HTML AESTRACT * LINKEES

THE JOURNAL OF CHEMICAL PHYSICSL122 134901(2005

Structure and stability of chiral  B-tapes: A computational coarse-grained
approach

Giovanni Bellesia? and Maxim V. Fedorov”

Theory and Computation Group, Centre for Synthesis and Chemical Biology, Conway Institute for
Biomolecular and Biomedical Research, Department of Chemistry, University College Dublin, Belfield,
Dublin 4, Ireland

Yuri A. Kuznetsov®
Computing Centre, University College Dublin, Belfield, Dublin 4, Ireland

Edward G. Timoshenko?

Theory and Computation Group, Centre for Synthesis and Chemical Biology, Conway Institute of
Biomolecular and Biomedical Research, Department of Chemistry, University College Dublin, Belfield,
Dublin 4, Ireland

(Received 18 November 2004; accepted 11 January 2005; published online 1 Apil 2005

We present two coarse-grained models of different levels of detail for the descriptiGrsludet

tapes obtained from equilibrium self-assembly of short rationally designed oligopeptides in solution.
Here we only consider the case of the homopolymer oligopeptides with the identical sidegroups
attached, in which the tapes have a helicoid surface with two equivalent sides. The influence of the
chirality parameter on the geometrical characteristics, namely the diameter, interstrand distance, and
pitch, of the tapes has been investigated. The two models are found to produce equivalent results
suggesting a considerable degree of universality in conformations of the tap30530American
Institute of Physics[DOI: 10.1063/1.1866012

I. INTRODUCTION The main factors which stabilize the tape structures are the

Structured proteins in their folded state possess a ridl]ntermolecular hydrogen bO”d'f‘g between the polypeptlde
. . . : ) backbones, cross-strand attractive forces between sidegroups
variety of three-dimensional conformatiofiertiary struc-

tures which are usually classified in terms of the mutual (hydrogen bonding, electrostatic, and hydrophhbind lat-

arrangements of the so-called motifs and elements of thSral recognition(steric and-m interaction$ between the

secondary structuré The secondary structures are usua”yadjacentﬁ—strands.

characterized as segments of the protein chain possessing a The tape str_u_ct_ure is regarded as only the f|rst n _the
strong regularity in the values of the Ramachandraﬂ“'eramhy of equilibrium structures observed with increasing

anglesz.'3 The most common of such structures are theligopeptide concentration such as the double tapes, fibrils,

a-helix and thes-sheet. fibers, and eventually nematic gé'ré. . | o
There is a general view that the microscopic chirality of ~ This novel route towards engineering of biomaterials is
individual amino acids is responsible for the twisted shape oftn altérnative to some approaches which caused controversy
B-sheets in globular and fibrous protef&part from the flat ~ and provides a possibility for simple equilibrium control of
conformation described by Corey and Paufing,s-strand  the biomaterials architecture, their functional and mechanical
can acquire a nonzero degree of helicity with a finite twistProperties, as well as the kinetics of their formation in re-
along the principal axis of the polypeptide chain. Further-sponse to pH, temperature, and other triggers. Among differ-
more, the helical structure of a single strand directly relategnt applications of these biomaterials which could be envis-
to the macroscopidwisted shape of the wholg-sheet. aged one can mention their current use as three-dimensional
The B-sheet conformation has been recently exploited ascaffolds ~ for tissues growfh! Moreover, these
a reference structure for the novel biomaterials produced bgligopeptides-based assemblies serve as a simple experimen-
large-scale self-assembly of oligopeptides in solufidnin  tal model system which could be used for providing valuable
the latter references it has been shown that oligomeric pepnsights into the self-assembly and aggregation mechanisms
tides can be rationally designed so that they self-assemblef natural proteins and, in particular, formation of plaques of
unidirectionally in solution forming helically twiste@-sheet ,B-amyloidéw and fibrous protein structures.
tapes stabilized by a regular arrangement of hydrogen bonds. In terms of computer simulations, a number of molecular
dynamics studies of oligopeptide systems were reported

dE|ectronic mail: Giovanni.Bellesia@ucd.ie recentl)/?”11 These works have explored tfraetastability of
S))Electron_ic mail: Maxim.Fedorov@ucd.ie relatively small aggregates over fairly short computing times
Electronic mail: Yurl.Kuznetsov@ucd.ie accessible to simulations, thereby providing valuable struc-
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7162536; Electronic mail: Edward.Timoshenko@ucd.ie; URL: http:/ tural information which is difficult to extract from the experi-

darkstar.ucd.ie ment. Unfortunately, it is difficult to establish whether those
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structures were sufficiently well equilibrated over such shoril. METHODS
run times and only several particular oligopeptide sequences

