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ABSTRACT

Four nanodimersof cyclo-[(1R, 3S)-y-Acc-D-Phe], in contact with different
ring faces astheir termini in solvent CHCI,, with 300, 150 and 49 molecules
are modeled to investigate the two faces of cyclic peptidering through 8 ns
molecular dynamics (MD) based on Dreiding force field. The radius of
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monomer rings, terminal and internal sizes of dimer tubes and distances
between two neighboring ring faces are analyzed. Simulation results show
that the spacing in a-o dimers (dimer-11 and -1V) islarger than that in y-y
dimers(dimer-1 and-111), and for dimer-1V, thetime CHCI,, needsto enter into
its cavity is the shortest, which indicates that the channel with y-NCH,
termini (dimer-1V) isagood candidate carrier to absorpt CHCI..
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INTRODUCTION

Self-assembled tubular structures have attracted
much attention from the research community!*4, be-
causeof their potential applicationsinbiology, chemis-
try and materials science>". And the self-assembled
cyclic peptide nanotubes (SPNs) in particular, exhibit
such promising applications as specificion sensors,
nanoscal e transport channd sand antibacterial 81

SPN are composed of cyclopeptidesinwhich D,
L-amino acidsare connected dternately, and their rings
adopt aquasiplanar backbone conformation with C=0
and N-H groupslying approximately perpendicular to
backbone pland*?. Such aconformation facilitatesthe
self-assembly of ringsinto extended hollow tubular
structuresby meansof inter-molecul ar hydrogen bonds.

Theexistence of such ananotubewas predicted by

De Santisin 1974 after heinvestigated the structural
characteristicsof liner polypeptides®¥, and verified by
Ghadiri and his colleaguesin 1993 after they synthe-
sized and characterized thehollow tubular structures®,
A number of subsequent investigationsreported their
syntheses, characteri stics and specific functional gppli-
cationg®>19, Thework invol ved needle-shaped mi-
crocrystalsaslarge as 200um, prepositioned dimers
crystals, self-assembly embedded in thelipid bilayers
and so on1%2,

The propertiesof inner and outer surfaces of the
pepti de nanotube can be modified by choosing differ-
ent amino acid residues, and thering sizeof the peptide
nanotube can be adjusted by changing the numbers of
peptide subunits employed. Inspired by the remark-
ablefunctiond structures, moreand moreinvestigators
devoted ther effortstoinvestigatethemicroscopic Sruc-
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tures of self-assembled cyclic peptide nanotubes?+2;
sometheoreticd sudiesby abinitio, semiempirica ap-
proachesand molecular dynamics(MD) havedso been
performedi?#29, which havethrown light onthe struc-
tures of these nanotubes and their applicationgd®27,

Thesework focused onwhether cyclic peptiderings
prefer parald or antipardle inter-ring stack formation
from theenergy standpoint?, thedifferenceinthein-
teraction between two ring faceswas not known until
Manuel Amorin et al designed ahybrid system of a-y
cyclic peptidewhich consigts of dternating (1R, 3S)-
3-aminocyclohexanecarboxylic acid (y-Acc-OH) and
D-a-amino acid. One ring surface of'it is positioned by
C=0and N-H groupsof y amino acid (y-face) and the
other residue surfaceis positioned by C=0 and N-H
groupsof a.amino acid (a-face). Manuel Amorin et al
synthesized and characterized two kindsof tubeletswith
the stacking of morethan two ringsblocked by N-me-
thylation of either o amino acid (for formation of y-y
bound tubel ets) or y-amino acid (for formation of a-o
bound tubdl ets), and they verified that a-a interaction is
more stablethan y-y interaction by NMR[2&30,

b

However, it isdifficult to observe experimentdly
thedetailed topologica structureof two ring facesand
theinfluence of ring faces onthe nanotube propertiesis
not well understood. Molecular dynamics(MD) smu-
lation providesamicroscopic picture of such phenom-
enaat aiomistic level. Therefore, inthe present study,
westudied two ring faces by modeling four dimer sdlf-
assemblies from cyclo-[(1R, 3S)-y-Acc-D-Phe], in
CHCI, solvent. Thedetailed topological conformations
of ring faces are compared by analyzing the H-bonds
betweeninter-rings, dimer volumes, termind and inter-
nal sizesof dimer tube and binding energiesof CHCI,
indimer cavities. Theresultsshow that thedimerswith
different ring facesastheendsexhibit different ability to
absorp of CHCI,, into their cavities. Thisprovidesa
way to design new cyclic peptidetransport channel.

