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Abstract: Parallel or polar strands of S-peptides spontaneously form nanotubes of different sizes in a vacuum
as determined by ab initio calculations. Stability and conformational features of [CH;CO—(3-Ala)k—NHCHjg],
(1 = k= 4,2 =< 1= 4) models were computed at different levels of theory (e.g., B3LYP/6-311++G(d,p)//
B3LYP/6-31G(d), with consideration of BSSE). For the first time, calculations demonstrate that sheets of
pB-peptides display nanotubular characteristics rather than two-dimensional extended f-layers, as is the
case of a-peptides. Of the configurations studied, k = | = 4 gave the most stable nanotubular structure,
but larger assemblies are expected to produce even more stable nanotubes. As with other nanosystems
such as cyclodextrane, these nanotubes can also incorporate small molecules, creating a diverse range of
applications for these flexible, biocompatible, and highly stable molecules. The various side chains of
[-peptides can make these nanosystems rather versatile. Energetic and structural features of these tubular
model systems are detailed in this paper. It is hoped that the results presented in this paper will stimulate
experimental research in the field of nanostructure technology involving S-peptides.

Introduction

One of the most stable conformersoaf -amino acid residues
is the extended-like of}.-type backbone orientationSuch

case, the overall structure resembles a multilayer plate, whereas

strands assemble in a circular fashion in fRbarrel, forming

a tubular or barrel supramolecular structure.
Similar too-peptidess-peptides can also adopt an extended-

elongated structures can be observed when multiple adjacenijke conformation. As shown by experimental détd3 and

amino acid residues consecutively adgpts —150° andy ~
150 values or B.) for short (Scheme B Suchp-strands are
able to assembile further into two (or multiple) strandeuleated

sheets that can either have parallel or antiparallel relative spat|al(10

arrangement.® A large number of globular proteins contain
complexp-pleated sheet networks? However, there are two
well-known extremes in proteins composed primarily of multiple
B-strands, silk® and twisted3-barrel proteing!~14 In the first
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Scheme 1.
to the Formation of Alternative Tertiary Structures

Buildup Scheme of Sheetlike Structures of a- and j-Peptides:

From Monomers to Different Secondary Structure Elements up

)

I =

o-pept.: B ﬁ Single
monomer stranded S
polypeptide -"
adopting (B,),
b.b. conf.
-pept.:
B-pept: s, |
or shifted Z6pp Z':E:Ze g

poly-B-peptide adopting

S
ntiparallel, ﬁ
S12

1

Parallel

%e assemblies of
pleated B-sheet

as in silk

B-barrel tertiary structures
as in transport
proteins (e.g. FhuA)

%emblies of
extended sheet

B-pleated sheets

monomer
spiral (Sp), or zigzag
(Z6p), type Tubular assemblies
conformation
Parallel
strands

(Figure 1) of g5-amino acid residue can form singfestrand-

pB-peptides have the affinity to form higher order assemblies

like structures. In addition, there are already numerous studiesgiven the appropriate conditions.

revealing both parallel and antiparallel sheet structtfre823.28.29
However, there is currently no structural evidence for multiple
stranded sheets of pof§-peptides forming either “silk-like” or
“pB-barrel-like” supramolecular complexes.

Using CD and UV spectrometry, Diederichsen et?lal
described the presence ffstrand/sheet-like ordering in short,
4—6 residue longg-homoalanyt-PNA complexes. The extended-
like structure ofg-homoalanine appears in the complex due to
the Hoogsteen and Watsegrick pairing mode of side-chain
bases. Theis-(1R,2S-ACPC) pentamer and heptamer models
designed by Martinek et &% form a nonpolars-strand-like
structure, which is most likely the shifted prototype Zffp.2
This shift appears due to the rigiissACPCs, which constrain
the torsional anglex to a gauche position. Two stranded
antiparallel sheets are most often formed when connected by
fS-hairpin. This latter turn can be constructed using vari@us

and s-amino acid residues or other derivatives, such as the

heterochiral dinipecotic (i.e. two homoproline containing)
segment®22proline'®9or f2-HVal-53-HLys!” sequences. One
of the earliest and most promising “spontaneously” self-
assembled parallel sheets were constructed by Seebacl¥-&t al.
These relatively shof-peptides, namel3- ands%3-tripeptide
esters, form parallel sheets in the crystal lattice.

Other parallel sheets were constructed by Gellman é€ al.,
where the Pro-DADME segment was used to connect sheet

On the road of engineering-proteins and3-enzymes that
could eventually maintain their functionality even in a world
full of peptidases; the construction gfpeptides with stable
tertiary structures would be a landmark s#mitial attempts
have resulted in valuable information on how two helices linked
by disulfide bond could interaé.Otherp-peptide models with
cyclic side chains were shown to be present in the form of helix
bundles in aqueous medi&®'Based on spectroscopic evidence,
it was suggested that, at higher concentrations, the helical
subunits of 3,-helix formerS-henicosapeptidé can aggregate
into a quaternary-like structure. Furthermqfepeptides adopt-
ing helical conformations were used as scaffolds for duplex
formations driven by nucleobase pairi#fg3” Although in the
latter supramolecular complex a tertiary structure formation can

abe monitored, there is no direct interaction betweerftpeptide
subunits.