) A peptide B8-sheet is a regular secondary structure char-
were considered. pep P 9 y

. ) . acterized by values of the Ramachandran angles lying within
At present, there is still no full understanding regardingyne | nper left quadrant of the Ramachandran blét. basic

the details of t_he functional relatlonsh|p between the chira|,its are short peptide segmeftalled 5-strand$ which are

nature of the singlg-strand and the helical geometry of the giapjlized by an ordered network of hydrogen bonds between

pB-tape. More generally, only in recent years the connectioRhe atoms of the backbone. The spatial sequence of the

between the molecular handedness and the morphology ¢fstrands can follow garallel or antiparallel pattern, de-

supramolecular assemblies was examitfetf. Researchers pending on the reciprocal arrangement of the strands termini.

have found that chirality controls the shape of the macro-  Whetherg-sheets are formed hg-strands connected via

scopic assemblies not only in natural and synthetic peptidel®ops’ regions within the same chajimtramolecular sheexs

but also in other biological systems such as lipids, fatty acer from many oligomeric peptide@ntermolecular sheets

ids, and nucleic acidsee Ref. 12 for a review on models for as, e.g., in synthetic peptide assemblies grainyloids, they

the formation of helical structures made up of chiral mol-all conform to a variety of twisted and curved geometrical

ecules. surfaces’ The twisting appears iB-sheets due to the non-
Recently, Nandi and Bagchi’ have proposed a model zero chirality of the single strands, the backbone geometry of

for the assembly of chiral amphiphilic molecules. The latterwhich can be well approximated by a circular helix. The

is based on a simplified representation of either the geomet@athem_atical definition for the latter is given by the classical

or the potential energy, which is then minimized in order todifferential geometry of curves. . _ _

find the most efficient packing. Their results, which are con-  While fully atomistic computational studies of proteins

sistent with the experiment, show that chiral tetrahedral am@r€ duite common, there is also a tradition of using simplified

phiphiles of the same handedness assemble at a finite angqg—lattlce models in the literaturé:?! The latter facilitate

with respect to their neighbors, driving the formation proceSSSImu.Iatlons by retaining theno.st. essent!al featuresf the .
of helical clusters. Ing-sheet tapes a similar behavior is peptides and overcome the difficulty with rather excessive

found, where the microscopic chirality arises from the in_eqU|I|brat|0n times of the fully atomistic systems, which of-

i lecular int " The int lecular f th ¢ ten raise doubt as to the validity of the final results for them.
ramolecuiar interactions. The intermolecular 1orces then Stas , . her of important results on fast-folding proteins and

bilize the tape §tructu_re with a f|n|te_tW|s'F angle observe beptides have been obtained in the last decade via such
between the neighboring strands. This twist angle tranSferéoarse-grained approachgg2 25

the chirality from the single strands to the level of the me- In the search of a suitable simplified model for the

soscopic assembly, which hence possesses chirality as Wep.sirand capable of generating a stable two-dimensional

This type of the secondary structure could be rationalized agype, one can use the so-callegiBodels which retain one

a compromise between thait-of-planeenergy term origi-  interaction site per residue. Then the intermolecular hydro-

nated from the chirality of the single peptides and the intergen bonds could be incorporated, for example, via the

molecular(mainly hydrogen bondingenergies of the back- angular-dependent effective potenﬁél,

bones atoms, preferring a flat arrangement. Another direction is to consider a different class of the
The main goal of this work is to achieve a fundamentalso-called G—C; intermediate level modefS,in which two

understanding of the way in which the microscopic chirality or three interaction sites are retained per residue in the back-

of single peptide molecules manifests itself at a larger subone. A two-dimensional aggregate can then be generated by

pramolecular scale of the self-assembled tapes. In practic8limicking the hydrogen bonding via a sum of effective

we would like to construct aninimal model capable of cap- Lennard—-Jones tern?s also incorporating the steric effects

turing the most essential features of this phenomenon_ Fd?f the side chain. Although this is still a crude representation

this, we shall adopt a simplified coarse-grained descriptioior the hydrogen bond, we find the second route quite satis-

for the rodlike oligopeptides with a nonzero degree of helic-factory for our purposes.

ity. Our computational study will be based on classical

Monte Carlo simulations in continuous space with the use oA. Geometry of the simplified model

the standard Metropolis algoritﬁﬁ‘lmuch used in polymer

. . In our model, the coarse-grained geometry of the single
simulations.

