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Abstract

Properties of laminin peptide YIGSR and its mutated sequences YIGSD, YIGSS, YIGSN and YIGSQ have been investigated using molecular
dynamics simulations (MDS) and Langmuir films at air/water interface. Simulation studies on laminin peptide YIGSR were performed in the
isothermal–isobaric (N, P, T) ensemble, with run up to 5 ns in water as well as lipid environment at 298 K. From different initial configurations,
shape transformations of the peptides on the timescale of nanoseconds were observed. The results showed YIGSR to be the most stable peptide
with the order of minimized energy being YIGSRbYIGSQbYIGSDbYIGSNbYIGSS. Subsequent experiments with newly synthesized
amphiphilic derivatives of the mutated peptides were carried out for their monolayer formation and stability at air/water interface using surface
pressure–molecular area (π–A) and surface potential–molecular area (ΔV–A) isotherms. The surface and interface activity of these compounds
followed a similar trend as with the MDS studies. Results suggest that single amino acid mutation leads to large changes in minimized energy,
surface activity and different rates to reach stable conformation. The native YIGSR is the most stable sequence with highest surface activity while
YIGSS is least stable and has the lowest surface activity. This corroborated the results of the MDS.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The process of peptide folding [1,2] and their organization in
solution has been used to mimic highly functional and dynamic
structures in biology [3,4]. Though a number of papers have
appeared in the literature in the recent years on self assembly
processes in biomolecules [5–7], designing a supra-molecular
structure is still difficult. Theoretical approaches to predict the
(stable) folded structure of a peptide and the process of peptide
folding fall into three categories; statistical approaches,
conformational search methods and dynamics simulation [8].
Of these, dynamics simulation methods, such as molecular
dynamics (MD), have been used to characterize particular
folded states in solution [9–12].

In nature self assembly processes take place resulting in
complex hierarchical order, many researchers have designed
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novel materials by mimicking these natural self-assembled
processes. The first step here is to develop molecular building
blocks, which are able to self-assemble into highly ordered
structures. Recently, there has been an effort to mimic essential
properties of natural extracellular matrix (ECM) [13]. ECM is a
viscoelastic network, which consists of nanofibrous proteins
like collagen, laminin and elastin to provide biological and
chemical moieties as well as physical frameworks for cells.
Mimicking the ECM might be the best route to develop next
generation materials, which allow control over cell adhesion,
migration, proliferation and differentiation. Muthuselvi and
Dhathathreyan have studied the self assembly processes in
laminin peptides [14] and have estimated the hydrodynamically
coupled water in these peptides [15]. Laminin is a major
component of the extracellular matrix that has been shown to
exhibit many biological activities with various cell types,
including neuronal cells [16]. The interaction of laminin with
several primary and established cell lines derived from the
peripheral and central nervous systems, has been shown to

mailto:aruna@clri.info
http://dx.doi.org/10.1016/j.bpc.2007.05.019


Fig. 1. Energy minimized structures of YIGSD,YIGSS,YIGSN and YIGSQ.
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result in increased cellular adhesion and neurite outgrowth
[16–18].

The synthetic analogues of laminin peptides YIGSR and
IKVAV have found widespread interest in cancer research
towards preventing tumor metastasis [19–21]. Computer
simulation studies of YIGSR-containing sequences have been
previously reported [22–24]] wherein the inspiration was the
potential application of laminin-derived fragments towards
developing novel drugs against tumor metastasis.
Brandt-Rauf et al. [22] and McKelvey et al. [23] studied the
pentapeptide YIGSR, whereas Ostheimer et al. [24] studied the
nonapeptide CDPGYIGSR.

Makholiso and Melchionna studied the molecular properties
of the laminin-derived oligopeptide, H–CDPGYIGSR–NH2, in
aqueous medium as well as in the immobilized state on a solid
using computer simulation and experimental approach [25].
This work showed the important role played by the terminal
arginine in the overall conformation of the oligopeptides.