MODELSAND MODELING METHODS

Singledimer model
Thetwo ring faces of cyclo-[ (1R, 3S)-y-Acc-D-

Figurel: Schemeof cyclo-[(1R, 3S)-y-Acc-D-Phe], (a) and solvent dimer models. (b)Initial solvent model with dimer separ ate
from CHCI, molecules. (c)Initial solvent mode! with solvent moleculesaround thedimmer and filled thebox. Initial configu-
ration used for 8nsM D (d)in model-I (300 CHCI.,), (e)inmodel-11 (150 CHCI,) and (f) inmodel-111 (49 CHCI,).
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Phe], (Figure 1a) positioned by N-H and C=0 groups
of a- and y-amino acid residues respectively are differ-
ent dueto steric and polarity difference of amino acid
residues®. Inaddition, it isfound through experimen-
tal and theoretica studiesthat cyclic peptideringspre-
fer anantiparald arrangement!®3Y, |t wasassumed that
nanotubeswith different ring faces at thetermini have
two types of channels: onewith a-NH as its ends and
theother with y-NH as its ends. But they all have hy-
drophilictermini. If hydrogensaredirectly connected
to thenitrogens of channel terminal faces are substi-
tuted by methyls, there are another two types of chan-
nels: onewith a-NCH, asitsendsand the other with y-
NCH, asitsends. But they all have hydrophobicter-
mini. Thesefour typesof channdsaredifferent in struc-
turesand properties.

Webuilt four dimersto represent four typesof chan-
nel structures. dimer-l possessa-NH termini in contact
with y-faces, dimer-11 possessesy-NH termini in con-
tact with o-faces, dimer-111 possesses a-NCH, termini
in contact with y-faces, and dimer-1V possesses y-
NCH, termini in contact with a-faces. Single dimers
areoptimized by MM firstly, and the convergenceccri-
terionis0.00001 kcal/mol rmsgradient. Asshownin
Figure 1, Dimer-l and dimer-I11 represent y-y interac-
tions, while dimer-11 and -1V represent a-a interac-
tions; dimer-1 and -11 have hydrophilictermini (Figure
1b and c¢) and dimer-I1l and -1V have hydrophobic
termini (Figure 1d and €). It has some structuresand
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propertiesof alonger channel athough asthefounda
tiond unit of antiparallel nanotubeadimer isshort.

Solvent dimer modd

Inorder toinvestigate the structure and property of
dimersin solvent, three solvent modd sarebuilt by put-
ting thefour dimersbuilt separately into solvent boxes
filled with 300 (model-I), 150 (model-11) and 49
(model-111) CHCI,, molecules. Themodelswere built
using thefollowing two methods: 1) theinitid position
of dimer and CHCI, molecules are separate as shown
inFgure 1b; 2) the sol vent mol eculesdistribute around
andfill thebox asshownin Figure1c. Theinitid lattice
parameters are a=b=c=50 A and a=£=y=90°.

150 psMD was used to obtain equilibrium density
and |l attice parameters of mode -1 and mode-11. ANPT
ensembleat 298 K, atimestep of 1fsand anosether-
mostat? were employed during MD. Ewald method
was used to ca cul ate thelong-rangeinteractionswith
an accuracy of 0.001 kcal/mol and an updated width
of 3 A. After 50 ps, the system reaches equilibrium.
Theequilibrium density of both model -1 and modd-I1
is1.65g/cm?, and theequilibrated | attice parametersin
model-1 are a=b=c=32.12 A as shown in Figure 1d
andthelattice parametersin model -1l area=b=c=25.91
A as shown in Figure le.

Because there are only 49 CHCI, moleculesin
model-111, 150 psMD withA NV T ensemblewasuse
to enablethedimer and sol vent mol ecul esto reach equi-

Figure2: Four singledimers. (a) Dimer-I with a-NH termini in contact with y-faces. (b) Dimer-11 with y-NH termini in
contact with a-faces. (c) Top view of dimer-11. Threeintra-molecular H-bondsat termini, makethedimer look likea cage. (d)
Dimer-111 with a-NCH  ter mini in contact with y-faces. (€) Dimer -1V with y-NCH_ termini in contact with e-faces, and (f) top
view of dimer-1V. Dimer-1 and -111 representing y-y interactions, and dimer-11 and -1V representing a-a. inter actions
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librium, whileother MD conditionsarethesameaswhat
arementioned above. At theend of MD, solvent mol-
eculesembraced the dimer asshownin Figure 1f. In
order to be able to compare model-111 with model -1
and model-11 to make the analysis easier, the lattice
parametersare set to a=b=c=30 A (between those of
model-1 and model-I1 ).