) _ i B-strand retains three interaction sites per residue. The back-
To describe the intermolecular hydrogen bonding 0CCUMygna of the single amino acid is represented by two beads
ring within two-dimensiona|3-tapes we shall use a coarse- ;5 med C and N, standing for the moietiesHT’O and NH,
grained description via a combination of the soft-core rep“"respectively. Each sidegrou@mino acid residueis then

sion terms and short-ranged attractive terms. Furthermorenodeled by a bead S bonded to C. One could also easily
the microscopic chirality is introduced via @t hocqua-  introduce many types of the sidegroups, but we shall defer
dratic term. The functional dependence of the maCfOSCOpigtudying more Compﬁcated sequences to the future pub”ca-
twist on the strength of the latter will then be analyzed. Thetions until we are fully satisfied with the performance of the
explicit forms for different potential energy terms, including simplest models of homogeneous sequences.

those describing the bonded interaction, and motivation for ~We shall introduce all of the energy parameters of our
their choice are detailed in the following section. coarse-grained models in units kET. It should be noted,
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however, that these parameters affectiveas we have re- Uiors= — A cog3a) - Bcoga), (5)

duced the number of degrees of freedom considerably by

introducing united atoms and by describing the solvent imWNereA=B=4.0kgT. o
An additional dihedral term is introduced to force pla-

plicitly. Thus, these parameters are temperature dependent, ,

and so are the equilibrium conformations, even thokgh  navity between pairs of subsequent S beads:

cancels out formally from the Boltzmann weight Uplane= — D coga). (6)

exp(—E/kgT). In principle, one could determine how the ,

coarse-grained parameters are related to the fully atomisti¢ 1S applied to the quadrqpletsisg—cm—sﬂ and D

ones at a given temperature via a procedure analogous to that-0 kgT. The presence of_th|s term, Increases the stability of

of Ref. 28. However, as any inverse problem, it is a consid?! € struc_tures, by enhancmg the ster_lc hindrance due to the

erably difficult task. S|de_chams. As me_ntloned above_, this exclu_ded yolume ef-
In practice, we have chosen the temperature equal tgect is quite essential for generating a two-dimensional tape

300 K and the numerical values of most of the energy pags the intermolecular hydrogen bonds have no directional

rameters so that they broadly correspond to the typical valuedéPendencies in our model.

in the fully atomistic force fields. Concerning the purely phe- o

nomenological parameters, such as the chirality parametef: Chirality

their values were chosen so that a reasonable experimental Handedness is introduced in the model via a quadratic

range of the twist in the structures is reproduced. term involving only quadruplets of successive C beads, that
is,

B. Potential energy function of model A

= T 2
The first choice for the potential energy model follows Uchiral = 2 (7= 70", (7)

the guidelines of the model proposed by Honeycutt and . .
Thirumalaf®?in their mesoscopic simulations gebarrels. WhereK.=10kgT and 7 is equal to the normalized numera-

This minimal force field model adopts functional forms of tOr of the analogous quantity defined in Frenet-Serret picture
interactions akin to those typically employed in fully atom- Of spatial curves:

istic molecular mechanics models. F1p-Toy X gy
= ——==_=2 =% (8

lIradlliras X radl”

.SThe dependence of the chirality parameter on the tempera-

The length of each bond connecting two monomers Iture is expected to be relatively weak. This is in qualitative
restrained towards the equilibrium value via a harmonic po- P : Yy ' >IN q
correspondence with the experimental datahich has re-

1. Bond length potential

tential, . O L .
vealed high structural stability of tape assemblies, in a wide
U = &(r —r q)z (1) range of temperatures, essentially while water remains lig-
bond™ 5 eq uid. However, more experimental data is required in order to

determine how exactiK /ksT depends on the temperature.
in which K,=200.0kgT A~2 andre,=2.0 A. KlkgT dep P

