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Abstract: Extensive conformational analysis of a series ofb-alkyl substituted cyclopeptides—
cyclo(Pro1–Xaa2–Nle3–Ala4–Nle5–Pro6–Xaa7–Nle8–Ala9–Nle10) and cyclo[Pro1–Xaa2–Nle3–(Cys4–
Nle5–Pro6–Xaa7–Nle8–Cys9)–Nle10] as well as their corresponding unsubstituted core structures
cyclo(Pro1–Xaa2–Ala3–Ala4–Ala5–Pro6–Xaa7–Ala8–Ala9–Ala10) and cyclo(Pro1–Xaa2–Ala3–Cys4–
Ala5–Pro6–Xaa7–Ala8–Cys9–Ala10) has been performed employing both the ECEPP/2 and the MAB
force fields (Xaa5 Gly, L-Ala, D-Ala, Aib, and D-Pro). Results show that (a) possible three-
dimensional structures of thecyclo(Pro1–Gly2–Lys3–Ala4–Lys5–Pro6–Gly7–Lys8–Ala9–Lys10) mol-
ecule are not limited to a single extended “rectangular” conformation with all Lys side chains
oriented at the same side of the molecule; (b) conformational equilibrium in monocyclic analogues
obtained by replacements of conformationally flexible Gly residues forL-Ala, D-Ala, Aib, or D-Pro
is not significantly shifted towards the target “rectangular” conformational type; and (c) introduc-
tion of disulfide bridges between positions 4 and 9 is a very powerful way to stabilize the target
conformations in the resulting bicyclic molecules. These findings form the basis for further design
of rigidified regioselectively addressable functionalized templates with many application areas
ranging from biostructural to diagnostic purposes.© 1999 John Wiley & Sons, Inc. Biopoly 50:
361–372, 1999

Keywords: conformational analysis; molecular modeling; cyclopeptides; templates

INTRODUCTION

Protein design aims to mimic some of the structural
and functional properties of native proteins.1–4 The
complexity of the folding mechanism, i.e., the path-
way by which a linear polypeptide chain finds its

unique three-dimensional (3D) structure, represents
one of the most intriguing hurdles in this rapidly
growing field. In order to bypass this well-known
protein-folding problem,5 some years ago we pro-
posed the construction of non-native chain architec-
tures with a high propensity for folding.6,7 According
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to this concept, termed TASP (template-assembled
synthetic proteins), topological templates8,9 are used
as a built-in device for directing covalently attached
peptide blocks to a predetermined packing arrange-
ment, resulting in branched chain architectures.

The use of templates to direct organic synthesis has
a long-standing history. More recently, topological
templates have become a versatile tool in peptide
mimicry, and their full potential is only now about to
be recognized.10 In view of the expanding areas of
applications and functions, topological templates may
be generally characterized as synthetic devices, that
orient functional groups or structural units in well-
defined spatial arrangements. Typically, template
molecules represent structural motifs such as con-
strained peptides, cyclodextrines, or polycyclic sys-
tems disposing selectively addressable functional
groups. The use of templates exhibiting a predeter-
mined backbone conformation as host for the selec-
tive attachment of functional sites (e.g., amino acid
side chains or peptides) represents a conceptually new
approach in molecular recognition studies and pep-
tides mimicry. These topological templates disposing
functional groups in spatially defined positions for
interaction with an acceptor molecule are ideal can-
didates to mimic bioactive conformations for peptide
ligands or protein surfaces, e.g., discontinuous
epitopes, binding, and catalytic sites. A number of
most encouraging applications of this concept have
been reported recently.11–15

As template molecules, constrained cyclic peptides
or stabilized secondary structure elements such as
helices, sheets, loops, or turns proved to be versatile
structural motifs for disposing selectively addressable
groups. Alternative motifs such as cyclodextrins, gly-
cosidic moieties, or polycyclic systems might also be
feasible templates for specific applications.

In case of small peptide molecules, most experi-
mental approaches such as CD, ir, nmr, and electron
spin resonance deliver the values of measured struc-
tural parameters for an average conformation in solu-
tion, and it is a separate and nontrivial task to extract
information relevant to any particular 3D structure
(see, e.g., Ref. 16). The same conformational averag-
ing may prevent crystallization, and consequently,
obtaining x-ray data. Molecular modeling, on the
other hand, can provide detailed information on each
of the low-energy conformers of the molecule. How-
ever, this information will critically depend on many
factors, e.g., the force field that has been used and the
calculation protocols involved (see, e.g., Ref. 17).
Accordingly, results of molecular modeling should be
carefully validated for consistency with the available
experimental data. At the same time, molecular mod-

eling has a very important advantage from the design
point of view, since it allows to predict possible 3D
structures for various molecules before actual chem-
ical synthesis of individual compounds.