MD smulation of 8 nswasperformed with solvent
model-1, modd-11 and modd-I11, and two initial mod-
elsof each solvent model were used to get consistent
results. NV T ensembleisemployed with atime step of
1fsat 298 K, and anosethermostat was employed to
keep the system temperature constant during MD.
Ewald method was used to cal cul ate the long-range
interactionswith an accuracy of 0.001 kcal/mol andan
updated width of 3 A. For every 1000 fs, the molecu-
lar structurewas stored in thetrgjectory filefor analy-
ss. Inthewhole M D simulation process, | atticeangles
are constrained at o=£=y=90° to make the analysis
easy and some CHCI, moleculeswhichentered thedimer
cavitiesduring NPT MD aredeleted for consistence.

All themodelingwork isconducted with Materias
Studio software(Accdrysinc.) on sgi3800 origin sever.
TheMD caculationsareal based onthe COMPASS
forcefield, whichisanabinitioforcefield, and con-
sistsof bonding and nonbonding terms. The bonding
termsinclude stretching, bending, andtorsonenergies
aswel| asthediagonal and off-diagond cross-coupling
terms. COMPASSisusualy used to realize accurate
and s multaneouspredi ction of gas-phase propertiesand
condensed-phase propertiesfor abroad range of small
mol ecules and polymerg®3l,

RESULTSAND DISCUSSION

Sructureof dimers
Singledimers

It can be seen from Figure 2 that the side chain
benzylstilt toy-face, and dimer-l and -111 areenclosed
by group’s benzyl. In dimer-II and -1V, the hydrophilic
groups N-H and C=0 of residuey-Acc are repulsed
to theinner tubedightly by the phenyl of hydrophobic
groups, and there are six intramolecular H-bonds
formed a theends of dimer-11, whichlookslikeacage
asshowninFigure2cand d. Thisresult isconsistent
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withtheresultsof Amorin’s, who also observed a cage-
like dimer through experiment®,

The hydrogen-bonding distance (N-O) between
neighboring peptideringsisintherangeof 2.773 A
~3.004 A, and the distance between neighboring pep-
tiderings (measured from the nearest two carbons of
methylenemoietiesof each cycd ohexaneprojectinginto
theinner tube) isintherange of 4.805-4.864 A. The
hydrogen-bonding distance (N-O) and the distance of
nei ghboring peptideringsAmorin?® measured arein
therangeof 2.7-2.9 A and 4.85-4.90 A respectively,
and that of Rebeca Garcia-Fandino®%" calculated are
inrangeof 2.9-3.0 A and 4.8-5.0 A respectively. The
very good agreement between experimentd resultsin-
dicatesthat COMPASSforcefield fitsour system.

Dimersin solvent

Thereisno interaction between dimersinthethree
models, becausethe minimum |l attice of threemodelsis
that of mode-11 (25 A), which is beyond the sum dis-
tanceof dimer diameter (18 A) and the cutoff distance
of Ewald (6 A), so the dimers can interact only with
solvent molecules. Inaddition, in modd -1 and model -
I1, thedimersareimmersed in the solvent completely
for the sol vent with equilibrium density embracesthe
dimers. Sowe can only investigate theinteractions of
onedimer and solvent molecul es, and thissavesmuch
computationtime. Inmode-111, thedimersinteract only
with solvent mol ecul esbecause the solvent mol ecules
form aggregate around the dimers. Although thereis
some vacuum in the box, it can make the box large
enoughtodiminaethedimer interactingwith dimersin
other cell. Thismakestheanalysiseasy.

Inorder to verify the consistence of results, were-
peated MD several times and obtained the samere-
asultsfromdifferent initid models.

Sability of dimers

Information derived fromMD trgectoriesismean-
ingful only at equilibrium, and sotherearetwo criteria
to determinewhether the system reached equilibrium:
oneisenergy and the other istemperature. During our
simulation test, the energy and temperature have rap-
idly reached equilibrium at about 500 ps. The energy
variesinarange of -190~-160 kcal/mol, and thetem-
peraturevariesin arangeof 260~305K.

Attheend of 8nsMD simulation, thefour dimers
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Figure3: Satistical distribution of (a) distancesand (b) anglesof inter-ring H-bondsin four dimersduring8nsM D. All the
distancesand anglesar ewithin theusual variation limitsof H-bonds

ared| stablein three solvent models. AsshowninFig-
ure3, thegaigticd distributionsof distancesof H-bonds
(H...O)range from 1.5 A to 3.2 A, the maximum dis-
tribution of distanceis 2.0 A; the H-bonding angles
(£N-H...O) range from 120 to 180 degree, the maxi-
mum distributioniswithin therange of 150-170 de-
gree. All thedistances and anglesarewithin therange
of usud variationlimitsof H-bonds, which suggest these
hydrogen bondsare strong enough to stack the peptide
ringsduring8nssmulation.