. 5. Nonbonded interactions
2. Bond angle potential

A short-ranged Lennard—Jones term is used here in order
to represent, in a highly simplified way, the intermolecular
hydrogen bonding typical gB-sheet structures,

Bond angles defined via triplets ;-€N;;1—Ciq,
N;—C—Ni;1, N;—G—-S, and $—C—N,,4 are controlled via a
harmonic potential of the form

O_LJ 12 O.LJ 6
Uangm:%”(e—eeq)% P U“'El[(7> '(T)]' ©

where the energy constant ég=5.0kgT for all the interac-
tions involving the backbone beads. The van der Waals ra-
dius is taken ag-’=2.0 A for C—C and N-N intermolecular
interactions and as"’=3.0 A for C-N pairs. A small attrac-
tive well is introduced between pairs of S united atoms by
Dihedral anglex is defined by the following formula: choosinge,=1.0kgT ando>=2.0 A in order to mimic vari-

where K,=40.0kgT and 64=120°, 6,,=0° for angles cen-
tered at C and N, respectively.

3. Dihedral angle potential

(Fip X Fap) - (Fap X I30) ous attractive forces between the sidegroups.
a=signa) - arcco€ 1273 273 ) 3 Finally, a soft-cordsterig repulsion, for all pairs involv-
12> ragr a2 X rad ing C-S and N-S is added:
wherer;;=r;-r; and oSC\ 12
: o UrepuI:61< ) (10
sign(@) =sign(r2- 32 X r34). (4)

Torsional degrees of freedom are constrained by a sum dlMe should emphasize that the intramolecular nonbonded in-
terms associated with quadruplets of successive C beads atetactions are only included for pairs of sites connected via
having the forrm® more than or equal to three bonds.
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C. Potential energy function of model B Therefore, no boundary conditions were required as the cen-
ter of mass of the system was maintained at the origin.
First, single coarse-graine@-strands made ofN=11
sidues are placed into a planar, antiparallel arrangement.
tarting from this initial conformation, systems of three dif-

The second choice for the potential energy function out
lined here provides a more phenomenological approach to
the behavior of the coarse-grained systems from the basl

geometrical principles. For details of the Frenet—Serret pic: i _
ture of curves we refer the interested reader to Ref. 19. Wi &Nt sizegnamely, composed d¥l=7, 15, and 45 strangis

shall attempt to exploit and generalize Yamakawa’s geo: ave been studied, using either the potential energy mddel

metrical ideas for helical wormlike chain mod&l. or B and with varied values of the chirality parametey

Here the bond length potential and the nonbonded inter—SpeC'f'C&”y’ we ran simulations in which, takes values in

actions retain the same functional form as in mo#lelThe the two set40.0, 0.25, 0.5, 0.75, ,&nd{0.0, 0.1, 0.2, 0.8

remaining bonded interactions are modeled as follows. within .the potential energy model& and B, respectlvely.
The difference between the two chosen sets is due to the

different was in which the bonded interactions are imple-
mented in both models.
The bond angle potential consists of a sum of harmonic  Simulation times varied from % 10’ to 5x 10’ Monte

1. Curvature

terms involving the curvature, Carlo sweeps. About one-fifth of that was required to achieve
K a good quality of equilibration, which was carefully moni-
Uangle= > EK(K—Keq)Z, (11)  tored by analyzing the trends in the potential energy, the
angles radius of gyration of the tape, and the wave nunibealues;

where K, =40.0kgTA2 and Keq=2.0 A, Keq=0.0 A for and the rest four-fifth of the run time were the production
angles centered in C and N, respectively, and with the curSWeeps used for sampling of all observables. Thus, we were
vature x defined as able to achieve both a good equilibration and a good sam-
pling statistics for the observables of interest.
k*=2[1-cos6)]. (12)

This definition of curvature is slightly different from the one

used by Yamakawa as his definition also depends on thg|. DEFINITIONS OF SOME OBSERVABLES
pitch of the helix due to a different normalization

condition® The circular helicoid is the minimal surface having a
circular helix as its boundaﬂﬁ. It can be described in the
2. Torsion parametric form by

Backbone is constrained towards a planar conformation x=ucogko),
by the terms,
K, y=usin(kv), (15)
Utors= 2 _72- (13

dihedrals 2 _
Z=v.

involving only C monomers, withK ,.=20.0kgT. . L )
g ony B The circular helicoid[see Fig. 1a)] can be swept out by

moving a segment in space, the length of this segment being

3. Chirality equal to the length of the intervédlomain of the parameter
Chirality is introduced here via the term u definition.
K The corresponding circular helix can be defined in a
Uchiral = ?T(T— 70)%, (14)  similar way[thick lines in Fig. 1a)]:
applied to the quadruplets -SC—Ci,;—S.,; with K. x=p cogkv),
=20.0kgT. _
y=psinkv), (16)
D. Procedure for Metropolis Monte Carlo simulations
in continuous space Z=v.