It was suggested that helix formation frofhpeptides can
be prevented by incorporatirftj-3 disubstituted amino acidg:23
The enforced linearity of the backbone fold is the basis of the
formation of different pleated sheéfs!”.32However, no true
example of supersecondary structure elementséptides was
pinpointed.

A recent theoretical study on sheet structures conducted by
Lin et al® laid the groundwork for the investigation of extended-
s.like multiple stranded sheet structuregepeptides. In the latter

Several of these models were able to form multistranded sheetsstudy, all conformers forming the large sheet network were

in the crystalt6:17.19.28yvhich, when combined with other studies
on the assembling properties Gfpeptides’®3! showed that

partially constrained. As a result, the true three-dimensional (3D)
nature of these superstructures was not deciphered, although
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Figure 1. (A) Major conformational variables of a simpfeamino acid diamide, CECO-3-Ala-NHCHj, the structural building unit of sheet assemblies.
(B) Two interacting, but noncovalently attached, subunits connected by H-bonds.

they perceptively noted that a larger assembly might have aattachment between subunits'® The various side chains of
considerable amount of overall twist based on optimized short amino acid residues (e.g., polar, nonpolar, acidic, basic) provide
models. an opportunity to alter and fine-tune the chemical properties of
In the present paper, we will demonstrate that the foreseenpeptide nanotubes, greatly increasing the versatility of these
twisting, combined with the experimentally observed tendency molecules. Furthermore, peptide nanotubes may be regarded as
that selecteg-peptides have the ability to form sheets, appears biocompatible substances. However, natural peptides are not
to such an extent that it “catalyzes” the formation of a tubular resistant to proteolytic enzymes, and their medical application

network in the gas phase, resulting in nanostructures of varying
sizes.

is heavily restricted. In contrasB-peptides are significantly
more stable in vivo, showing no tendency to bind to the active

These structures could be regarded as the first example ofSites of proteolytic enzymé$-°2 Furthermore, the chemical

tertiary structures gf-peptides, showing some similarity with

nature of S-peptides and the presence of two consecutive

B-barrel assemblies seen in proteins. We have investigated theMethylene carbon atoms in the backbone allow the positioning

conformational and energetic properties of multiple stranded

of side chain(s) in many more ways than possible in the case

extended sheet-derived (or in short sheet) structures formed byof a-peptides?® These features _magé—peptic.jes promising
simple 8-peptides. We will show the molecular details of the agents for novel peptidomimetié$.>” As W'EE‘ the other
self-assembled superstructures and the various forms of tubula’@notubes formed by-amino acid residue¥;* the longer

systems present in the gas phase.
As highlighted by Jean-Marie Lel#,self-assembling and

tubular systems outlined here are also expected to be biocom-
patible.

supramolecular chemistry such as nanochemistry is one of thethegretical Basis
most promising research areas. Peptide nanotubes are of great

importance, and nanotube biotechnology is one of the most
rapidly emerging fields of research and developnigrt,
Nanotubes offer diverse applicability as conduct8nsanore-
actors?® or ion channel$®4°In the 1990s, cycliex-peptide4®

and cyclics-peptided® were found to form peptide nanotubes,
becoming a leading area of organic nanotechnof8g§46:47

Nomenclature. To systematically explore structural and energetic
features of parallel sheets formed Bypeptides, six different models
were constructed and studied: 2a, 2b, 2c, 2d, 3d, and 4d (Figure 2).
For simplicity, all models are composed of the simplest acffiamnino
acid residue £-Ala or homoGly) (Figure 1A). To provide relevant
conformational data, both the N-and the C-termini of the peptide models
were protected by an acetyl and ldrimethylamine group, respectively,

Unlike nanotubes made out of carbon and stabilized by covalentforming the [CHCO—(8-Ala),—NHCH:], type model system. For

bonds, the 3D assembly of these cyclic peptides is usually
stabilized by specific hydrogen bonds and lacks covalent
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Figure 2. Schematic model and “nomenclature” of parallel sheet assembliggpeptides having 2 to 4 strands, where each individual strand could have
1 to 48-amino acid residues ([GIEO—(5-Ala)k—NHCHj3]; 1 < k < 4 and 2< | < 4). The letter K" indicates the total number of amino acid residues within
the peptide chain, withi* pointing to a relative sequential position antd $howing the number of strands within the model system. On the right, the
nomenclature (based om’“and “k") describing the packing and structure of the models is shown.

Table 1. Levels of Theories Applied for the Structure and Stability
Analysis of Parallel Sheet Assemblies of 5-Peptides

method? level of theory

ml RHF/3-21G

mi/B RHF/3-21G (BSSE)

mll RHF/6-311+G(d,p)

mll/B RHF/6-31H-+G(d,p) (BSSE)

mlll B3LYP/6-31G(d)

mill/B B3LYP/6-31G(d) (BSSE)

mivV B3LYP/6-311++G(d,p)

miV/B B3LYP/6-311++G(d,p) (BSSE)

mvV B3LYP/6-31G(d)//RHF/3-21G

mV/B B3LYP/6-31G(d)//RHF/3-21G (BSSE)

mVI B3LYP/6-311H+G(d,p)//RHF/3-21G

mVI/B B3LYP/6-311++G(d,p)//RHF/3-21G (BSSE)
mVII B3LYP/6-311++G(d,p)//B3LYP/6-31G(d)
mVII/B B3LYP/6-311++G(d,p)//B3LYP/6-31G(d) (BSSE)

aModel 2a was computed at every level of theory. However, larger
structures (i.e., 2b, 2c, 2d, 3d, 4d) were studied only at ml, mlil, mVI, and
mVIl levels of theory.