192 M. Lakshmanan, A. Dhathathreyan / Biophysical Chemistry 129 (2007) 190–197
In the present study, molecular dynamics simulation (MDS)
on the folding of the laminin peptide YIGSR and the sequences
mutated in the 5th position with amino acids D, S, N and Q in
water and in a lipid environment have been presented. The lipid
environment has been chosen to mimic the cell membrane.
From the minimized energy values obtained a trend in the
overall activity of the native peptide and the sequences YIGSD,
YIGSS, YIGSN and YIGSQ have been evaluated. In order to
develop probable peptide carriers, amphiphilic derivatives of
the above sequences have been synthesized and their ability to
assemble as Langmuir monolayers at air/water interface and in
LB films investigated. Here the choice of D, S, N and Q was
based on the fact that in the hydropathy scale of amino acids R
D, S, N and Q show nearly similar polarity values. Thus one
does not expect drastic changes in the overall amphiphilicity of
the sequences. Monomolecular lipid films at the air/water
interface serve as good models for interaction of peptides with
membranes and do not have the disadvantages of small
curvature radius of small unilamellar vesicles (SUVs). Films
of the amphiphilic peptides prepared in this study as Langmuir
films have been transferred onto solid substrates using the
Langmuir–Blodgett film (LB film) technique.

2. Experimental

2.1. Molecular dynamics simulation

2.1.1. Force field
The structural properties of the native peptide YIGSR and

mutated YIGSD, YIGSS, YIGSQ and YIGSN have been
investigated using MDS for a total simulation time of 5 ns,
performed using AMBER9 [26]. The effects of simulation
protocols and force fields have been analyzed using “ptraj”
including hydrogen bonding, bond length and bond angle
constraints by the usual standard procedure. Generalized Born/
Surface Area (GB/SA) with implicit solvent model has been
used for the calculations.

In this GB/SA model [27], the total solvation energy (Gsolv)
is given as the sum of a solvent-solvent cavity term (Gcav), a
solute–solvent van der Waals term (GvdW) and a solute–solvent
electrostatic polarization term (Gpol):

Gsolv ¼ Gcav þ GvdW þ Gpol:

The minimization for peptides-native YIGSR and mutated
YIGSD, YIGSS, YIGSN and YIGSQ in implicit water and the
phospholipid dipalmitoylphosphatidyl choline (DPPC) were
carried out for 5 ns each on an 800 MHz Duron processor in a
personal computer.
Fig. 2. Plots of RMSD against Time for the native peptide YIGSR and the
mutated sequences.
2.2. Synthesis of amphiphilic derivatives of the peptides

The pentapeptides YIGSS, YIGSN, YIGSD and YIGSQ
were obtained from Ezbiolab., USA, and were 99.9% pure. The
hydrophobic residue myristoyl was incorporated to all the above
peptide sequences as the corresponding fatty acid using
benzotriazole-1-yl-oxy-tris-(dimethylamino)-phosphonium
(BOP)/DIEA (N,N_-diisopropylethylamine) in dimethyl form-
amide (DMF) as the activating agent. YIGSS-myristoyl
(YIGSSmyr), YIGSN-myristoyl (YIGSN-myr), YIGSD-myris-
toyl (YIGSR-myr) and YIGSQ-myristoyl (YIGSQ-myr) were
synthesized and were characterized by amino acid analysis,
mass spectrometry electrospray, and reverse phase (RP)-HPLC
(C8), and were purified when necessary by preparative HPLC-
C8. Here the C8 is used in the stationary phase because the
peptides have some degree of hydrophobicity and thus can help
in resolving different peptides of varying polarity. Further
methanol was used as solvent to carry out the MS analysis. The
purity of the samples was checked by HPLC, being in all cases
higher than 98% (calculated from peak area) and mass spectra
indicated the only presence of molecular peaks. Nevertheless,
before use, peptide samples were repeatedly washed with cold
diethyl ether and n-hexane in order to remove traces of
hydrophobic impurities that could interfere in the physico-
chemical studies. Using norleucine (nle) as the internal standard
peptide concentrations in their standard solutions were
determined by quantitative amino acid analysis.