For simulations we used the in-house Monte Carlo coddHere, the fixed radiup is related to the parameter with
named PolyPlus with the standard Metropolis algor%m ue[—-p,p] andk being defined as theitch wave numbeso
and local monomer moves, which represents a straightforthat thepitch of a circular helix isP=2#/k. The pitch wave
ward extension to a more generic for@nergy field of the  number is, by convention, negative if the helix is left handed
implementation described by us in Ref. 31. This was extenand positive in the opposite case.
sively used in the past and was quite successful in tackling a In order to find a connection between the helicoid and
wide range of problems for different heteropolymers in solu-the tapes generated in our simulations, we require a consis-
tion. tent definition of the segment, the motion of which in space
Note that the periodic boundary was unnecessary in theweeps the surface. For this purpose, we can state that each
present study as we are dealing with an attractive clustestrand’s backbone lies along the vector
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(a) (b) The use of the vectox; is justified because the mol-
ecules behave themselves essentially as rigid rods. In more
details:

[iill
= IRill 18
pi 2 (18)
Kiiv1= arcco{— e Lﬁl) , (19
’ Iill {12+
drjar = X2 Xii X Xisg sl (20)

[[Xii X Xipg jall

This calculation of the parametés which is related to a
cosine, misses the correct evaluation of the sign. To over-
come this, an analogous measure related to a dihedral angle
is needed. Thdocal dihedral angle(LDA) is defined as in

Eq. (3) with
ro==Xi, (21)
F32= X i+1, (22

FIG. 1. (a) A circular helicoid described in parametric form by Efj5). The

constants used to generate the surface were obtained from Monte Carlo  '34= Xj+1+1- (23)
simulations of the system of sizZé=45 and chirality parameter,=0.3 . . . . . . .

using the potential energy mod8l The thick lines(helical curvessweep- ~ Monitoring the sign of this quantity gives information about
ing the two surface’s edges are described in parametric form by1Bg.(b) the handedness of the helical cluster.

A schematic representation of the regular tape corresponding to the circular - Thus. the complete formula for the calculation of the
helicoid. Gray and black points represent the positions of the mononjers C ’

and Clo (with i=2, M—1), respectively. The connecting lines correspond to pitch wave number is

the vector;=[2p cogkv), 2p sin(kv),vd] (with i=2, M-1), where the val- X N

ues forp, k, andd are, once again, taken from Monte Carlo simulations and Ki i+, = signLDA) - arccoé_ i &) . (24)
v=2,3,4,...M~-1. The positions of the monomers, @d G, were used ' ”XiiH ||Xi+1’i+1||

as the reference data in our fitting procedure. o . . .
In Table | we exhibit typical experimental values of the pitch
wave numbek for some of oligopeptide-based supramolecu-
n=[2p cogk2),2p sin(k2),z], (17 lar clusters. These values were obtained from atomic force
microscopy and transmission electron microscopy data.

wherez is taken as the pitch axis of the tape. Furthermore
we have to assume thatvaries in a discrete way along the
tape withAz=d, whered is theinter strand distancsi.e., Tape structures in both modefs and B appear to be
distance between the nearest-neighbor stpanitss some-  perfectly stable with single strands packed side by side along
what modifies the calculation of the pitch, namely, the backbone axis. Therefore, the simplistic representation of
=2md/k. the hydrogen bonding adopted by us is successful in keeping
Finally, three parameters are necessary to fully identifythe strands aligned.

the vectom and the circular helix which delimits the surface. With the increase of the chirality parametgy# 0 the

The instantaneous values pfthetape radiug, k, andd are  single strands acquire a somewhat regular twisted geometry.
calculated by taking the vecto;=(C,-C}y), where Gis  The handedness and the magnitude of this twist have been
the position of monomer C in thih residue within théth  quantified by calculating the value of the dihedral angles
strand[see Fig. 1b) for detaild. defined by the quadruplets;-SCi—Ci;o—S+2 wheré? i

V. RESULTS

TABLE I. Values of the pitch wave numbérobtained from the experimental analysis on chiral supramolecular
clusters formed from several synthetic and natural peptides.