Note that “R” stands for the reference, flattened or extended-like
structure analogous to multiple strandégbleated sheets formed by
o-peptides in proteins. The designation “T” represents any tubular
system. The subscriptisi+ 1,i + 2,1 + 3, etc. characterize the pattern

1 and Supporting Information STable 1). Geometry optimizations of
the 2b, 2c, 2d, 3d, and 4d models were completed at the RHF/3-21G
(ml) and the B3LYP/6-31G(d) (mlll) levels of theory (Figure 2 and
STable 2). All fully optimized supramolecular conformers (R T'i-1)x,
(2w (Thia)k etc.) were subjected to single-point energy calculations
carried out at the B3LYP/6-3#+G(d,p)//RHF/3-21G (mVI) and
B3LYP/6-31H-+G(d,p)//B3LYP/6-31G(d) (mVII) levels of theory
(Table 2).

As previously describetf,the most stable backbone-fold of a single
fS-peptide composed of four amino acid residues in a vacuum is the
(Z6r)4, a zigzag, or elongated helical fold. Therefore, tB6p)4 type
conformer of CHCO—(-Ala)s—NHCHs was optimized at the ml and
mill levels of theory, followed by DFT single-point energy calculations
carried out at both the mVI and mVII levels of theory (Tables 1 and
3). This structure was used as the reference to estimate the energy gains
during self-assembly of the single-strandegeptides.

The stability of all the alternative tertiary structufg®R')s, (T'i+1)a,
(Ti+2)a, (Tixa)s} of the different peptide models (e.g., two-stranded,
2d, three-stranded, 3d, four-stranded, 4d, etc.) were compared by using
two scales: ger unit (i.e., per residue) and ger hydrogen bond
stability scale (Table 3).

For more details on computation see Supporting Information.

Results and Discussion

Precision and Accuracy.To estimate the effect of basis set
and electron correlation on structure and stability of the

of hydrogen bonds operative between the first and the last strandsnoncovalently attached subunits and to find a suitable method

“closing” the nanotube superstructure. All the other H-bonds within
the model are of théi to (i + 1)} type. Finally, subscriptl* denotes
the number off-strands in the nanotube, akdndicates the number
of amino acid residues within a single strand. Therefore, the following
shorthand notation has evolved: 'R (Ti+1)k (Ti+2)k (T'i+3)k €tc.
(Figure 3).

Computational Details. All computations were carried out using
the Gaussian 03 software packa@&o estimate the magnitude Bésis
Set SuperpositionError (BSSE), geometry optimization of the [GH
CO—f3-Ala—NHCH;s], model (2a) using a structure composed of two
Sev monomerd® was carried out at all applied levels of theories (Table

(58) Frisch, M. J.; et al. Gaussian, Inc.: Wallingford, CT, 2004.

for larger nanosystems, the smallest model, 2a, has been
investigated at various levels of theory (STable 1). Analysis of
the geometrical properties as a function of the applied level of
theory shows that optimizations on smaller DFT/DZP type basis
sets provide adequate structures, thus B3LYP/6-31G(d) level
of theory is used for optimizations throughout this paper, unless
mentioned otherwise.

The magnitude of BSSE was also estimated at different levels
of theory, and it was found that for a TZP type basis set
(B3LYP/6-31H-+G(d,p) or mVII) the magnitude of BSSE is
as small as-0.5 kcal mot?; therefore mVIl is used throughout
this paper for stability analysis of larger nanosystems.

J. AM. CHEM. SOC. = VOL. 128, NO. 15, 2006 5161
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Table 2. Relative Stability and H-Bond Parameters of the Different Supramolecular Complexes of Multiple Stranded Parallel Sheet Models
of [CH3CO—(B-Ala)k,—NHCH3], (2 = k<4 and 2 < | < 4)