Thestability of dimers correspondsto the experi-
menta resultsof Amorin, which provestheexistence of
a-a and y-y dimers. Amorin et a characterized a-a
andy-y hydrogen bonds by NMR and FT-IR, and syn-
thesized and characterized prismatic crystalsa-o and
v-y dimers in an antiparallel 3-sheet linked by inter mo-
lecular hydrogen bondsusing X-ray diffractometry29,

Inaddition, considering dimer-1 and -1l are stable
in solvent, and they al so havefree donors and accept-
ersof hydrogen bondsat their both termina ends, they
are expected to stretch into longer nanotubes, which
can be used astransport channel §°738,

Adsorption of dimers

At theend of 8 nsMD simulation, theluminaof
three dimersexhibit itsability to adsorb CHCI,,, and
thereisno CHCI, indimer-11. Asshownin TABLE 1,
thedimer-1V in three model stakesthe shortest time
(38 psinmodel-111) to adsorb CHCI, moleculeintoits
cavity. Thisagreeswell to theresultsof Amorin?, who
characterized the CHCI, moleculeinthedimer-IV cavity
for thefirgt time. Dimer-I takeslonger (255 psinmodd-
[11) and dimer-111 takes quitealong time (6232 psin
model-111). In order to get consistent results, we per-
formed severd runson eachinitia configuration. Every

TABLE 1: Timeneeded for CHCI, moleculeto enter dimer
cavity

dimer-l dimer-Il  dimer-lIl  dimer-1V
49CHCl;  255ps 6232 ps 38ps
150 CHCl; 51 ps 178 ps 14 ps
300 CHCl3 45 ps 160 ps 6 ps

time CHCI, moleculesneed similar timeto enter the
cavity of adimer. So wethink the characteristictime
for solvent moleculesto enter thedimer interfacere-
flectstheability of dimersto absorb CHCI,, molecules
intoitscavity to someextent.

Inaddition, itisnoticed that with theincrease of the
number of solvent molecules, thetimefor CHCI, to
enter thedimer cavitiesdecreases. But theorder of time
for CHCI toenter thedimer cavitiesremansunchanged.
So it can be concluded that the number of solvent
CHCI, moleculesdo not change the absorption prop-
erty of dimers. The channel withy-NCH, termini has
the best absorption.

Inorder to seebetter thedetail ed topologica struc-
tureof four dimersand thefactorshavinginfluenceson
the dimers’ absorption properties, we analyzed the
spacing of dimersand binding energiesof CHCI,in
dimer inmodd-111 in thefollowing sections. Modd-111
isanalyzed because there areless solvent molecules
which not only reducethe ca culating timebut a so show
theinteractions of dimersand CHCI, molecul es better.

Spacing of dimers

The steric conformation and polarity of amino acid
resdueshavetheir effect onthevolumeof dimers, which
providesaccommodation for CHCl, toreside. Thedis-
tances between two mass centers of monomer rings
and van der waal sradius of ringsreflect thevolumesof
dimers

flano Science and flano Technology

—— e T ot



396

Mechanical and thermal properties of unsaturated polyester-silica

NSNTAIJ, 8(10) 2014

Full Paper ==

Figure4: Snapshotsof dimer-1V in model-111 duringMD
simulation. Thelinesrepresent CHCI, molecules, stick and
ball represent cyclic peptidedimer sand green CPK srepre-
sent the CHCI, moleculesin dimer cavity

DistancesN...O of hydrogen bonds

TheN...O average distances during 8 ns are shown
in. It can be seen from TABLE 2 that the distancein
dimer-1 and dimer-111 (y-y dimer) are 3.11 A and 3.18
A, while the distance in dimer-II and dimer-IV (a-a
dimer) are3.01 A and 3.02 A respectively. As shown
inFigure5, thevariationsof N...O distances during
MD simulation, a-o hydrogen bonds (dimer-1 and -
1) variesinarangeof 2.9~3.1 A and the N...O dis-
tances of y-y hydrogen-bonds (dimer-11 and-1V) var-
iesinarangeof 3.0~3.2 A mainly.