Peptide name Primary structure k (deg Experimental technique Reference
Pyl QQRQQQQQEQQ -3.0 Transmission electron 7
microscopy(TEM)
Pyl QQRFQWQFEQQ -1.0 TEM 7
KFE8 FKFEFKFE -8.7 Atomic force 8,9
microscopy
AB(10-35  YEVHHQKLVFFAEDVGSNKSAIIGLM -1.6 TEM 10
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TABLE II. Average value of the individual strand chirality angfeand its
standard deviatiowr, obtained from Monte Carlo simulations in the poten-

tial model A.
7 x (deg Ty

M=7

0.00 0.11 0.04

0.25 3.77 0.29

0.50 7.34 0.50

0.75 10.50 0.63

1.00 13.45 0.75
M=15

0.00 0.05 0.02

0.25 3.79 0.27

0.50 6.90 0.41

0.75 9.52 0.53

1.00 12.01 0.67
M=45

0.00 0.19 0.01

0.25 4.39 0.28

0.50 6.95 0.43

0.75 8.42 0.50

1.00 11.68 0.74

J. Chem. Phys. 122, 134901 (2005)

_ y y T T =00 a—
4 t0=0'1 ..... IGores
=02 -
2} T9=03 -8
0 |t bt
5 M
T 2F J
5
4 -4r % .. 1
e T SO NERUIE SO VS
B e g Keme Ko sgge Koo K.
6 R el S 2 SV
x/ BB -8 *
E""E_'-‘E =1 B El\'
_10 L L . . L L il

FIG. 2. Plot of the average LDREQs. (3) and (21)—(23)] vs the dihedral
angle number along the strandl, obtained from Monte Carlo simulations.
Data are related to systems of sidle=15 within potential energy mod@&.
Different lines correspon¢from top to bottom to tapes with chiral equilib-
rium parameter,=0.0,0.1,0.2,0.3Eqgs.(7) and(8)].

2 shows that, when chirality is introduced, the sign of LDA
becomes well-defined and that the absolute value of LDA
increases withr,. It is worthwhile to remark also, as a proof
of the consistency of our procedure, that the achiral structure

=2,3,4,...,8Right-handed twist and left-handed twist are has no well-defined sign for LD#see Fig. 2 Moreover, one

associated with positive and negative valuesypfrespec-
tively. The averaged valuetover the production Monte

can observe that after changing the sign of the chirality pa-
rameterr, the sign of LDA, and hence the handedness of the

Carlo sweeps, over all but the terminal strands, and over theape, will be reverse@data not shown
seven different) of these dihedral values and the standard  Figures 3 and 4 also show averaged equilibrium snap-

deviations are shown in Tables Il and Il for mod&lsndB,
respectively. One can see a systematic increagevdth the
chirality parameterr, irrespective of the model choice.

Increasing the chirality parametey, leads also, as ex-
pected, to a persistent macroscopic twist of the tapes, which
monotonically increases with the value gf The numerical
measure of the handedness of this twist could be expressed
in terms of(LDA) defined by Eqgs(3) and(21)—(23). Figure

TABLE Ill. Average value of the individual strand chirality angjeand its
standard deviatiow, obtained from Monte Carlo simulations in the poten-

tial modelB.

T x (deg oy
M=7

0.0 0.08 0.05

0.1 7.16 0.67

0.2 13.22 1.51

0.3 18.73 2.22
M=15

0.0 0.09 0.02

0.1 6.85 0.66

0.2 12.39 1.44

0.3 17.30 2.35
M=45

0.0 0.42 0.07

0.1 6.20 0.74

0.2 12.21 1.62

0.3 16.73 2.47

shots related to the systems with different values of the

FIG. 3. Averaged structures obtained from Monte Carlo simulatiomsr
the last 16 Monte Carlo sweepsfor systems of sizeM=15 within the
potential energy modeA. Here the values of the chirality parameter were
75=0.25,0.5,0.75, 1, respectively.
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their interactions with nearest-neighboring strands. As chiral-
ity is increased, the deformation of the flat geometry of a
single strand progresses. Therefore, for fairly short tapes
with small M we could have quite significant finite size ef-
fects leading to considerable deviations from the regular geo-
metrical surfaces.