So far, experimental studies of 3D structures of
template and TASP molecules have been limited to
nmr and CD measurements for several cyclic template
peptides (RAFT, the regioselectively addressable
functionalized templates, cf. Figure 1) and were un-
dertaken to answer questions raised by molecular
dynamics studies performed without experimental re-
strictions.18 RAFT molecules, which have been spec-
troscopically investigated, consisted primarily of the
cyclo(Pro1–Gly2–Lys3–Ala4–Lys5–Pro6–Gly7–Lys8–
Ala9–Lys10) decapeptides with various substituents at
the«-amino groups of the lysine residues.8 One could
expect significant conformational flexibility for the
cyclodecapeptides, since even much more constrained
cyclopentapeptides reveal conformational averaging
in solution.19 However, as a result of molecular dy-
namics (MD) simulations restrained by multiple in-
terproton distances measured by nmr in DMSO and
applied to a single conformation, only one “rectangu-
lar” 3D conformational type of the RAFT backbone
has been suggested.8 That structure consisted of two
antiparallel b-strands connected bybII-type turns
spanned by the Pro–Gly dipeptide unit.8 In this struc-
ture, the possible attachment positions for peptide
fragments to form a TASP, i.e., the side chains of all
lysine residues, are directed toward the same side of a
best plane defined by the RAFT peptide backbone.

This study presents results of molecular modeling
applied to investigate possible 3D structures of the
cyclo(Pro1–Gly2–Lys3–Ala4–Lys5–Pro6–Gly7–Lys8–
Ala9–Lys10) RAFT molecule and to design a variety
of analogues to stabilize the desired “rectangular”
conformation with twob-turns centered at the Pro–

FIGURE 1 Cyclodecapeptides presently studied as the
RAFT class of molecules.
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Gly fragments, and with the spatial arrangement of all
Lys side chains at the same side of the RAFT back-
bone plane. The results of molecular modeling are
screened against nmr data obtained previously.8

METHODS: FORCE FIELDS AND
CALCULATION PROTOCOLS

MAB Force Field Studies

Preliminary molecular modeling studies presented in this
work have been performed using the MAB force field
developed for a broad variety of compounds important for
medicinal chemistry.20,21 In a typical run, 10,000 confor-
mations of the cyclo(Pro1–Gly2–Ala3–Ala4–Ala5–Pro6–
Gly7–Ala8–Ala9–Ala10) molecule have been generated by a
stochastic random generation algorithm. Energy calcula-
tions for these conformations have been performed within
the MAB force field. In a typical run, 56 different confor-
mations have been selected according to the following cri-
teria: (a) all of them possess relative energies,E 2 Emin

# 10 kcal/mol; (b) each of them is different from all others
by its energy differenceDE # 0.1 kcal/mol, by its devia-
tion in all heavy atom torsional angles, RMSA# 6°; and by
its deviation in all heavy atom interatomic distances, RMSD
# 0.1 Å. These 56 conformers form a conformational
library ranging by 3D shapes from an extended conformer
to a concavely folded one (see Figure 3 below). Second,
disulfide bridges were introduced in the two selected limit-
ing structures, the conformations minimized in the force
field and their resulting energies compared. The limiting
conformations were confirmed to occur in a library gener-
ated as described above for [Pro1–Gly2–Ala3–(Cys4–Ala5–
Pro6–Gly7–Ala8–Cys9)–Ala10] with the extended and
folded conformations as starting geometries.

ECEPP/2 Force Field Studies

More extensive studies have been performed employing the
well-established ECEPP/2 force field developed specifically
for peptides and proteins.22,23 Methods for conformational
search and energy calculations were the same as have been
validated previously for a variety of peptides.17 Dihedral
angles were the only variables in the process of energy
minimization, since a rigid valence geometry with planar
trans peptide bonds was assumed. Bothtrans andcis pep-
tide bonds were examined for the Pro1,6 residues; in these
cases thev-angles also were allowed to rotate. However,
only the trans peptide bond configuration has been consid-
ered for theD-Pro2,7 residues within the corresponding
analogues, which is in accordance with previous energy
calculations for the Pro–D-Pro fragment (Ref. 24; Nikifo-
rovich, unpublished). The valence geometry of the Aib
residue was derived from the corresponding crystal data25;
partial atomic charges were calculated by the use of the
SYBYL program (the Gasteiger–Hu¨ckel method). Aliphatic
and aromatic hydrogens were generally included in united

atomic centers of the CHn type; Ha-atoms and amide hy-
drogens were described explicitly. The value of a macro-
scopic dielectric constant« was assumed to be 2.0, which is
a standard value for the ECEPP force field. However, some
calculations with« 5 45 have been performed to mimic the
DMSO environment (see below).

The first step of a calculation protocol in the ECEPP
force field consisted of energy calculations for the repeating
sequence Ac–Ala–Ala–Pro–Gly–Ala–NMe representing the
half of backbone for the entire RAFT molecule. All possible
combinations of local energetic minima ofE, F, C, A, and
A* types (according to the commonly accepted notation26)
for the peptide backbone of each amino acid residue with
the L-configuration were considered at this step. For the
L-Pro residues, minima ofF, C, and A types have been
considered, as well as minima ofE, F, C, A, A*, C*, F*,
and E* types have been considered for the Gly residues.
The total number of all low-energy conformers (i.e., those
satisfying an energy criterion ofDE 5 E 2 Emin 5 DE
# 10 kcal/mol) for the Ac–Ala–Ala–Pro–Gly–Ala–NMe
fragment was 1123.