model structure? H-bonds? AEnu o-..u[A] do...[A] Olopn®
2b (F): 3=3 0.0 2.06 (0.02) 3.06 (0.03) 172.55 (6.30)
(T%12)2 24+2=4 -7.5 2.05 (0.06) 3.01 (0.08) 162.47 (18.25)
(TZ+3)2 1+3=4 -5.0 2.00 (0.21) 3.04 (0.13) 164.72 (14.11)
2c (R®)3 4=4 0.0 2.04 (0.10) 3.05 (0.08) 173.41 (7.40)
(T2%412)s 3+2=5 -10.1 2.07 (0.04) 3.03 (0.07) 161.52 (13.93)
(T2i+3)3 2+4=6 —-11.2 2.07 (0.04) 3.06 (0.04) 164.22 (6.75)
2d (F)s 5=5 0.0 2.16(0.00) 3.09 (0.02) 164.18 (5.86)
(T2%42)a 24+3=5 -8.8 2.32(0.38) 3.14 (0.16) 143.19 (24.18)
(T4+3)a 3+5=8 -16.3 2.06 (0.11) 3.04 (0.09) 162.33 (7.85)
3d (R4 54+5=10 0.0 2.02 (0.04) 3.03 (0.04) 172.10 (2.67)
(T342)a 44+5+5=14 —22.7 2.08 (0.06) 2.99 (0.03) 149.79 (8.95)
(T334 3+5+5=13 -322 2.00 (0.04) 2.98 (0.05) 163.58 (4.72)
4d (R4 5+5+5=15 0.0 1.99 (0.03) 3.00 (0.03) 172.99 (2.37)
(T441)4 5+5+5+5=20 —27.5 2.05 (0.06) 2.98 (0.04) 150.73 (6.34)
(T4 42)a 44+5+5+5=19 —436 1.96 (0.03) 2.93 (0.02) 157.63 (5.75)
(T4 13)a 3+5+5+5=18 —46.1 1.95 (0.04) 2.95 (0.04) 166.63 (3.45)

aFor more details on nomenclature, see Theoretical B&3istal number of i — (i + 1)}-type hydrogen bonds betwegrstrands plus the number of
hydrgoen bonds closing the nanotubes in bold (see FigureA)relative energies are in kcal mol (mVII: B3LYP/6-311++G(d,p)//B3LYP/6-31G(d)).
d Angle in degrees® Hydrogen bonds constrained to 2.1 verage hydrogen bond distances (or H-bond angles) with standard deviations in parentheses.

Table 3. Stability of the Different Tertiary Structures Composed of conformer (R), is achieved by suitable torsional constraint(s)

Two-, Three-, and Four-Stranded Tetra-3-peptides (2d, 3d, and 4d, : : : :
respectively). All Energies Are Relative (o (Z67)s, a [see Theoretical Basis and Supporting Information].

Single-Stranded Tetra-3-peptide, CH3CO—(B-Ala)s—NHCH; The comprehensive structural analysis of*)¢R (T%+1)a,
AEnl (T%+2)4, and (T4+3)4 revealed that their componefitstrands
AEpl hydrogen have similar conformational properties. These strands are
model  structure®  AEm  AEnwy  units®  unt  Hbonds  bond composed of highly similar subunit structures with backbone
2d  2%(Z6p)s 0.0 00 8 0.0 torsions as follows:¢ ~ [g7], u ~ [a], andy ~ [a] (Figure 1
§_F|f§)4) 12'3 15'? é'g g g'g and STable 2) also labeled as\v3n a preceding papéf.Even
(T29e  -23 —34 04 8  —o0a4 (R%)4, which has a flattened and therefore very different tertiary
3d  3%(Z60)s 0.0 00 12 00 structqrg, is composed of conforma.tlo_nal bundmg units of a
(R, 33 -01 0.0 10 0.0 very similar nature. For example, variations of torsional angles
(TS42)a —20.8 —22.8 -19 14 -16 aroundg ~ [g7], # ~ [a], andy ~ [a] in both (T%12)4 and
(TP4a)s  —285 —32.3 27 18 —25 (T4.12)s are as low as 777and 11.0, respectively, at the mlll
4d  4%(Z6p)a 0.0 00 16 0.0 level of theory. In contrast, (T.1)4 exhibits larger torsional angle
(R4 -12.0 -175 -1.1 15 -1.2 o : - :
(Thia —386 —450 by 20 53 vanatlons,_ signaling _the presence qf less uniforpy-8pe
(T442)a —548 —61.1 _38 19 —392 conformational subunits. This may indicate that 4,10 tubular
(T443)sa —58.9 —63.6 -4.0 18 -35 system is less relaxed when it displays more conformational

o detail at Theoretical BARerd diversity. Similar to (T+1)4, the reference structure {R also
Oor more detalls on nomenciature see eoretical ergies are . . . s L
in kcal molL and relative to (Z6)s (mVI: B3LYP/6-31% +G(d’p§,RHF, presents an increase in local backbone conformational variability

