 168 165
-54.4,-46 -67.7,-38.5 -71.7,104.6
-177 178.5 180
-110.8,67.7 -69.3,-91.2 -90,124.6
172 176 -177
-142.6,- -105.9,- -127.2,-
177 -168.4 -176.8
AE 6.2 0.0 11.5 0.0 5.8 0.0 5.0

Polar contacts with water which are present in both
conformations, the extensive hydrogen network of
carbonyl-oxygen of ith residue with the amide hydrogen
of the ith+4 residue, (dco; gm0 ~ 2.0, 1.8 A) along with
the strong carbonyl-carbonyl interactions are the major
factor in the stability of the helical state.

3.3. Simulation studies of the fusion peptides

To establish and analyze the conformational preference

of Vim-TBS (58-81) peptide in conjunction with cargo
molecules, simulations of the fusion peptide Vim-TBS
(58-81)-p10 and Tat (48-60)-p10 were carried out for 1
ns in water under NVT conditions.

3.3.1. Tat (48-60)-p10 peptide
Two different starting conformations were selected for

the structural study of the designed fusion peptide Tat
(48-60)-p10, with @, ¥ values corresponding to those
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Table 6. Simulation results for Fusion peptides (Vim-
TBS(58-81)-p10 peptide and Tat(48-60)-p10 peptide) after
1ns under NVT conditions

Table 6. Simulation results for Fusion peptides (Vim-
TBS(58-81)-p10 peptide and Tat(48-60)-p10 peptide) after
1ns under NVT conditions (Continued)