TABLE 2: DistancesN...O of hydrogen bonds

dimer-l dimer-Il dimer-111 dimer-1V
311 3.02 3.18 3.01

Average distance (A)

In general, the strength of H-bond increaseswith
itslength. Theexperimentd and ca culaingresultshave
shownthat a-a. dimer is more stable than y-y dimer by
the geometriesof the CO---HN moieties, electron den-
stiesand NMR signd§%22%, Our findingsarecomple-
ment to thereliability of their results. We obtained the
O...Ndistances in a-o hydrogen bonds from calcula-
tionsis0.1 A shorter than that of y-y hydrogen bonds,
whichindicatesthe hydrogen-bond dignment inthea-
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a pattern is preferred than that in the y-y pattern.
Distancesbetween neighboringrings

It can be seen from Figure 6 that the di stances be-
tween neighboring ringsindimer-1 and-lll varyina
rangeof 4.0~4.4 A, dimer-1l in arange of 5.0~5.4 A
and dimer-1V inarange of 5.5~5.9 A. In general, the
distances between adj acent nanotube rings determined
experimentally by X-ray diffractionis4.7-4.8 A9, and
those cd culated by Rebeca Garcia-Fandino are about
4.8-5.0 A, similar to other CP dimerg? !, Theob-
served va ues experimentaly in nanotubesaredightly
longer than those computed may attributeto asyner-
getic effect that enhancestheinteraction energiesbe-
tween monomers®. Whilein our smulationresults, the
spacingindimerswith a-faces in contact (dimer-11 and
-1V) islarger than that with y-facesin contact (dimer-I

Distances of hydrogen bonds N...O

dimcy

Figure5: Changesof hydrogen bondsN...O during smula-
tion. y-y hydrogen bondsvibratingin awider rangeand dis-
tances of a-a hydrogen-bondsare shorter than that of y-y
hydrogen-bonds
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Figure6: Digancebetween two centroidsof monomer rings.
Distancesin dimerswith a-facesin contact (dimer-11 and -
V) arelonger than that with y-facesin contact (dimer-1and

A1)
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and-111). Thismay attributeto the effect of solvent mol-
ecules. Moreover, in a-a dimers, the distance of dimer-
IV islarger than that of dimer-11, whichindicatesthat
dimer-1V ismore easily polarized by solvent CHCI,
moleculesandit cantherefore provide CHCI, molecules
with moreroom, and so, CHCI, moleculescan more
easly enter.

Inaddition, thedistances between two neighboring
ringsinthefour dimershavelittlechangesduringMD
smulation, which asoindicatesthe nanotubesremain
stableinsolvent CHCI,,.

Van der waalsradii of rings

AsshowninFigure7, the curvesof monomer ra-
diusin dimer-1 vary in arange of 2.6~3.0 A before
255psand vary inarangeof 2.7~3.1 A after 255ps in
dimer-I. The curves of dimer-1l vary in a range of
2.3~2.7 A from beginning to end during MD simula-
tion. Indimer-111, thecurvesvibrateinrangeof 2.5~2.9
A before 6232 ps and vary in a range of 2.6~3.0 A
after 6232 ps. Thecurvesof dimer-1V vary in arange
of 2.7~3.1 A and they only decline slightly during the
last 1000ps. Thedistanceis measured from the mass
center of amonomer to the nearest hydrogen atom of
hexamethylene. Theradiuswith CHCL, indimer cavity
are corresponding to that of Amorin, they measured
thecyclindica dimer-1V an gpproximatevan der Wedls
interna diameter of 5.4 A, which is filled with one mol-
eculeof chloroform(®,

It can beseenfrom Figure 7 that radius of dimer-Ii
isrelaively smaller thanthoseof others, soitisdifficult
for CHCI, to enter intoits cavity, the CHCl , molecules
can enlargethemonomer ringsfor dimer-1 and -111 &f -

Dimer-1

Dimer- 11

Dimer-111 Dimer-1V

Distance (angstrom)

e | = :
Time (ps) ring 1 ring 2

Figure7: Van der waalsradii of monomer rings
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ter they enter the dimers. For dimer-1V, itsradiusis
large enough, and so, it needs the shortest timeto ad-
sorb CHCI...