Several filters have subsequently been used to lower the
number of conformers for the entire RAFT molecule to be
considered at further steps. For instance, it was reasonable
to assume that the Ala–Ala–Pro–Gly–Ala pentapeptide be-
ing included into a cyclodecapeptide structure will possess
only conformers with the distance limitation of 5.0 Å
# Ca(1)—Ca(5) # 12.0 Å. The total number of such low-
energy conformers was 899, which would give 8993 899
5 808,201 possibilities for the entire RAFT molecule.
However, if the same distance limitation as above is applied
for every Ca(i )—Ca(i14) distance, 6615 possible conform-
ers of the backbone for the entire RAFT molecule are
obtained. Each of these conformers has been subjected to
energy calculations independently for the five molecules
representing the peptide backbones of the corresponding
RAFT analogues. The molecules in question have been as
follows:

cyclo(Pro1–Gly2–Ala3–Ala4–Ala5–Pro–Gly7–Ala8–
Ala9–Ala10), moleculei;

cyclo(Pro1–Ala2–Ala3–Ala4–Ala5–Pro6–Ala7–Ala8–
Ala9–Ala10), moleculeii ;

cyclo(Pro1–D-Ala2–Ala3–Ala4–Ala5–Pro6–D-Ala7–
Ala8–Ala9–Ala10), moleculeiii ;

cyclo(Pro1–Aib2–Ala3–Ala4–Ala5–Pro6–Aib7–Ala8–
Ala9–Ala10), moleculeiv;

cyclo(Pro1–D-Pro2–Ala3–Ala4–Ala5–Pro6–D-Pro7–Ala8–
Ala9–Ala10), moleculev.

Energy minimization revealed 391 low-energy conform-
ers (the same energy criterion ofDE 5 10 kcal/mol) for
moleculei, 205 for moleculeii , 225 for moleculeiii , 146 for
moleculeiv, and 102 for moleculev. For every molecule,
each of these conformers differs from others by more than
40° in at least one value of any backbone dihedral angle. At
the next step, the Nle residues have been added to the RAFT
molecules representing the charged lysine residues. Omis-
sion of terminal«-amino groups allowed to exclude from
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conformational energy any unnecessary additional electro-
static interactions that can perturb 3D structures of actually
obtained RAFTs where the«-amino groups of lysins are
substituted. The dihedral angle values of the Nle side chains
have been optimized before final energy minimization to
achieve their most favorable spatial arrangements employ-
ing the algorithm described earlier.27

Subsequently, energy calculations have been performed
starting from the low-energy backbone conformers found
previously for the following molecules:

cyclo(Pro1–Gly2–Nle3–Ala4–Nle5–Pro6–Gly7–Nle8–
Ala9–Nle10), moleculeI ;

cyclo(Pro1–Ala2–Nle3–Ala4–Nle5–Pro6–Ala7–Nle8–
Ala9–Nle10), moleculeII ;

cyclo(Pro1–D-Ala2–Nle3–Ala4–Nle5–Pro6–D-Ala7–
Nle8–Ala9–Nle10), moleculeIII ;

cyclo(Pro1–Aib2–Nle3–Ala4–Nle5–Pro6–Aib7–Nle8–
Ala9–Nle10), moleculeIV ;

cyclo(Pro1–D-Pro2–Nle3–Ala4–Nle5–Pro6–D-Pro7–Nle8–
Ala9–Nle10), moleculeV.

At this step, energy minimization yielded 174 different
low-energy conformers (the same energy criterion) for mol-
ecule I , 89 for moleculeII , 94 for moleculeIII , 72 for
molecule IV , and 47 for moleculeV. These conformers
were regarded as final results, and were used for further
analysis of 3D shapes of the RAFT molecules.

The above obtained low-energy backbone conformers
were further used as starting points for energy calculations
of the bicyclic molecules of the following types:

bicyclo[Pro1–Gly2–Nle3–(Cys4–Nle5–Pro6–Gly7–Nle8–
Cys9)–Nle10], moleculeIs;

bicyclo[Pro1–Ala2–Nle3–(Cys4–Nle5–Pro6–Ala7–Nle8–
Cys9)–Nle10], moleculeIIs ;

bicyclo[Pro1–D-Ala2–Nle3–(Cys4–Nle5–Pro6–D-Ala7–
Nle8–Cys9)–Nle10], moleculeIIIs ;

bicyclo[Pro1–Aib2–Nle3–(Cys4–Nle5–Pro6–Aib7–Nle8–
Cys9)–Nle10], moleculeIVs;

bicyclo[Pro1–D-Pro2–Nle3-(Cys4–Nle5–Pro6–D-Pro7–
Nle8–Cys9)–Nle10], moleculeVs.

The dihedral angle values of the Cys side chains (as well
as the Nle’s side chains) were optimized before final energy
minimization to achieve their most favorable spatial ar-
rangements employing the algorithm described earlier.27

Finally, energy calculations have revealed significantly re-
duced conformational possibilities for the bicycles com-
pared to the monocyclic RAFT molecules. Namely, there
have been found 8 low-energy conformers (the same energy
criterion) for moleculeIs, 1 for moleculeIIs , 4 for molecule
IIIs , 3 for moleculeIVs, and 14 for moleculeVs.

RESULTS AND DISCUSSION

RAFT Low-Energy Conformations
in DMSO
As was mentioned above, results of molecular modeling
need to be confronted with available experimental data.