Vim-TBS-p10 Tat-p10 Vim-TBS-p10 Tat-p10
I II I II I II I I
-,-122 -,114.2 -,170 -,161.2 -57.4,-56.6 -61.4,-50.4
- - - - 168.5 174.5
80.2,121.4 -76,-166.9 -56.3,-74.1 -51.4,-40 -49.4,-53 -49.2,-55.6
-174 179.5 178.8 -178 170.6 169.4
-61.6,-26 -67.7,-61.7 -31.6,-51.2 -127.7,-61.4 -58,-56 -56.6,-42.7
180 -158.4 171.2 178.1 177.3 -179.8
-75.6,-61.5 -49.8,-55.6 -62.6,-55.6 -38.4,109.1 -54.8,-47.5 -54.1,-55.3
170 -179 177.6 166.4 176 1763.9
-40.2,-52.7 -51.8,-41.1 -44.4,-30.9 -67,165 -63.2,-44.6 -51.2,-52
178 169.8 164.7 -176.6 170.7 167.4
-78.5,-38 -66,-47.7 -67.5,-56 -63.3,-56.4 -70.1,-25.4 -64,-26
-174.3 174.5 165.5 179.4 177.3 -176.1
-96.8,-78.7 -65.1,-46.2 -45.7,-47.8 -125.4,-58.4 -70,-27.8 -81.1,-34.8
178.5 -175.7 173.8 -166.7 162.8 173
-51.7,-52.6 -42.6,-55.8 -52.8,-50.5 -113.8,145.5 -75.3,-41.7 -60,-48.2
-172.3 177.3 174 170.9 168.1 171.6
-60.3,-56 -65.1,-28.9 -87.7,0.5 68.3,63.5 -65.8,-44.2 -74.6,-22.2
179.3 -177.3 176.4 173.9 173 173
-53.7,-44.8 -71.4,-41.4 -76.5,-40.2 -85.4,111.6 -134.6,136.5 62,67.5
174.6 175.1 -170.6 -176.8 -176.4 -179
-52.6,-67 -46.5,-43.8 -61.7,-52.4 -73,115.2 -142.2,- -133.5,-
175.6 163.5 161.8 175.6 179 179.3
-39.4,-63.3 -78.6,-55 -49,-41.5 -58.6,148.3
174.2 -176.7 175.3 178.6 AE 0.0 16.8 0.0 11.3
-48.3,-51.1 -45,-53.7 -54.6,-40.9 -119.4,169.2
171.1 171.4 173.3 -164.4
-38.3,-40 -57.8,-44.3 -71.6,-48.3 -122.2,114.4 a ¢
177.6 -179 175.3 177.3
-81.7,-30.8 -67.2,-32.5 -61.5,-32.7 70,94.1
166 178.6 -177.7 169.2
-90,-37 -67.5,-40 -71.8,-48.5 -55.4,-52.1
-166.6 175.7 168.6 -173.6
-52,-39.2 -60,-47 -55,-53.4 -43.7,-50
167.6 -171.7 167.4 174
-54.7,-64.3 -57.4,-40 -54.7,-3.2 -69.5,-29
174.1 167.8 -179.1 -175.2
-54.4,-42.8 -65.7,-56.4 -57.8,-54.7 -112,-95 -
-173.2 -177.7 -176.4 -175.5
-61,-54.3 -59.1,-35 -42.3,-42.4 -35,-66.5 >
177.5 176 173 176.9
-62.3,-51.5 -75,-28.7 -58,-65.4 -59.2,-51.7
-176.7 -173.9 177.1 180
-50,-44.1 -75,-40.3 -52.3,-41.7 -50.5,-41.9
170.2 175.8 173.8 172.5
-59.-65.3 -70.2,-43.9 -64.7,-39.4 -70,-37.2 Figure 3. Graphical views of the (a) Tat (48-60)-[)10 fusion
1717 172.8 173 176.4 peptide, (b) Vim-’l:BS (58-81)-p10. fusion peptide; in the
460,48 1095.91.4 54.5.-50.1 48.9.-53 5 m.osg stable a-hellca] conformations (water molecules
’ ’ ° ’ within 3 A of the peptide surface are shown).
-172.4 175 175.3 162.1
-62.5,-44.7 -74.7,147.7 -57.2,-42.1 -57.1,-42.1
-15860.2,-38.1 -516(.’2,?29.1 16717 1_53. 5 _1565.':, 618 obtained aft.er MD simu!ations of individual peptides
173.1 21778 171.4 173.8 (Conformation I) and with @, ¥ values of -57°, -47°
-76.6,-28.7 -77.3,-10 -58.4,-34.4 -53,-25.6 (Conformation II). In the energetically most stable state
178.8 -174.4 -175.1 -178.5 it was found to adopt @, ¥ values that lie in the a-helical
_1?6.‘;_29 '1?8";5'8 '16756'72"45‘5 '19718"48‘2 region (Table 6, Figure 3a). Although, Tat peptide
—63,.—48.5 _45"2’_55 _93.'1’_21.5 109.6,-67.4 is unstructured in solution there are several reports
167.8 1717 1763 _171.5 suggesting the possibility of a conformational change
-59.3,-35.3 -60.4,-40 -128.4,123.3  -116,101.5 to augment binding (60,61). These results are also
173.8 172.5 -172.2 -175 supported by NMR spectroscopy and CD spectroscopy
_177(2".47’_38'1 ?3845 132 s _118300.7’_ studies of a fusion protein consisting of the activation

domain for the unreleased equine infectious anemia
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Figure 4. Molecular view of the characteristic amphipathic
structure formed in the fusion peptide Vim-TBS (58-81)-
p10. The hydrophilic face formed by arginine sidechains is
displayed in yellow.

virus and Tat (48-57) that reported a highly helical
conformation (62). Also 15N NMR relaxation
measurements showed that Tat (47-58) became more
ordered when binding heparin (63). Tat (48-60) has
been reported to retain the penetrating properties of the
full length HIV-Tat protein (64) and also is an effective
vehicle for the delivery of biologically active peptide
cargoes (65). Further, it retains a nuclear localization
signal, has relatively low intrinsic toxicity and was thus
considered to be an ideal candidate to deliver the p10
peptide to the nucleus. Arginine rich HIV-Tat peptide
is able to translocate by destabilizing and inducing
transient pores in phospholipid bilayers. The Arginine
clusters can strongly interact with lipid head groups on
the distal surface of the bilayer to drive translocation.
The unstructured CPPs stabilize their backbone polar
groups by forming transient intermolecular H-bonds
with the lipid phosphates and water (66).