Sizesof terminal and internal dimer tubes

AsshowninFgure§, theinternd andtermind sizes
inthefour solvent modelsare compared, by measuring
distances between hydrogen atoms or carbon atoms of
methyl which connected directly to thenitrogenfor con-
venience. Indimer-1 and -1V, thesizesof internal and
terminal tubeboth vibrateabout 4.5 A, and the consis-
tenceof internal andtermina sizesfacilitatetheentry of
CHCl, intothedimer. Indimer-I11, theradius of termi-
nal tubeislarger thanthat of interna tubeandthesizes
of internal and terminal tubesvibrateat 5.3and 4.0 A
respectively during 0~6232 psbefore CHCI, molecule
enter itscavity. After CHCI, enter the cavity of adimer,
thedifferencesin distance betweeninterna and termi-
nal sizes are reduced under the attraction of CHCI,

Radiu of two residue faces (centriod to H)

o wmwam,mq:

|
T E——" i s

L] 2000 4000 SO0 K00 2000 4000 SOO0 B000
Time (ps)

Figure8: Sizesof terminal and internal dimer tubes

——dimer2
——dimer3
dimer4

Energy (Kcal/mol)
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Figure9: Binding energiesof CHCI, in cavitiesof dimer-I,

dimer-I11 and dimer-IV for 200 ps
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molecule, whilethetermina sizeisgtill larger thanthe
internal size. Asfor dimer-11, six intraamolecular hy-
drogen bonds formed at the ends of the dimer make
thetermind sizevery small, CHCI  isthus prevented
from entering the cavity of adimer.

It can be seen from the discussionsabovethat the
szesof termind and internal dimersplay akeyrolein
preventing CHCI, from entering the cavity of adimer.

Binding energiesof CHCI, in dimer
Bindingenergy E,, iscalculatedusingE,

- =E
~(E L ouve T Eonen): WhereE_,  isthe potenltri(isll ertlo-t
ergy of the CHCI, mol eculeadsorbed in the nanotube,
andE__ ,.isthepotential energy of the nanotube.
AsshowninFigure9, thereisno evident difference
inthethreeenergy curves, whichindicatethereisno
differencein energy potentia barriersfor CHCI ;toen-
ter thethreedimers. So, it can be concluded that the

geometry of adimer playsakey roleinabsorbing CHCI,
CONCLUSION

It can be seen fromtheresultsof molecular dynam-
icssmulation conducted withfour dimersof cydo-[ (1R,
35)-y-Acc-D-Phel], in solvent CHCI, with 300, 150
and 49 moleculestoinvestigatetheir structural charac-
tersand absorbing properties, that duetothesteric struc-
tureand polarity of a- and y-amino acid, the volumes
of dimers, sizesof terminal and interna dimersinthe
four dimers are different, the spacing in a-o dimers
(dimer-1l and-1V) islarger than that iny-y dimer (dimer-
| and -111), and dimer-1V havethelargest volume. In
thefour dimers, dimer-11 can not absorb CHCI, dueto
theintra-molecular H-bond formed at thetermini, dimer-
| needslonger timeto absorb CHCI,, dimer-I11 needs
quitelong timeto absorb CHCI,,, and dimer-I1V needs
the shortest timeto absorb CHCI,,. Thusthe channel
withy-NCH, termini isagood candidate for absorp-
tion of CHCI,,. It is one of the ways to design anew
cyclic peptide channel to select adifferent ring faceas
theterminusof acyclic peptide.

ACKNOWLEDGE

Thiswork was supported by Program of Excellent
Team at Harbin Ingtitute of Technology

flano Soienoe and flano Teohnology

REFERENCES

[1] GM.Whitesides, J.PMathias, C.T.Seto; Molecular
Self-Assembly and Nanochemistry - A Chemical
Strategy for the Synthesis of Nanostructures. Sci-
ence, 254, 1312-1319 (1991).

[2] H.J.Jong, S.Toshimi, S.Seiji; Self-assembling struc-
turesof steroidal derivativesin organic solventsand
their sol—gel transcription into double-walled transi-
tion-metal oxide nanotubes. J.Mater.Chem., 15,
3979-3986 (2005).

[3] A.Janshoff, K.PDancil, C.Steinem, D.P.Greiner,
V.S.Y.Lin, C.Gurtner, K.Motesharei, M.J.Sailor,
M.R.Ghadiri; Macroporous p-type silicon Fabry-
Perot layers. Fabrication, characterization, and ap-
plications in biosensing, JAm.Chem.Soc., 120,
12108-12116 (1998).

[4] M.R.Ghadiri, K.Kobayashi, J.R.Granja,
R.K.Chadha, D.E.McRee; The Structureand Ther-
modynamic Basis for the Formation of Self-As-
sembled Peptide Nanotubes.
Angew.Chem.Int.Ed.Engl., 34, 93-95 (1995).

[5] S.Fernandez-Lopez, H.S.Kim, E.C.Choi,
M .Delgado, J.R.Granja, A.Khasanov,
K.Kraehenbuehl, G.Long, D.A.Weinberger,
K.M.Wilcoxen, M.R.Ghadiri; Antibacterial agents
based onthecyclic D,L-a pha-peptide architecture.
Nature, 412, 452-455 (2001).