The available data for thecyclo(Pro1-Gly2–Lys3–Ala4–
Lys5–Pro6–Gly7–Lys8–Ala9–Lys10) RAFT molecule in-
clude nmr measurements in DMSO.8 Since the most
rigorous and reliable data obtainable by nmr spectros-
copy are interproton distances deduced from the nuclear
Overhauser effect (NOE) measurements,28we have cho-
sen for comparison with calculated 3D structures the 28
different interproton distances betweena-protons,
amide-protons, andd-protons of Pro residues deduced
from NOEs measured in DMSO (Table IV in Ref. 8).
The distances are listed in the last column of Table I.

Experimental interproton distances listed in Table I
cannot be consistently satisfied by one single confor-
mation. For instance, Ref. 8 lists three interdependent
distances, namelyaHAla4/9—NHAla4/9 5 2.89/2.89 Å;
aHAla4/9—NHLys5/10 5 2.23/2.38 Å; and NHAla4/9—
NHLys5/105 2.17/2.47 Å. If the first two distances are
valid, the values of backbone dihedral angles for
Ala4/9 should be ca.f 5 2120°, c 5 120°. In this
case, the third distance is over 4.0 Å (see Figure 2),
which would produce a much less intense NOE than
observed and calibrated to an interproton distance of
2.2–2.5 Å. Otherwise, significant distortions of the
valence geometry of the Ala4/9 residues are required,
which does not seem likely in a relatively noncon-
strained cyclic decapeptide.

The above considerations question a single 3D
structure of RAFT satisfying all measured nmr pa-
rameters, as has been proposed earlier.8 Indeed, the
restrained MD simulations that have been applied to
the RAFT molecule have employed the consistent
valence force field (CVFF) known to tolerate signif-
icant distortions of valence angles.29 Most impor-
tantly, the NHLys3/5—OLys10/8 and NLys3/5—OLys10/8

distances characteristic for transannular hydrogen
bonds of the Lys3/8NH . . . OCLys10/5 and Lys5/10

NH . . . OCLys8/3 types have also been included in the
previous MD simulations as restrictions (Ref. 8, Table
IV), despite these distances cannot be reliably deter-
mined by nmr measurements. The latter are in fact
only indirectly determined and inferred from temper-
ature-dependent shift gradients in the nmr spectrum,
an effect that goes back to an observation exploited at
pioneering times of nmr spectroscopy.30,31 It is legit-
imate to conclude, then, that the single RAFT con-
former deduced earlier may present a too simplified
view on a much more complex conformational equi-
librium existing in DMSO solution.

The preliminary studies performed with the MAB
force field offered extreme boundaries for a confor-
mational equilibrium that may be more likely to occur
than one single conformer. The calculations that sam-
pled space without any a priori constraints other than
the initial cis/trans and chiral constraints yielded a
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conformational library ranging from the “extended”
conformer to the “folded” one (Figure 3). In the
presently applied force field, the extended conformer,
which corresponds to the target RAFT structure, pos-

sesses a conformational energy which is more than 8
kcal/mole higher than the energy of the concavely
folded conformer; this is in contrast to the CVFF and
the ECEPP force fields, which locate the extended
conformer below the folded one.18 In the latter, the
bII-type turn geometry of the Pro–Gly turn is fully
conserved, with a tendency to bifurcated hydrogen
bonding to the proline CO group in the cavity. It
should be noted that both conformers have the hydro-
gens along the three central NHOCaH bonds ori-
ented antiperiplanar and are therefore consistent with
dihedral angle constraints derived from an intrare-
sidual coupling constant3JaNH . 8 Hz (cf., e.g., Ref.
28, p. 167). In the folded low-energy conformation,
all of the hydrogen bonds point to the interior of the
molecule, and therefore a correspondingly strong
shielding can easily be accounted for.

Table I Experimentally Measured Interproton Distances Compared to Their Values in Two Limiting Conformers
Obtained by MAB Force Field, and to Upper and Lower Limits Calculated for 136 Low-Energy Conformers
Obtained by ECEPP Force Field (Å)

Distance

MAB
ECEPP/2 Calculated

Values NMR
Measured
Values8Extended Folded Lower Upper

Pro1Hdpro-R—Lys10Ha 2.03 2.31 2.02 2.42 2.23
Pro1Hdpro-S—Lys10Ha 2.85 2.47 2.31 2.79 2.29
Gly2Hapro-R—Gly2NH 2.67 2.51 2.35 2.90 2.22
Gly2Hapro-S—Gly2NH 3.07 3.08 2.34 2.92 2.80
Gly2Hapro-R—Lys3NH 3.59 3.44 2.82 3.64 2.88
Gly2Hapro-S—Lys3NH 3.01 3.36 2.60 3.49 2.81
Gly2NH—Lys3NH 2.33 2.23 2.28 3.92 2.73
Pro1Ha—Gly2NH 2.16 2.22 2.22 3.37 2.33
Lys3Ha—Lys3NH 3.01 3.08 2.43 2.98 2.89
Ala4Ha—Lys5NH 2.24 3.70 2.33 3.34 2.23
Ala4Ha—Ala4NH 3.08 3.06 2.33 2.96 2.89
Lys3Ha—Ala4NH 2.29 3.66 2.41 3.50 2.07
Ala4NH—Lys5NH 4.14 2.25 2.37 3.95 2.17
Lys5Ha—Lys5NH 3.07 3.07 2.60 3.03 2.89
Pro6Hdpro-R—Lys5Ha 2.03 2.37 1.94 2.57 2.23
Pro6Hdpro-S—Lys5Ha 2.85 3.04 2.19 2.85 2.29
Gly7Hapro-R—Gly7NH 2.67 2.51 2.37 2.91 2.22
Gly7Hapro-S—Gly7NH 3.07 3.08 2.38 2.93 2.82
Gly7Hapro-R—Lys8NH 3.59 3.44 2.84 3.70 2.88
Gly7Hapro-S—Lys8NH 3.01 3.36 2.53 3.42 2.81
Gly7NH—Lys8NH 2.33 2.23 2.26 3.82 2.82
Pro6Ha—Gly7NH 2.16 2.22 2.17 3.32 2.30
Lys8Ha—Lys8NH 3.01 3.08 2.65 2.98 2.89
Ala9Ha—Lys10NH 2.24 3.70 2.24 3.17 2.38
Ala9Ha—Ala9NH 3.08 3.06 2.43 2.99 2.89
Lys8Ha—Ala9NH 2.29 3.66 2.27 3.41 2.24
Ala9NH—Lys10NH 4.14 2.25 2.60 4.20 2.47
Lys10Ha—Lys10NH 3.07 3.07 2.55 3.03 2.89