3-21G, mVIl: B3LYP/6-311+G(d,p)//B3LYP/6-31G(d))° Number of (STable 2).
p-alanine residues (i.e., units). In summary, some local conformational fluctuations of the
component subunits were observed in both.{)4 and (R),,
but these variations have no considerable effect on the overall
. ) fold of tertiary structures. Unlike local structural properties,
Structure and Stability of the Four-Stranded Tetrapeptide stability data of these nanotubes are very different (Table 2).
Models. First, the structural and energetic properties of the Rejative to the flattened structure4R rolling into any tubular
longest tubular assemblies of 4d, [BO—(8-Ala)s—NHCHG3]4, structure is always preferred. The energy difference between
were described. This system consists of a total of four the flattened (B, reference superstructure and that of the
noncovalently attachefl-strands, where each tetrapeptide has (T4+1)a is —27.5 kcal mot? at the mVII level of theory AErays
suitable N- and C-terminal protecting groups. For 4d, three —rai+14 = —27.5 kcal mot?) (Table 2). Note that the folding
different tubular conformers were optimized(h)a, (T%+2)4, of the latter structure, (fi1)s, from (Rf)4 is accompanied
and (T+3)4 with the reference structure {R (see Theoretical  through the formation of an additional fie to (i+1)}-type
Basis for the nomenclature of abbreviations) (Figure 3A and hydrogen bonds. As long as{Rconsists of 15 hydrogen bonds,
B). The three supramolecular complexes with a tubular shapea total of 20 can be assigned in 4)s. When H-bond
have different hydrogen bond pairing patterns between the “first” parameters were analyzed for{JR we found that the average
and the “last”3-strands. As long as (T;1)4 has an{i to (i + O-+-H distance qo.-.+) is 1.99+ 0.03 A. For the same system,
1)}, (T%+2)4 has anf{i to (i + 2)} and (T+3)4 incorporates an the O--N bond length do..n) averages 3.00 0.03 A,
{ito (i + 3)} pairing (Figure 4). Adoption of the tubular shape accompanied by an H-bond angtes(4—n) of 173.0+ 2.37.
for 4d is “spontaneous”; thus, flattening of the reference Although five additional H-bonds appear in“(f;)4 compared

For more details on precision and accuracy see Supporting
Information.
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Figure 3. (A) Schematic view of the extended reference structure (R) and the rolling up of the tubular multistranded assemblies (T). (B) Formation of the
different hydrogen bond networks between the first and the “lagt)(strands of the “tubular sheet assemblies” of {CB—(-Ala)s—NHMe], 2 < | <
4). Both side and top views of four-stranded tubular structure$; 1§, (T4+2)4, and (Ti+3)s, are shown.

A N N 0 9 H-bonds are present than those ii(1)4. There are a total of
| *N/\\)k /\\)J\ /\\A /\)J\N/ i i

SN | | 19 H-bonds in (Tii2)4 and 18 in (Tit3)s. The apparent
H - N i contradiction of “fewer H-bonds with higher stability” is
g N T N T N 2 partially resolved by the analysis of their H-bond parameters.
- A~ AaSd S ood - Although only 19 hydrogen bonds in {Ts)s (15 {i—(i + 1)}
,L ,|!1 ‘;»‘4 ‘;.‘4 \VL and 4{i—(i + 2)} are present, the H-bond parameters are more
g 8 8\ 6\ N\ favorable than they are in {il.1)4. The O--H distances are
I )J\N/\)kN/\)J\N‘MN‘Mr:‘\/ shortened by~0.09 A (dy..o = 1.96 A) with a deviation of
K K A by W ~0.03 A) (Table 2). In addition, H-bonds are less tilted in
4 4 4 \ 4 ! 4 \ (T4+2)4 than they are in (%+1)4, which is a more favorable
IV /ﬁ\n/\/ﬁ\n/\/ﬁ\,/?‘\iu y N scenario oy = 157.63+ 5.75) and further increases the
) ) v L¥ WV overall stability of the supramolecule. The same observation

Figure 4. A total of 18 hydrogen bonds (& 5 + 5 + 3) are effective in holds for (T+3)s. In the latter structure, a total of 18 intramo-

(T4+3)4 as marked by dashed lines. Besides the “conventiofia(i + lecular hydrogen bonds can be assigned with H-bond parameters
1)}-type hydrogen bonds, a total of 15, those 3 marked by dashed arrows

) - even more favorable than they are in%(E)s. The O--H

;:;pn;ect the first (1) and the fourth (I\fj-strands and are dfi—(i + 3)}- distances are further shortened 49.01 A @0 = 195+
0.04 A), with less tilted ¢o-n-n = 166.63) H-bond angles.

to (R%,, they all are “weakened”. In fact, all 20 hydrogen bonds Indeed, the improved H-bond parameters result in higher

of (T441)4 are longer (e.gdo.-+ longer by~0.06 A) than those  stability (AAEnvi = 2.5 kcal mot?) (Table 2) despite a

in the reference structure. reduction in the total number of H-bonds in*(ilz), compared
Stability differences are even larger for4(il)s and (Ti+3)4 to (T4+2)a
tubular superstructures at43.6 and —46.1 kcal mot?, Relative to the reference structure’{Rthe increased stability

respectively (Table 2). One may wonder about the origin of of the tubular assemblies also originates from the improved local
the increased stability of both {F2), and (T.+3)a, Since fewer conformational properties as well as the bending or rolling of
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Chart 1. Nanotube Structures of [CH3CO—(-Ala)s—NHCHj3], (2 < | < 4) Tetra-3-peptides?

a(A) (T3+3)a structure of 2d; (B) (¥i+3)4 structure of 3d; and (C) (T:3)4 structure of 4d.