[6] H.Rapaport, H.S.Kim, K.Kjaer, P.B.Howes,
S.Cohen, J.Als-Nielsen, M.R.Ghadiri, L .Leiserowitz,
M.Lahav; Crystalline cyclic peptide nanotubes at
interfaces. J.JAm.Chem.Soc., 121, 1186-1191
(1999).

[7] J.S.Quesada, M.RIder, M.R.Ghadiri; Modulating
lon Channel Properties of Transmembrane Peptide
Nanotubes through Heteromeric Supramol ecular
Assemblies. JAmM.Chem.Soc., 124, 10004-10005
(2002).

[8] J.Sanchez-Quesada, M.R.Ghadiri, H.Bayley,
0.Braha; Cyclic peptidesas molecul ar adaptersfor
a pore-forming protein. J.Am.Chem.Soc.,
122,11757-11766 (2000).

[9] T.D.Clark,L.K.Buehler, M.R.Ghadiri; Self-assem-
bling cyclic beta(3)-peptide nanotubes as artificial
transmembrane ion channels. J.JAm.Chem.Soc.,
120, 651-656 (1998).

[10] W.S.Horne, N.Ashkenasy, M.R.Ghadiri; Modulat-
ing charge transfer through cyclic D,L-a pha-pep-
tide self-assembly.Chem.Eur.J., 11, 1137-1144
(2005).

e Tnian el e —



NSNTAIJ, 8(10) 2014

C.T.Vijayakumar et al.

399

[11] L.Motiei, S.Rahimipour, D.A.Thayer, C.Wong,
M.R.Ghadiri; Antibacterial cyclic DL-alpha-
glycopeptides.Chem.Commun., 3693-3695 (2009).

[12] J.R.Granja, J.D.Hartgerink, M.R.Ghadiri,
R.A.Milligan, D.E.McRee; Self-Assembling Or-
ganic Nanotubes. Abstracts of Papers of the Ameri-
can Chemical Society, 207, 488-ORGN (1994).

[13] PD.Santis, S.Morosetti, R.Rizzo; Conformational
Analysisof Regular Enantiomeric Sequences, Mac-
romolecules, 7, 52-58 (1974).

[14] M.R.Ghadiri, J.R.Granja, R.A.Milligan,
D.E.McRee, N.Khazanovich; Self-assembling or-
ganic nanotubes based on a cyclic peptide archi-
tecture, Nature, 366, 324-327 (1993).

[15] M.R.Ghadiri, J.R.Granja, L.K.Buehler; Artificia
transmembrane channel sfrom sel f-assembling pep-
tide nanotubes, Nature, 369, 301-304 (1994).

[16] J.D.Hartgerink, J.R.Granja, R.A.Milligan,
M.R.Ghadiri ; Self-assembling peptide nanotubes.
JAm.Chem.Soc., 118, 43-50 (1996).

[17] N.Khazanovich, J.R.Granja, D.E.McRee,
R.A.Milligan, M.R.Ghadiri ; Nanoscale Tubular En-
sembleswith Specified Internal Diameters-Design
of A Sdlf-Assembled Nanotubewith A 13-Angstrom
Pore. JAm.Chem.Soc., 116, 6011-6012 (1994).

[18] T.D.Clark, J.M.Buriak, K.Kobayashi, M.P.ldler,
D.E.McRee, M.R.Ghadiri; Cylindrical beta-sheet
peptide assemblies, JAmM.Chem.Soc., 120, 8949-
8962 (1998).

[19] K.Motesharei, M.R.Ghadiri; Diffusion-limited size-
selectiveion sensing based on SAM-supported pep-
tide nanotubes. JAm.Chem.Soc., 119, 11306-11312
(1997).

[20] D.T.Bong, T.D.Clark, J.R.Granja, M.R.Ghadiri;
Self-assembling organic nanotubes.
Angew.Chem.Int.Ed.Engl., 40, 988-1011(2001).

[21] M.Engels, D.Bashford, M.R.Ghadiri; Structureand
dynamics of self-assembling peptide nanotubes and
the channel-mediated water organization and self-
diffusion. a molecular dynamics study.
JAm.Chem.Soc., 117, 9151-9158 (1995).

[22] E.Khurang, S.O.Nielsen, B.Ensing, M.L.Klein; Sef-
Assembling Cyclic Peptides.. Molecular Dynamics
Studies of Dimersin Polar and Nonpolar Solvents.
J.Phys.Chem.B., 110, 18965-18972 (2006).