FIGURE 2 Interproton distances corresponding tof
5 2120°, c 5 120° with standard valence geometry.
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These two conformers are the “limiting” ones in
the obtained conformational library, and neither of
them satisfies all experimental distances to the degree
of a well-balanced calibration (see the second and
third column of Table I). It is evident from the com-
parison of the distances in the limiting structures, that
the folded conformer relieves a distance violation
above 4 Å (NHAla4/9—NHLys5/10; cf. Table I) occur-
ring in the extended conformer in favor of two dis-
tancesaHAla4/9—NHLys5/10 and aHlys3/8—NHAla4/9

below 4 Å in the folded one, and therefore agrees
slightly better with the particular experimental values
(see entries printed bold in Table I). Since this con-
formational averaging leaves thew-angle unchanged
as pointed out above (3JaNH), we may term it “c-
rocking” (cf. Figure 4).

This oscillation can occur over a considerable
range of c values, covering a vertical sector (w
5 2120 6 30°; u 5 2180° 6 30°, cf. Ref. 28, p.
167) within the Ramachandran map over the regions
denoted asbE andaR

32 with c-angles from1120° to
260°, respectively. Thereby in the present case the
measuredaHAla4/9—NHLys5/10 distances (2.23/2.38
Å) conform with the extendedb-region, whereas the

measured NHAla4/9—NHLys5/10 distances (2.17/2.47
Å) conform with thea-region. However, thec-rock-
ing cannot account for experimental values of all three
distances in question simultaneously, namelyaHAla4/

9—NHAla4/9 5 2.89/2.89 Å; aHAla4/9—NHLys5/10

5 2.23/2.38 Å; and NHAla4/9—NHLys5/105 2.17/2.47
Å in one single conformer.

To compare calculations employing the ECEPP
force field with nmr data, we have performed the
additional energy calculations for thecyclo(Pro1–
Gly2–Lys3–Ala4–Lys5–Pro6–Gly7–Lys8–Ala9–Lys10)
RAFT molecule with« 5 45 mimicking to some
extent DMSO environment. These calculations have
employed 391 low-energy backbone conformers as
starting points, and have yielded 136 low-energy con-
formers (DE 5 10 kcal/mol) for the RAFT molecule
to be compared with experimental data. Again, none
of these conformers alone satisfies all of the experi-
mental interproton distances listed in the last column
of Table I.

Conformational averaging can be treated in a sta-
tistical way by the approach developed by us previ-
ously.16,33 It suggests that experimentally measured
and calculated conformational parameters are in good
agreement when their mean values are statistically
indistinguishable. In other words, for each conforma-
tional parameterA, the following condition between
the experimental valuêAexp& and the weighted sum
of calculated valueŝAcalc& should be satisfied:

u¥
i51

N

wi^A
calc& ik 2 ^Aexp&ku

¥
i51

N ~wiDik
calc!2 1 ~Dk

exp!2] 1/2
, t k

Here i andk are indexes related to the number of
low-energy conformers (N) and to the number of

FIGURE 4 Oscillation around the anglec (“c-rocking”)
generates limiting local peptide backbone conformations
conserving thef-angle value.

FIGURE 3 Rectangular “extended” conformer of the
template core (top) together with a concavely “folded”
low-energy conformer (bottom).
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measured parameters (M), respectively, whereast is
the Student’s coefficient at the chosen confidence
level; the wi are statistical weights of low-energy
conformers; and theD are standard deviations of
mean values for the calculated and experimentally
measured parameters. Estimation of statistical weight
valueswi can be performed by random generation of
the K N-dimensional {wi} points, each point satisfy-
ing all M above inequalities as well as conditions of
wi 5 0, and¥ i

N wi 5 1. Each point of the ensemble
represents the possible statistical weights for allN
conformers compatible with the available experimen-
tal data. Averaging over the ensemble would produce
the mean valueŝwi& and their standard deviations
SDi for the statistical weights estimated for each of
the low-energy conformers, as well as their upper and
lower limits wi

up andwi
low.