Thus, we shall compute the average values and the stan-
dard deviations of the quantitiés d, andp over the span of
the tape(with the exception of the two terminal strands on
both edges to reduce the boundary effgcas well as over
the production sweeps, in order to understand at what extent
they vary along the tape. These values are presented in
Tables IV and V for model#\ andB, respectively.

The values of the helix radiys does not seem to vary
significantly along the tape, which is reflected in a relatively
small value of its standard deviatier). Evidently, the aver-
age value ofp is essentially independent of the number of
strandsM or the chirality parameter, as it is related to the
conformation of a single strand. While the standard deviation
of the distance between two strandiss relatively large, we
do not observe any systematic dependencies of its values on
either the location within the tape or the value of the chirality
parameterry. A large value ofoy could be attributed to the
(b) intermolecular interactions’ contribution to the distances be-
tween nearest close-packed strands.

However, the pitch wave numbkiis strongly dependent
on the location of the strands’ pair used in its calculation
inside the tape, which is especially striking for small systems
made ofM=7 andM=15 chains since they do not as yet
complete a full turn of the helicoid. The results of the calcu-
lations of the average and standard deviation of the pitch
wave numbek shown in Tables IV and V were thus obtained
by taking only the three central strands, which has the ad-
vantage that the results become less sensitive to the edge
effects. Clearly, the central area of the tape of different sizes
M behaves, as far as the pitch wave number is concerned, in
FIG. 4. Averaged structures obtained from Monte Carlo simulatiomsr a similar way and numerlca”y_ approaches the valug of
the last 16 Monte Carlo sweepsor systems of sizé1 =45 within potential ~ the tape ofM =45 strands. This can also be seen from the
energy modeB. (a) Achiral system withr=0.0. (b) Introduction of chiral-  histogramgprobability distributiongof k in Fig. 5. Note that
ity in the force field(7,=0.1) leads t_o the stab_ilization of a regularly-twisted the location of the peak shifts to the right with. The values
supramolecular tapéc) A larger twist is obtained for,=0.3. of k which we have obtained in the range of the studied

chirality parametetr, choices correspond to the experimental
chirality parametety in modelsA andB, respectively. From values ofk shown in Table I. Thus, we need about 3k
these one could see how the structures change from a fl&ar K, in our model in order to obtain the highest of the
into more and more twisted tapes gsincreases. known experimental values &t

Next, we would like to compare our simulated structures ~ To check the quality of our parameters, we then per-
with the geometry of a left-handed circular helicoid, the defi-formed, for each system, a self-consistent fitting procedure,
nition for which is given in Sec. lll. Specifically, we are in which we considered two data setg,andr,, which are
interested in characterizing the circular helices which sweepelated to the two respective edges of the tape. These data
the boundaries of that surface. The details of calculation ofets comprised a sequence of the average posﬁimﬁihe
the three parameterg, d, and p, which are necessary for penultimate monomers in consecutive strands within the
connection of thadealizedgeometry with that of the simu- tape. Note that the penultimate monomers were considered
lated tapes, can also be found in Sec. Ill and in Fig. 1. Weaather than the end monomers to reduce the “end effects.”
can calculate these values from the coordinates of each twalso, because the strands were assembled in an antiparallel
consequent strands. pattern, one typical sequence of positions would comprise

Clearly, the chains at the boundaries of the tape behavmonomers &,C%,,C3,C},, ... ,CY' 1. These were fitted with
in a somewhat different way from those buried inside. Morea regular helix described by E(L6) sweeping the end of the
generally, despite of the intramolecular origin of chirality, theregular helicoid with the parameteds p, andk calculated
conformation of single strands within a tape also depends ofrom the simulation data.
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TABLE IV. Average value and standard deviation obtained from Monte Carlo simulations, for the helical
parameter&k [Egs.(19) and(24)], d [Eq. (20)], andp [Eq. (18)] for the potential energy modél.