Chart 2. 2

a(A) The (T*+3)4 tubular structure of 4d, incorporating a water molecule.
(B) The (T3%+3)4 nanotube structure of [GIEO—(B-Abu)s—NHCHz]3 with
B3(S chirality. All side-chain methyl groups are equatorially positioned
and, thus, pointing outward from the surface of the nanotube.

stranded systems (3d) show great similarity to what is observed
for four-stranded models (4d). As discussed for four-stranded
systems, the total number of hydrogen bonds is not necessarily
the ultimate parameter to be maximized for gaining extra
stability. Improving both hydrogen bond parametess.qn and
do...n also increases the stability of the tertiary structure.
Although (T3.43)4 contains fewer hydrogen bonds thar¥,(})4
by 1, 13, and 14, respectively, the stability of the former
supramolecular system is far bettexH3,,, = —32.2 kcal
mol~%) than that of (Pii2)a: AEw3,,, = —22.7 kcal mot?
(Table 2). Indeed, the H-bond parameters are more favorable
in (T343)s than they are in (§:2)s O---H distances are
shortened by 0.0& 0.04 A ..o = 2.00 A). The improved
distances occur in conjunction with more favorable hydrogen
bond angle parameterad—n-n = 163.58+ 4.72).
Two-stranded models composed of a total of 2, 3, and 4
amino acid residues per peptide strand (2b, 2c, and 2d) were

the flattened system into a tubular structure, which is accom- also studied. Due to steric hindrances, two- and three-stranded
panied by an increased number of H-bonds. Furthermore, molecular systems were too tight to form hydrogen-bonded
increased stability of the tubular systems is enforced not only nanotubes, with the “first” and the “lasp3-strands intercon-

by maximizing the total number of H-bonds holding the system nected by{i — (i+1)}-type hydrogen bonds resulting in a
together but also by forming H-bonds with improved geomet- (T4.1)k structure. Therefore, the stability and structure a)(R
rical parameters. One may wonder whether shorter and tighter(T?.2)x, and (T3+3)x were compared. Conformational analysis

tubular models have a similar strategy of self-stabilization.
Structure and Stability of the Two- and Three-Stranded

revealed that the local conformational properties of the three
models are quite similar to those composed of three and four

Tetrapeptide Models. The comprehensive analysis of the three- j-strands (STable 2), although with a slightly more pronounced
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Figure 5. Variation of nanotube stabilization energies with increasiraad| for [CH3CO—(-Ala)k—NHCHGg],. The type of hydrogen bond pairing in the
tube-closing network is labeled ais+ 2) and ( + 3). The two open squares as well as the two open circles denote duplicate data points.

conformational diversity for (Rx-type structures than for those Structure and Stability of Models Composed of Different
of tubular nature. Analysis of the energetic properties of two- Numbers of Strands but with the Same Length of Compo-
stranded systems showed that the tubular structufes)dand nent Chains. To explore the tubular assembling potential of

(T3.+3)k were once again more stable than the flattened referencethe model systems composed of two, three, and fesirands,
structures, (Rk (2 < k < 4) (Table 2). Considering the shortest three tetrg3-peptides (2d, 3d, and 4d) were analyzed (STable
model containing twg3-Ala residues per strand, the tubular 2, Table 2, Table 3, and Chart 1). As discussed above, the two-
structure (Fi+2)2 has a relative stability difference ef7.5 kcal and three-stranded tubular structures with—~ (i + 1)}-type
mol™ (AEr?, —(12.,),) at the mVII level of theory (2b). The  hydrogen bonds, @+1)s, (T3+1)s, cannot be optimized, due
same holds for (%13)2; namely AER?, 12,5, = —5.0 kcal primarily to steric interactions. Thus, the present comparison
mol~1. Thus, even the shortest and the tightest tubular systemsfocuses on stability analyses of the'YJR(T'+2)s, and (Ti+3)s

are more stable than their parent and fully flattened reference (2 < | < 4) tertiary structures, with a four-residue long isolated
structure. polypeptide chain having an elongated helical or zigzag-type,

Increasing the number of amino acid residues per strand from (Z6p)s, secondary structure (Table 3).
2 to 3 and from 3 to 4 also increases the stability of the tubular  When comparing “aggregation” or tertiary structure formation
systems. As long as &l.3), is more stable than its reference properties of the model systems, it is clear that although the

structure (R); by —5.0 kcal mof! (AER?, (2.4, = —5.0 kcal (Z6p)4 structure contains hydrogen bonds, its noninteractive
mol~1), the stability of (F13)s is even greater<£11.2 kcal assembly can be more or less stable compared to the appropriate
mol~Y). This difference further increases forj(flz)s: AER?, extended structure, (2. Therefore, reference structures with

(129, = —16.3 kcal moft at the mVII level of theory (Table  relative energy 0.0 kcal mot are the combination of two, three,
2). The enhanced stability correlates with the increasing numberor four of the noninteractingZgp), conformers, depending on
of {i — (i + 3)}-type hydrogen bonds, present in all of the the system to be analyzed (Table 3). Note that for two- and
tubular structures, @+3)2, (T%+3)3, (T4+3)4, compared to their  three-stranded systems, the appropriate extended structéjgs (R
parent reference systemsR (R?)3, and (R), (Table 2). Thus, and (F), are less stable than the noninteracting groupings of
the —5.0 kcal mott, —11.2 kcal mot?, and—16.3 kcal mot? two or three Z6p)4 conformers: AEp+(z6y),—r2, = +12.8 kcal
stabilization energies are proportional with the one, two, and mol~* and AEs«zsy,—~r3), = —0.1 kcal mot?, respectively
three extra hydrogen bonds. The&.5 kcal mot? increase in (Table 3). However, the four-stranded extended systefjy (R
stability per hydrogen bond is in agreement with previous data is more stable than the noninteracting ensemble of f@6i)4
(Table 2)39-60 helices: AEsxzep,—~rY, = —17.5 kcal mot2.