The above approach is not limited by a number of
low-energy conformers, and, generally speaking, it
might be applied to our case withN 5 136 andM 5 28,
as well. However, it should be expected that the values
of statistical weights spread over 136 conformers would
be rather low, hardly reaching 0.01. On the other side,
the reliability of estimates for thêwi& values would
require an enormous number of randomly generated
{wi} points (e.g., forN 5 14, K has been well over
500,000, Ref. 16). It is noteworthy also that an accuracy
of our energy estimations is limited by neglecting effects
of solvation. For these reasons, it seems reasonable to
assume, as a first approximation, that all 136 conformers
would have the same mean statistical weight values in
DMSO. Table I lists the upper and lower limits (^A&
6 SD) for each of the 28 experimentally measured
interproton distances averaged over all 136 conformers
(the fourth and fifth columns, respectively). Only in 8
cases out of 28, the experimental values are out of this
range for calculated distances. The maximal deviation
out of this range is 0.34 Å (for the NHAla4—aHLys3

distance), and the average deviation over 8 distances is
0.14 Å, which is well inside the errors of both measure-
ments and calculations. Therefore, it can be stated that
averaging over all 136 low-energy RAFT conformers
obtained by energy calculations easily reproduce avail-
able experimental data even in the simplest assumption
that their statistical weight values are equal. In turn, that
validates the employed methods and protocols of energy
calculations.

RAFT Low-Energy Conformations and
Design of Rigidified RAFT Molecules

The “target” 3D structure for the particular type of the
cyclo(Pro1–Gly2–Lys3–Ala4–Lys5–Pro6–Gly7–Lys8–
Ala9–Lys10) RAFT molecule is the extended “rectan-

gular” conformation with twob-turns centered at the
Pro–Gly fragments, and with the spatial arrangement
of all Lys side chains “at the same side” of the RAFT
backbone plane normal to the attachment vectors.
Energy calculations employing the standard ECEPP/2
force field (i.e., with « 5 2.0) revealed that this
molecule is of significant conformational flexibility
possessing 174 different low-energy conformers of
the backbone. Of course, not all of them correspond to
the target 3D structure. Conformers similar to the 3D
structure in question can be selected according to the
obvious geometrical limitations. First, both suggested
b-turns should satisfy definitions of theb-turn, i.e.,
distances C10

a —C3
a and C5

a—C8
a should be less than 7

Å.33 The same limitation could be required for the
C4

a—C9
a distance, which would ensure theb-sheet-

like structure of the cyclodecapeptide. At the same
time, amino acid residues constituting the opposite
b-turns should be rather far from each other, which
suggests the following limitations: C1

a—C7
a, C1

a—C6
a,

C2
a—C6

a and C2
a—C7

a . 12 Å. As to the spatial ar-
rangement of all Lys (Nle) side chains “at the same
side” of the backbone plane, it can be verified by
fulfillment of requirement that the absolute value of
angles between vectors Ci

a—Cj
« for all Lys’s (Nle’s)

is less than 60° (i Þ j 5 3, 5, 8, and 10).
The above limitations have been applied to the 174

low-energy RAFT conformers. It appeared that 28 of
them are compatible to the limitations, and therefore,
can be regarded as similar to the target 3D structure.
It consists about 16% of all low-energy structures. All
selected conformers contain onlytrans peptide bond
for both Pro residues. Also, in all cases, the Nle5/10

residues preceding prolines possess the negativef
and positivec values. The positivec values are
characteristic also for both Ala4/9 residues; however,
the f values for them can be either positive or nega-
tive. The 28 conformers represent various types of the
Pro–Glyb-turns. The most populated one is the type
resembling thebII-turn (see conformera in Table II),
or that almost exactly reproducing thebII-turn (see
conformerb in Table II). In combinations, both these
turn types produce symmetrical 3D structures with
intrabackbone hydrogen bonds either of the Gly2/
Ala4NH . . . OCNle10 and Gly7/Ala9NH . . . OCNle8

types (conformera in Figure 5), or of the Nle3/8

NH . . .OCNle10/5 and Nle10/5NH . . .OCNle3/8 types
(conformerb in Figure 5). Less populated are the turn
types similar to thebIII-turn (the Pro1–Gly2 sequence
in conformerc, Table II), or thebI-turn (the Pro6–
Gly7 sequence in conformerc, Table II). These turns
do not form symmetrical 3D structures; their combi-
nation is depicted in Figure 5 (conformerc) as an
example. Note that conformerc, not being symmetri-
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cal, still satisfies the main requirements for the target
RAFT structure, since all Nle side chains are located
at the same side of the slightly twisted “rectangular”
backbone plane.

Obvious goals for the design of the rigidified
RAFT analogues would be to stabilize the target 3D
structure described above, i.e., to increase the percent-
age of the conformers similar to the target one among
the entire variety of low-energy conformers for a
given RAFT analogue. In this respect, one can con-
sider several possibilities. First, since the side chains
of the Ala4/9 residues are close in the target confor-
mation and are directed to the backbone plane side
opposite to that featuring the functionally important
Lys (Nle) side chains, the corresponding positions
could be connected by a valence link, e.g., by substi-
tuting the Ala residues for Cys’s, which will create a
bicyclic molecule. Second, the conformationally flex-
ible Gly2/7 residues which are involved inb-turn
formation could be replaced by residues with limited
conformational possibilities, such asL-Ala (sterically
forbidden combinations of positivef and negativec
values),D-Ala (sterically forbidden combinations of
negative f and positivec values), Aib (sterically

forbidden combinations of thef and c values with
alternating signs), orD-Pro (the Pro–D-Pro fragment is
known as a powerfulb-reversal promoter24,35). Third,
one can use any combination of both kinds of amino
acid substitutions.