The structures of the amphiphilic derivatives are given in
Fig. 1. These were arrived at by first minimizing single
molecules of the various peptides and then docking them on to a
surface.
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2.3. Compression isotherms

The monolayer properties of the amphiphilic peptides at air/
buffer interface were characterized using a NIMA 601 S single
barrier trough (Wilhelmy balance) containing 530 ml of
physiological buffer solution (PBS). The barrier compressed
the monolayer at a speed of 10 cm2/min. Peptide solutions of
10−3 M in chloroform: methanol (vol ratio 3:1) were spread on
PBS subphases and surface pressure was continuously recorded
during film compression. CD spectra of the pure peptides in
water were compared with that of the films of amphiphilic
derivatives obtained from the above Langmuir films. There were
no dramatic changes in the secondary structures indicating that
the amphiphilic peptides were stable. Each π–A curve shown
represents an average of the measurement of two or three
separate compression processes of newly spread monolayers.
Experiments were carried out at 21±0.5 °C. The surface
potential was measured using a Kelvin vibrating plate method
[28]. The accuracy in surface potential values was 0.1 V. The
surface potential ΔV was measured as a difference between
potential of a pure water surface and that of water surface
covered with a monolayer. From the experimentalΔV values the
dipole moment component μ⊥ (normal component of dipole
moment value) are estimated from the Helmholtz equation

l ?¼ e0ADV

HereΔVand A are the surface potential and average area of a
close-packed monolayer and ε0 is the permittivity of free space.
Fig. 3. Plots of End to end distance versus RMSD for the native peptide YIGSR
and the mutated sequences (Fitted to polynomial of second degree).
2.4. FTIR spectra of Langmuir films

2.4.1. FTIR spectra of Langmuir films using photoelastic
modulated (PEM)-FTIR

The measurements of PEM-FTIR was carried out with a
Brucker IF S48 spectrometer using ZnSe photoelastic modula-
tor (Hinds type II) and two ZnSe plates at Brewster incidence.
The frequencies of the methylene stretching vibration modes
have been previously used as an indication of the ordered states
of the packing of the monolayer in the condensed state. The
frequencies, shapes and intensities of the infrared C–H
stretching bands provide information on the orientation,
conformation and packing of the hydrocarbon chain in the
monolayer. The νas CH2 (asymmetric) and νs CH2 (symmetric)
bands appearing in the spectrum correspond to a preferential in-
plane orientation of transition moments which is consistent with
the alkyl chains quasi perpendicular to the interface. The signals
from the hydrophilic groups immersed in water being weak
cannot be observed directly in the spectrum. Hence only the
bands corresponding to the long alkyl chains are indicated here
[29]. For different molecular areas during compression of the
monolayer, the νas and νs CH2 bands were recorded.

3. Results and discussion

Fig. 2 shows the plots of RMSD values for the peptides
versus time (ns).
Because of the large number of configurations that are pos-
sible for such short peptides the convergence in the properties
cannot be considered rigorously. However for the MDS for 5 ns
carried out it is seen that YIGSQ has the least difference in
RMSD (0.18 nm) from the initial state while YIGSS has the
highest (0.32 nm). Also YIGSS shows an initial lowering of the
RMSD up to about 2.5 ns after which it starts to rise and then
levels off at 0.32 nm.



Fig. 3 (continued ).
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All other peptides do not show large deviations as a function
of time.

Fig. 3 Shows the end to end distance as a function of RMSD
values for YIGSR and the mutated peptides evaluated over a
time trajectory of 5 ns.

These plots show the stability of the peptides as is seen by the
shortest end to end distance. Here the order is seen as
QNRNDNNNS. The plots were fitted to a polynomial of second
degree of the form

Y ¼ Aþ B1X þ B2X
2

and the values of coefficients and the R value are given in Table 1.
Generally in the energy minimization with MDS, Potential

energy, torsional angles, and hydration of the polar head groups
Table 1

Peptide A B1 B2 R (regression coefficient)

YIGSR 14.74921 −1.06326 −0.39828 0.96964
YIGSD 15.18782 −1.44212 −0.32784 0.98144
YIGSS 15.5041 −1.82827 −0.2607 0.98366
YIGSQ 13.96012 −0.6943 −0.40229 0.96522
YIGSN 14.95229 −1.69273 −0.18149 0.97082
under periodic boundary conditions (PBC) are used. The
potential energy is partitioned explicitly for a single molecule
orientation potential, dipolar couplings, rotational–rotational,
translational–rotational, and translational–translational interac-
tions. The final potential energy of the molecules consists of
diagonal terms corresponding to bond length deforrmation,
valence angles, torsional angles and out of plane interactions,
off-diagonal or cross terms, and nonbonded interactions. In this
the major contribution arises from the first three terms,
especially the bond bond interactions. In the case of short
peptides studied here these interactions contribute maximum to
the energy. Thus the changes in end to end distances of the
peptides in the final structures in this study are of importance to
the overall stability.