[23] J.PLewis, N.H.Pawley, O.F.Sankey; Theoretical
investigation of the cyclic peptide system cyclo[ (D-
AIa—GIu-D-AIa—GIn)(m:l_4)]. J.Phys.Chem.B., 101,
10576-10583 (1997).

[24] GJ.Chen, S.Su, R.Z.Liu; Theoretical Studies of

—= Ful] Paper

Monomer and Dimer of Cyclo(L-Phe'-D-Ala) |
and Cyclo[(-L-Phe!-D-MeN-Ala? )n](n:3_6).
J.Phys.Chem. B., 106, 1570-1575 (2002).

[25] R.A Jishi, R.M.Flores, M.Valderrama, L.Lou,
J.Bragin; Equilibrium geometry and properties of
cyclo[(Gly-D-Ala),] and {cyclo[(Gly-D-Ala),]},
from density functional theory. J.Phys.Chem.A.,
102, 9858-9862 (1998).

[26] H.S.Kim, J.D.Hartgerink, M.R.Ghadiri; Oriented
self-assembly of cyclic peptide nanotubesin lipid
membranes. JAmM.Chem.Soc., 120, 4417-4424
(1998).

[27] M.Tarek, B.Maigret, C.Chipot; Molecular dynam-
ics investigation of an oriented cyclic peptide
nanotube in DMPC hilayers.Biophys.J., 85, 2287-
2298 (2003).

[28] M.Amorin, L.Castedo, J.R.Granja; New cyclic pep-
tide assemblies with hydrophobic cavities: The
Structural and Thermodynamic Basis of a New
Class of Peptide Nanotubes, JAm.Chem.Soc.,125,
2844-2845 (2003).

[29] M.Amorin, L.Castedo, J.R.Granja; Self-assembled
peptide tubel etswith 7 angstrom pores.Chem.Eur.J.,
11, 6543-6551 (2005).

[30] R.J.Brea, M.Amorin, L.Castedo, J.R.Granja; Me-
thyl-blocked dimeric a,y-pepti de nanotube segments:
Formation of apeptide heterodimer through back-
bone-backboneinteractions. Angew.Chem.Int.Ed.,
44, 5710-5713 (2005).

[31] C.Gailer, M.Feigel; Istheparallel or antiparallel 3-
sheet more stable? A semiempirical study.
J.computer-Aided Molecular Design, 11, 276
(1997).

[32] W.G.Hoover; Canonical dynamics: equilibrium
phase-space distributions, Phys.Rev.A., 31, 1695-
1697 (1985).

[33] H.Sun; Ab Initio Calculations and Force Field De-
velopment for Computer Simulation of Polysilanes,
Macromolecules, 28, 701-712 (1995).

[34] H.Sun; COMPASS: An ab initio force-field opti-
mized for condensed-phase applications—overview
with details on alkane and benzene compounds,
J.Phys.Chem.B., 102, 7338-7364 (1998).

[35] H.Sun, PRen, J.R.Fried; The COMPASS Force
Field: Parameterization and Validation for
Polyphosphazenes.Comput. Theor.Polym.Sci, 8,
229-246 (1998).

[36] R.Garcia-Fandino, L.Castedo, J.R. Granja; Inter-
action and Dimerization Energiesin Methyl-Blocked
a,y-Peptide Nanotube Segments. J.Phys.Chem.B.,

flano Science and flano Technology

—— e T ot



400 Mechanical and thermal properties of unsaturated polyester-silica NSNTAIJ, 8(10) 2014

Full Paper ==

114, 4973-4983 (2010). [39] J.Liu, JFFan, M.Tang, W.Q.Zhou; Molecular Dy-
[37] R.Garcia-Fandino, J.R.Granja, M.DAbramo; Theo- namics Simulation for the Structure of the Water

retical Characterization of the Dynamical Behavior Chain in a Transmembrane Peptide Nanotube.

and Transport Properties of a,y-Peptide Nanotubes J.Phys.Chem.A., 114, 2376-2383 (2010).

in Solution. JAM.CHEM.SOC., 9(131), 15678- [40] H.W.Tan, W.W.Qu, GJ.Chen, R.Z.Liu; Theoreti-

15686 (2009). cal investigation of the self-assembly of cyclo[ (-p3-
[38] J.Cheng, J.C.Zhu, B.Liu; Molecular modeling in- HGIy)4-]. Chem.Phys.Lett., 369(5-6), 556-562

vestigation of adsorption of self-assembled peptide (2003).

nanotube of cyclo-[(1R,3S)-y-Acc-D-Phe], in
CHCI,. Chem.Phys., 333, 105-111 (2007).

flano Soienoe and flano Teohnology

e Tntian fnal, e —