Energy calculations revealed only 8 low-energy
conformers for thebicyclo[Pro1–Gly2–Nle3–(Cys4–
Nle5–Pro6–Gly7–Nle8–Cys9)–Nle10] molecule (Is),
and all of them are similar to the target 3D structure.
These 8 conformers contain only two types of the
Pro–Gly b-turns. The most populated is the one re-
sembling thebII-turn (see Pro–Gly sequence in con-
former d, Table II), which can form, in combination,
symmetrical 3D structures with intrabackbone hydro-
gen bonds of the Gly2/Ala4NH . . . OCNle10 and Gly7/
Ala9NH . . . OCNle8 types as well as of the Nle3/

8NH . . . OCNle10/5 and Nle10/5NH . . . OCNle3/8

types (conformerd in Figure 5). The second turn type
is similar to thebIII-turn (the Pro6–Gly7 sequence in
conformere, Table II). The latter type ofb-turn does not
form symmetrical 3D structures; the combination of
both turns is depicted in Figure 5 (conformere) as an
example. Interestingly, the energy gap of ca. 8 kcal/mol
obtained between the desired extendedb-strand struc-

Table II Backbone Dihedral Angles of Typical Low-Energy “Rectangular” Conformers of cyclo(Pro1–Gly2–Nle3–
Ala4–Nle5–Pro6–Gly7–Nle8–Ala9–Nle10) and bicyclo[Pro1–Gly2–Nle3–(Cys4–Nle5–Pro6–Gly7–Nle8–Cys9)-Nle10]
Depicted in Figure 5

Residue Angle

Conformers in Figure 5

a) b) c) d) e)

v 172 166 173 168 167
Pro1 f 275 275 275 275 275

c 74 108 230 74 74
Gly2 f 158 103 285 159 162

c 242 23 224 241 240
Nle3 f 293 2154 2138 2152 2154

c 243 87 99 132 134
Ala4/Cys4 f 50 296 279 298 292

c 47 110 76 126 140
Nle5 f 287 2135 2128 2113 2134

c 157 166 159 165 167
v 173 166 2178 169 178

Pro6 f 275 275 275 275 275
c 73 107 216 85 216

Gly7 f 158 101 2112 146 296
c 243 0 20 234 250

Nle8 f 292 2155 2137 2158 2159
c 243 87 254 132 126

Ala9/Cys9 f 50 295 57 2110 285
c 47 108 46 121 131

Nle10 f 287 2134 2116 2103 2111
c 157 165 163 163 167
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ture and the previously obtained concavely folded con-
former by employing the MAB force field (see above)
was reduced by more than 6 kcal/mole in calculations
performed for thebicyclo[Pro1–Gly2–Ala3–(Cys4–Ala5–
Pro6–Gly7–Ala8–Cys9)–Ala10] molecule (cf. Figure 3).
An energy term analysis shows that repulsive van der
Waals interactions forced in the constrained folded ge-
ometry by the disulfide bridge most probably play a
crucial role in raising its energy.

Whereas connection of positions 4 and 9 by an ad-
ditional valence link seems to be a very powerful tool to
stabilize the target conformation, substitutions of Gly2/7

by conformationally restricted residues showed much
less impressive results. Selection of low-energy con-
formers similar to the target 3D structure yielded 5
conformations out of 89 (6%) forcyclo(Pro1–Ala2–
Nle3–Ala4–Nle5–Pro6–Ala7–Nle8–Ala9–Nle10); 15 con-
formations out of 94 (16%) forcyclo(Pro1–D-Ala2–
Nle3–Ala4–Nle5–Pro6–D-Ala7–Nle8–Ala9–Nle10); 8
conformations out of 72 (11%) forcyclo(Pro1–Aib2–
Nle3–Ala4–Nle5–Pro6–Aib7–Nle8–Ala9–Nle10); and 6
conformations out of 47 (13%) forcyclo(Pro1–D-Pro2–
Nle3–Ala4–Nle5–Pro6–D-Pro7–Nle8–Ala9–Nle10). In
fact, the target conformation was not stabilized in these
analogues compared with the original RAFT molecule
(16%, as has been shown above).

It is noteworthy that recent experimental studies of
peptides containing sequencesD-Pro–X (X 5 Gly, L-

Ala, andD-Ala), which form the “mirror images” of the
b-turns spanned by the Pro–X sequences,36 also did not
find any preferences for theD-Pro–L-Ala or D-Pro–D-Ala
sequences overD-Pro–Gly as to promotion ofb-hairpin
structures.37 Those studies employed nmr spectroscopy
in water and did not apply systematic conformational
sampling techniques. Our calculations did not involve
theD-Pro–X sequences; however, it is could be expected
that the “mirror images” ofb-turns follow the same or
very similar “stabilization patterns” as theb-turns stud-
ied above; the very recent experimental work applying
theD-Pro–L-Pro template delivers supporting evidence to
this suggestion.38 Nevertheless, we are going to extend
our systematic calculations to the “mirror images” ofb-
turns (in preparation). In particular, we are going to apply
our approach to the classic example of gramicidin S,
cyclo(Pro1–Val2–Orn3–Leu4–D-Phe5–Pro6–Val7–Orn8–
Leu9–D-Phe10). It is commonly accepted that this pep-
tide possesses a well-defined solution conformation
with two symmetricalbII 9-turns involving theD-Phe–
Pro fragments. The similar conformation has been
found by the recent x-ray studies39; it features the side
chains of the Orn residues on the one side of the
b-hairpin plane, and the side chains of the hydropho-
bic Val and Leu residues on the other side. It could be
expected that strong interactions between these hy-
drophobic side chains (the so-called hydrophobic col-
lapse) would stabilize mirror images of the symmetric