Hence the B1 values are indicative of the rate at which
minimum end to end distance is reached for a particular RMSD
From the B1 listed in Table 1,it is seen that Q has the lowest
value and S the highest with QbRbDbNbS. The corre-
sponding minimized energy values for the native laminin pep-
tide YIGSR and the mutated sequences on hydration and with
the phospholipid DPPC are given in Table 2.

It is seen that the laminin peptide in its native form has the
lowest energy in both water as well as with DPPC. The energy
values for the different peptides cannot be compared absolutely.
However the differences in energy between the mutated
peptides and the native YIGSR may be relevant for this study.

The order of stability from these values is as RNQNDNNNS
for both aqueous and lipid environment. A comparison of the
energy values of the peptides in hydrated condition and in lipid
environment showed that the peptides are relatively more stable
in the aqueous phase.

Coupled water fractions in amino acids and peptides from
our earlier study showed a direct correlation to the degree of
polarity of the residues. These values were estimated from the
side chain contributions of the amino acids. In the case of
energy calculations, the whole peptide including the backbone
is taken into account. The evaluated coupled water fractions for
the YIGSD, YIGSS and YIGSN showed the same trend as in the
energy-minimized values in this study the exceptions being
YIGSR and YIGSQ. This may be due to variations in backbone
conformation for the peptide bonds S–R and S–Q in these 2
peptides. In the minimized energy conformations of YIGSR and
YIGSQ (peptide bond S–R and S–Q) small differences with
φ=−10.54° and −13.61° for Q and R are seen. This indicates
that even such small change in φ can lead to large changes in
energy values between YIGSR and YIGSQ. The surface
activity and interfacial properties of amphiphilic derivatives of
YIGSR and its mutants were studied using their Langmuir films
Table 2

Peptides Water (Kcal/mol) DPPC (Kcal/mol) Coupled water fraction15

YIGSR −251.622 −193.252 0.432
YIGSD −127.647 −74.266 0.413
YIGSS −94.932 −62.326 0.407
YIGSN −123.299 −89.23 0.425
YIGSQ −144.729 −115.197 0.437



Fig. 4. Surface pressure and surface potential against molecular area (π–A and ΔV-A) for (a) YIGSD-myr; (b)YIGSS-myr; (c)YIGSN-myr; (d) YIGSQ-myr on
deionized water subphase, T=22 °C.

Table 3

Amphiphilic
peptide

Area/molecule (nm2) at
π=25 mN/m

Surface
potential
(volts)

Dipole
moment
μ⊥(debye)Experimental Model

YIGSR-myr14 0.402 0.38 0.59 0.619
YIGSS-myr 0.34 0.30 0.52 0.475
YIGSN-myr 0.61 0.59 0.59 0.963
YIGSD-myr 0.28 0.25 0.81 0.607
YIGSQ-myr 0.69 0.70 0.47 0.868
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at air/water interface. Fig. 4a–d give the plots of π–A (surface
pressure–molecular area) and ΔV–A (surface potential-molec-
ular area) isotherms of the amphiphilic derivatives YIGSS-myr,
YIGSD-myr, YIGSQ-myr and YIGSN-myr. From the iso-
therms, it is seen that all the compounds show 2 d gaseous to
liquid expanded (LE) states and in some cases also the liquid
condensed (LC) state. The different phases in the isotherms are
identified from the compressibility modulus Cs

−1 defined as −A
(∂π/∂A). The maximum collapse pressure, which is a measure
of the surface activity of the compound, can also be determined
by this parameter [30].