To k (deg ok d(@®) oy p A o,

M=7

0.25 -2.2 1.0 1.97 0.35 13.6 0.2

0.5 -3.3 12 2.00 0.31 135 0.2

0.75 -4.5 12 2.10 0.30 13.5 0.2

1.0 -5.5 1.2 2.01 0.29 134 0.2
M=15

0.25 -2.2 0.9 2.06 0.37 13.6 0.2

0.5 -3.1 11 181 0.22 13.6 0.2

0.75 -3.9 1.2 2.20 0.30 13.6 0.2

1.0 -4.8 1.2 2.01 0.30 135 0.2
M=45

0.25 -2.2 12 2.35 0.40 13.6 0.2

0.5 -3.2 1.2 2.44 0.34 13.6 0.2

0.75 -4.0 1.0 2.43 0.31 13.6 0.2

1.0 -5.0 1.0 2.39 0.26 135 0.2

The fitting procedure for each system produces, as th¥. CONCLUSION

final output, the two mean displacemefds, and(A), be- . .

. 1 2 In this paper we have proposed two coarse-grained mod-
tWee” theregular helix and the data Set_si _andrz, FeSPEC- g5 for short peptides in an extendgestrand—like conforma-
tively. Since the data sets andr, are statistically equivalent o, \we also have studied these strands self-assembled into a
we calculat_ed the mean displacement of our points from th‘%upramolecularﬁ-tape in case of the model oligopeptides
regular helix(A) averaged over the two values. As can bey;t jgentical side groups attached. A fine tuned combination
seen from Table VI, the resuling mean displacements args | ennard—Jones potential terms was successful in stabiliz-
relatively small compared to the size of the van der Waalsng the chains within such a two-dimensional structure.
radius of various monomers for the systems mad#lef7 Chirality was then introduced on a molecular level, re-
and M=15. Therefore, our overall procedure is quite satis-sylting in a regular twist of the surface of the tape. Within the
factory. Note that a somewhat larger values(aj for the  two different models we have investigated the effect of
systems made d¥1 =45 strands can be related to the need forchanging the values of the chirality parametgrAs we only
a better equilibration in this largest of the studied systemsgonsidered homogeneous sequences Yyielding tapes with
which was also seen from monitoring the trends in the globaidentical sides, the equilibrium structures obtained at the end
observables such as the squared radius of gyration of thef the simulations had a geometry of a circular helicoid with
tape. the pitch wave numbek increasing linearly withr,.

Thus, overall, we conclude that both of the potential In modelA the chirality term is added as a simple asym-
models suggested here are successful in generating chiralityetric contribution to the threefolded dihedral potential
within a stable tape cluster. which is typically used in coarse-grained models of

TABLE V. Average value and standard deviation obtained from Monte Carlo simulations, for the helical
parameter&k [Egs.(19) and (24)], d [Eqg. (20)], andp [Eq. (18)] for the potential energy mod@&.

T k (deg oy d(A) oy p (A T,
M=7

0.1 -2.6 1.2 1.86 0.31 13.7 0.2

0.2 -3.8 1.3 2.00 0.29 13.7 0.2

0.3 -5.0 1.2 1.95 0.25 13.6 0.2
M=15

0.1 -25 1.1 2.12 0.33 13.7 0.2

0.2 -34 1.2 2.15 0.31 13.7 0.2

0.3 -4.2 1.2 2.19 0.26 13.7 0.2
M=45

0.1 -2.4 11 2.25 0.26 13.7 0.2

0.2 -3.6 1.2 2.46 0.31 13.7 0.2

0.3 -4.2 1.2 2.47 0.26 13.7 0.2
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Model B, conversely, is more coarse grained and relies
on the principles of the differential geometry of curves and
surfaces? Importantly, in this model we still have obtained
1 the results comparable to those of the more detailed miadel
1 This establishes a degree of universality in the transfer of
chirality from the intramolecular to the supramolecular level.
Despite the difference in the way how chirality was intro-
duced in the both models, a macroscopic regular twist was
generated equivalently.

Both models could be easily extended to include
hydrophobic/hydrophilic and explicitly charged sidegroups
leading to the difference of the tapes’ sides, something we
would like to study in the future. Such an extended study of
0012 - 1 different coarse-grained oligopeptide sequences of interest
should allow us to describe higher order self-assembled
structures(ribbons, fibers, and fibrijsin detail, providing
valuable insights for the experiment.
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