In conclusion, all tubular systems are more stable than their By comparing all 9 interacting and all 3 noninteracting
parent reference structures. This is achieved by increasing thestructural complexes (Table 3) regardless of the type of hydrogen
total number of hydrogen bonds and improving the hydrogen bonds, the four-stranded tubular structure$){&re the most
bond parameters holding the tertiary structures together and thestable assemblies. Although three-stranded tubular systedas (T

conformational parameters of the monomeric units. are less stable than four-stranded ones, they are more stable
than the two-stranded complexe@)I Thus, widening the tube
(59) Perczel, A.; Hudaky, P.; Fuzery, A. K.; Csizmadia, |. &urnal of seems to stabilize tertiary structure.
Computational Chemistr004 25, 1084-1100. .
(60) Abbreviations: 8-Ala, 3-amino-propanoic acigi-homoglycine -HGly; When comparing tubular systems composed of four, three,

f3-Abu, 3-amino-butanoic acigi-homoalanine, (9-5-(HAla); PNA, peptide or two B-strands and having the same type of hydrogen bonding
nucleic acid;trans-2-ACHC, trans-2-aminocyclohexane carboxylic acid; . . ; . e
trans-cissACPC, trans-cis-aminocyclopentane carboxylic acid; Pro-  pattern (e.g.{i — (i + 3)}) interconnecting the “first” and the

DADME, prolyl-[1,2-diamino-1,1-dimethyl ethane]; DZP, douljebasis « ” e i : :
plus polarization functions; TZP, triple-basis plus polarization functions; Ias_t strgnds, the Iarge Stablllty difference per amino acid
U4 = Soy = g+[ala conformer. residue is remarkable for the four- and the three-stranded
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tubes: AEzey), (14,9, = —4.0 kcal molt, AEzey),—~13.9,~ —2.7 the calculation ofAG. Consequently, the relative energies are
kcal mol, andAE (zs,), -(12,5.= —0.4 kcal mot?, respectively, anticipated to illustrate the energetic background of the self-
at the mVII level of theory. Stability differences correlate with assembled tubular structures in the thermodynamic sense fairly
the total number of hydrogen bonds present in the assembly ofwell.

superstructures (18, 13, and 8, respectively). Stability also  Such a conclusion may be accepted until it becomes feasible
increases with the widening of the tubular system, which brings to reliably compute entropy contributions for relatively large
the hydrogen bond parameters closer to their ideal values. Fornanostructures.

example, the average-©H distances of the narrower {Ts)a Applicability as Nanotubes. In contrast to earlier peptide

is reduced from 2.06 A to 2.00 A in the wider¥Tz)a. In the nanotubes that have cyclic peptides as building bl3®&these
widest (T%+3)4 structure, the average hydrogen bond distance tupes are formed from noncyclic, i.e., linear strands. Neverthe-
is even shorter at 1.95 A (Table 2). Thus, shortening hydrogen jess; to form multipurpose and useful nanotubes, these structures
bonds are associated with an increase in stability. The samemyst meet criteria in addition to energetic preference. One might
observation holds for tubular systems equipped Witk (i + be the interior diameter of the tube, which would need to be
2)}-type hydrogen bonds connecting the “first” and the “last” |arge enough to incorporate smaller molecules, atoms, or ions.
strands. In conclusion, widening the tubular systems simulta- The approximate interior diameters of the 2d and 3d tubes are
neously increases the number of hydrogen bonds and improves.4 A and~5 A, respectively, which were found to be too tight
the structural parameters of the monomeric units (i.e., the for small molecules to pass through. In the case of 4d, the tube

backbone torsional angles of the monomeric units in the tubular has a~6 A diameter, which is large enough for a small molecule
structures are less shifted from the idegy,$alues than those  |ike water to be coordinated through (Chart 2A).

of the constrained reference structures), which has the overall 14 fuifill a variety of purposes, the feasibility of different

effect of increasing the stability of the molecular complex. I gige chains could be assessed. As a preliminary study, the four-
addressing the question of structure and stability, it should be ¢tranded (F43)s structure of [CHCO—(B-Abu),—NHCH]s
pointed out the large values of stabilization mentioned above \\hich has methyl side chains on egi®atom with arSabsqut,e

(—63.6 kcal mof* or —32.3 kcal mot*, Table 3) are not that  ¢onfiguration (Chart 2B), was optimized at the ml level of
excessive when divided by the number of peptide units (see \heqry. According to this structure, all the methyl groups are

AEmvi/unit, Table 3) or the number of hydrogen bonds involved ¢4 atorial and pointing outward from the surface of the tube.
(seeAEmvi’hydrogen bond, Table 3). These two values were This feature shows that, even for a smaller model, the outer

found to be—4.0 kcal moi* and—3.5 kcal mof™, respectively,  gide chains do not have a significant structure modifying effect

for AEmvi= —63.6 kcal mof™. _ on these tubular structures. Note that the procl8raydrogen
Based on the tendency observed in the case of three- andyoms of all thes?-atoms point toward the inside center of the

four-stranded systems we are quite sure that five- and six- y,pe \which could, among other roles, coordinate small reactants.