Generally Cs
−1 values lower than 12.5 mN/m are attributed to

the gaseous state, values between 12.5 and 100 mN/m to liquid
expanded state, 100 to 250 mN/m to the liquid condensed state
while Cs

−1 values greater than 250 mN/m are assigned to the
solid state of the film. At the collapse pressure the value
approaches zero. Based on the above criterion, it is seen that
in case of YIGSD-myr, there is a change in Cs

−1 value from 10.6
to 156 to 298 as the pressure increases from 0.5 to 1.5 to
25.5 mN/m suggesting that the monolayer goes through a
gaseous to LE to LC phase. For peptide derivatives YIGSN-
myr, YIGSS-myr and YIGSQ-myr the transition between the
LE to LC phase occurs around 4.14, 2.5, 3.06 mN/m as is seen
from the Cs

−1 values. In these three peptides this seems to
suggest it is a first order transition whereas in the case of
YIGSD-myr this transition does not exist. This could be due to
the fact that YIGSD-myr packs most compactly at air/water
interface compared to the other amphiphiles due to less curved
segments in the tail. For the minimized structures of the peptides
(as given in Fig. 1), the projected areas are in close agreement
with the experimentally determined area values. The area/
molecule, the projected area obtained from the molecular
models and the surface potential values are given in Table 3.
The average area/molecule for the natural peptide sequence
from the earlier study was found to be 0.402 nm2/molecule [14]
while the mutated sequences show areas ranging between 0.3 to
0.69 nm2/molecule suggesting that the nature of the residue at
the end determines the overall surface area at air/water interface.



Fig. 5. Plot of wave numbers of νas methylene stretching vibrations against area
per molecule of 1-YIGSN-myr, 2-YIGSD-myr, 3-YIGSQ-myr, and 4-YIGSS-
myr.
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From Fig. 1, which shows the energy, minimized structures
of the peptides at the interface, the projected areas at the air/
water interface agree quite well with the experimentally
measured values. The native sequence YIGSR-myr and the
mutated peptide YIGSD-myr show nearly the same area while
the others show large changes in the area, potential and dipole
moment values.

The area/molecule from the models are slightly smaller than
the experimentally measured values. This is due to the fact that
the model takes into account single molecules at the interface
whereas in the experiments, the packing is influenced by both
intermolecular interactions as well as interaction of the polar
groups with water.

From the μ⊥ values it is seen that the lowest value of 0.475
Debye is for YIGSS while YIGSN has the highest dipole
moment. The maximum surface pressure exhibited by these
peptides are in the order YIGSQbYIGSDbYIGSNbYIGSS
(π=35b47b49b52 mN/m). These values indicate that there
are large changes in the surface activity of the peptide YIGSR
[14] on mutation with YIGSS being least surface active.

In order to check the packing of these compounds at the air/
water interface and order in the alkyl chains during compression
of themonolayers, a plot of molecular area versus the intensity of
νas CH2 are shown in Fig. 5. It has been reported that the νas CH2

vibrations are sensitive to conformation and can be correlated
with trans/gauche ratio of the hydrocarbon chain [29].
Normally lowering of wavenumbers are characteristic of
highly ordered conformations with preferential all-trans char-
acteristics, while the number of gauche conformers increases
with increasing wavenumbers and width of the band. The
increased wave number of the methylene stretching vibration
for a gauche rotamer is caused by a coupling between the carbon
atoms and the methylene–hydrogen, which due to interconver-
sion around the C–C bond is positioned in the plane defined by
the carbon atoms, resulting in an increased force constant for
that C–H bond. In contrast, for an all-trans conformation all
methylene hydrogens are out of the plane.

Fig. 5 shows that there is an overall decrease in the wave
numbers as the films are compressed giving rise to an overall
increase in order of the alkyl chains.

Thus the results from π–A isotherms and the PEM FTIR
results show that the gauche defects are almost nil in the
packing of the long alkyl chains.

4. Conclusions

In conclusion, the results from MDS and the Langmuir films
at air/water interface suggest that single amino acid mutation
leads to large changes in minimized energy, surface activity and
different rates to reach stable conformation. The native YIGSR
is the most stable sequence with highest surface activity and the
shortest end to end distance while YIGSS is least stable and has
the lowest surface activity. Thus it may be possible to design
peptide carriers with improved surface or interface properties
that may find applications as drug carrier.
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