3.3.2. Vim-TBS (58-81)-p10 peptide

For the complete structural study of Vim-TBS (58-
81)-p10 designed fusion peptide, different starting
geometries were taken with @, ¥ values corresponding
to those obtained after MD simulations of individual
peptides (Conformation I) and with ®, ¥ values
of -57°, -47° (Conformation II). Simulation results
given in Table 6 reveal that the energetically most
stable conformation (by 16.8 kcal/mol) corresponds
to a-helix type secondary structure with average @, ¥
values of -60°, -40°. A molecular representation of this
conformational state is shown in Figure 3b. It is evident
that although both the fusion peptides form a helical
structure in the most stable states but the structure
obtained in the case of Vim-TBS-p10 fusion peptide
is better characterized in terms of its amphipathic
nature with defined hydrophilic and hydrophobic faces
as revealed in the molecular view given in Figure 4.
A similar structure was reported for Tat-pl10 fusion
peptide (67) and on this basis, it is suggested that the
hydrophilic face formed by the positively charged
arginine and lysine residues shall thus facilitate a better
interaction of this fusion peptide with the membrane.
Therefore, we predict Vim-TBS to display better cell
penetrating properties and act as a potential drug
delivery agent. This finding is well supported by the
observations of Balzeau et al. that this fusion peptide

accumulates and distributes in glioblastoma cells (25).
Furthermore, this fusion peptide crosses the plasma
membrane and localizes to the nucleus where p10
maintains its pro-apoptogenic activity. In contrast, when
the p10 peptide is ligated to the Tat (48-60) peptide,
entry to the nucleus is strongly reduced and its pro-
apoptogenic activity is also attenuated (25).

4. Discussion

The critical relation between peptide length and
secondary structure was highlighted by the formation
of stable B-strand like secondary structures in model
oligopeptides of Vim-TBS (58-81) while the full
length peptide was found to be stable when adopting
an a-helical structure. Such structures are particularly
stabilized by minimization of steric constraints imposed
by the lengthy and/or bulky aromatic and/or charged
side chains. In the model oligopeptides of the Tat (48-
60) peptide the population of variable conformations
contrary to the prediction results further signified the
importance of length and nature of the amino acid
residues. Also, the type of positively charged residues
(lys or arg) played a crucial role in the formation of
stable helical secondary structures in short length
cationic oligopeptides. Molecular mechanics energy
minimization results of the full length peptides, Vim-
TBS (58-81), Tat (48-60) and p10, revealed that the
energetically most stable conformation formed a
characteristic a-helix like secondary structure. In water
the three peptides adopted either a helical structure or a
random conformation with an energy difference between
the two states being ~ 5-6 kcal/mol which is not large
enough to allow exclusive population of any state. The
peptide Vim-TBS (58-81) had average @, ¥ values of ~
-63°, -54° while in the Tat (48-60) peptide such a helical
structure was marginally less stable. The stability of
either of the two states is administered by the formation
of polar contacts between the solvent water molecules
and the various backbone and side chain functionalities
(intermolecular interactions) of the peptide. Because
these two conformations are labile on the energy scale
it is argued that in water both helical and random coil
like structures co-exist in a dynamic state. To establish
and analyze the conformational preference of Vim-TBS
(58-81) peptide in conjunction with cargo molecules,
simulations of the fusion peptide Vim-TBS (58-81)-p10
and Tat (48-60)-p10 were carried out. Although, both
fusion peptides formed helical structures the structure
obtained for the fusion peptide; Vim-TBS-p10 is
relatively better characterized in terms of its amphipathic
nature with defined hydrophilic and hydrophobic faces.
Consequently, the hydrophilic face formed by the
positively charged residues should facilitate a better
interaction of this fusion peptide with the membrane as
compare to that of the Tat-p10 peptide. Such an acquired
amphipathicity upon secondary structure induction
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may guide the anchoring of the CPP in the hydrophobic
region of the membrane. Thus, we predict Vim-TBS (48-
60) peptide to display better cell penetrating properties
and hence, act as a potential drug delivery agent.
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