stranded systems are also stable, or perhaps even more Stablﬂevertheless, the6 A diameter of the (%:3)4 is too small to
than the four-stranded ones. This prediction is even more likely apply inner side chains.

if one considers that more shifted hydrogen bond patterns (i.e

. . . Although the four-stranded tube has an acceptable interior
i + 4 ori + 5) could also appear, which could further relax a 9 P

ltiole stranded ; N thel the stability of th diameter for small molecules to penetrate, their behavior in
muftiple stranded system. Nevertheless the stability o esesolvent(s) needs to be explored. Solvation properties are mostly

Iargg fissemblies depends on many parameters; thus their relaﬁvﬁependent on the type of side chains used. However, applying
stability compared to the three- or four-stranded systems is different solvation models, testing different side chains, and

unpre_d|ct_able at the present tlme._ Unfo_rtun_ate!y, geometry investigating the dynamic properties of these tubular systems
optimization of 25-30 or moref-amino acids in five to six are beyond the scope of the present study

different molecules at the B3LYP/6-31G(d) level of theory
would require an insurmountable amount of CPU time and Conclusions

possibly would not really provide new concepts. ) ] )
Note that although these tubular structureggfeptides are To characterize the sheet assembly propertigspéptides,

quite similar to-barrels observed in natural proteiisi4 only structural investigations of a set of mogikepeptides [CHCO—

two f-peptides are already enough to form a tubular structure, (3-Al2)k—NH=CHg]; (2 < k = 4, 1 < | < 4) were performed
and four strands form quite stable tubes, whepasrrels are at different levels of theory (Figure 2, STable 2). It was found
usually formed from at least 1@u-peptide strands. This that sheets gf-peptides have fundamentally different behaviors

phenomenon is apparently due to the local conformational When compared ta-peptides (Figure 3). In contrast to the

flexibility of the S-peptides. parallel/a’-sheet structure _odi-peptides adopting an extended-
Finally, the entropy of folding needs to be considered. For llké backbone conformation, two-, three-, and four-stranded
example, the following has been computed previoushgfer p-peptide models fold into several types of tubular structures
aa (U4 = Sey) at the B3LYP/6-313+G(d,p) level of theory (Flgur_es 3, 4 and C_Zhart 1)_. In this study, four types of structures
for conformational folding® were investigated in detail: [Ty, (Th+2k (T+3)k and (R)k
(2 = k=4,2=<1 = 4), where the last is used as a reference
AG = AH — TAS= —2.07— 0.64= —2.71 kcal mol* structure. (T+2k (Th+2k and (Ti+a)k are tubular structures,
wherei + x refers to the hydrogen bonding pattern between
Clearly, the entropy change in terms BAS is significant, the first and the last strand. Each structure has similar backbone

but AH still dominatesAG. It is therefore reasonable to assume torsional angles:¢ =[g~], u =[a], ¥ =[a] (STable 2). The
that the—63.6 kcal mol! value generated above would need energetic distribution of these tubular structures shows that they
to be coupled with a considerably smallBAS value within are preferred over the opened classical pleated sheet structures
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(R")k (Tables 2 and 3). Of all investigated structures, the four-  In summary, based on reliable intermediate level theoretical
stranded (%i+3)4 is the most stable, with a relative energy of calculations (B3LYP/6-31G(d), B3LYP/6-33H-G(d,p)//B3LYP/
—46.1 kcal mof! compared to (R4 A graphical illustration 6-31G(d)), the existence of supersecondary sheet structures of
of the relative stabilities as functions of increasik@ndl is B-peptides (or nano-structures) was outlined. Although there are
shown in Figure 5. experimental evidences supporting the notion that such nano-

To describe potential applications of these nanotubes with tubes can be formed froffi-peptides, the present theoretical
other special characteristics, further studies are needed. Thestudy demonstrates their intrinsic stability. With the careful
interior diameter of the four-stranded %({3)4 structure is selection of side chains and molecular environments, unique
approximately 6 A, which is large enough to coordinate water systems could be engineered in the future. Tifegeptide tubes
molecules through (Chart 2A). Thus, to determine the stability could then have diverse applications, since the orientation of
as a function of the number of strands and to increase the interiorthe side chains is suitable to design various environments for
diameter, five- and six-stranded tubes should be optimized asthe inner and outer surfaces. Future studies to characterize
well; nevertheless current computational methods are not nanotubes equipped with different side chains are required,
sophisticated enough to carry out such computations practically which will create models for forthcoming experimental studies.
in a considerable amount of time. According to preliminary It is hoped that the present paper will stimulate experimental
studies on the {.-3)4 structure, the orientation of the side chains research in the field of nanostructure technology involving
appears ideal, since ti#8(S) side chains point toward the outer S-peptides.
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axis of the tube (Chart 2B). Thus, although the investigated from the Hungarian Scientific Research Foundation (OTKA
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the tube.

Formed from single-stranded peptides, these nanotubes a
unique, since previous peptide nanotubes were assembled fro
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