FIGURE 5 Target-like low-energy conformations ofcyclo(Pro1–Gly2–Lys3–Ala4–Lys5–Pro6–
Gly7–Lys8–Ala9–Lys10) (conformers5a and5b are symmetrical ones, conformer5c is a nonsym-
metrical one) andbicyclo[Pro1–Gly2–Ala3–(Cys4–Ala5-Pro6–Gly7–Ala8–Cys9)–Ala10] (conformer
5d is a symmetrical one, conformer5e is a nonsymmetrical one). All hydrogens except those
participating in hydrogen bonds are omitted for clarity. Hydrogen bonds are shown in dashed lines.
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conformations as those of5b in Figure 5. However,
even the conformation found in crystal is not exactly
symmetrical (e.g., one of the Orn residues is involved
into intramolecular hydrogen bonding, whereas the
other one is not), which might suggest the presence of
several possible interconverting conformers for gram-
icidin S in solution.

Despite the individual substitutions in the Pro–X
sequence are not really potent in stabilization of the
target RAFT structure, they are instrumental in shift-
ing conformational equilibrium in the target-like con-
formations towards the particular types ofb-turns.
Predominantb-turns forcyclo(Pro1–Ala2–Nle3–Ala4–
Nle5–Pro6–Ala7–Nle8–Ala9–Nle10) are those ofbIII
type; they can form symmetrical structures described
in Table III (moleculeII ) and depicted in Figure 6
(conformera). This type of structures contains intra-
backbone hydrogen bonds of the Nle3/8NH . . . OC-
Nle10/5and Nle10/5NH . . . OCNle3/8 types. In the case
of cyclo(Pro1–D-Ala2–Nle3–Ala4–Nle5–Pro6–D-Ala7–
Nle8–Ala9–Nle10), the predominantb-turns are those
close both tobII and bV types; the corresponding
symmetrical structures (Table III, moleculeIII , and
Figure 6, conformerb) contain the same hydrogen

bonds plus two others, namelyD-Ala2NH . . . OCPro1
andD-Ala7NH . . . OCPro6. The predominantb-rever-
sal for symmetrical conformers ofcyclo(Pro1–Aib2–
Nle3–Ala4–Nle5–Pro6–Aib7–Nle8–Ala9–Nle10) is not
similar to any of the “classical”b-turns (Table III,
moleculeIV , and Figure 6, conformerc). These struc-
tures contain only two intrabackbone hydrogen bonds,
namely Ala4/7NH . . . OCPro1/6. And, finally, the pre-
dominantb-turns for cyclo(Pro1–D-Pro2–Nle3–Ala4–
Nle5–Pro6–D-Pro7–Nle8–Ala9–Nle10) are those “be-
tween” bII- and bV-turns (Table III, moleculeV,
Figure 6, conformerd). The corresponding symmet-
rical structures, apart from the “crossbackbone” hy-
drogen bonds Nle10/5NH . . . OCD–Pro2/6 and Nle3/

8NH . . . OCNle10/5, contain two “extrabackbone” hy-
drogen bonds Ala4/9NH . . . OCPro1/6.

The additional disulfide bond between Cys4 and
Cys9 drastically enhances the ratio of the target-like
conformers to the entire number of low-energy con-
formers of the bicyclic molecules with simultaneous
replacements of the Gly2/7 residues. This ratio is 100%
(1 out of 1) for bicyclo[Pro1–Ala2–Nle3–(Cys4–Nle5–
Pro6–Ala7–Nle8–Cys9)-Nle10] (Table III, moleculeIIs ;
Figure 6, conformera); 100% (4 out of 4) for bicyclo-

Table III Backbone Dihedral Angles of Typical Low-Energy “Rectangular” Conformers of cyclo(Pro1–X2–Nle3–
Ala4–Nle5–Pro6–X7–Nle8–Ala9–Nle10) and bicyclo[Pro1–X2–Nle3–(Cys4–Nle5–Pro6–X7–Nle8–Cys9)–Nle10]
Depicted in Figure 6 (X 5 L-Ala, D-Ala, Aib, D-Pro)

Residue Angle

Molecules/Conformers in Figure 6

II/a IIs/a III/b IIIs/b IV/c IVs/c V/d Vs/d

v 174 179 172 174 177 172 160 168
Pro1 f 275 275 275 275 275 275 275 275

c 222 219 76 86 147 246 144 153
X2 f 284 292 143 142 57 262 75 75

c 228 233 232 234 27 235 268 268
Nle3 f 2161 2162 2126 2151 2145 2165 287 2117

c 124 129 91 107 255 121 76 107
Ala4/Cys4 f 289 276 282 279 55 273 280 281

c 84 83 81 103 43 88 74 85
Nle5 f 2101 279 288 291 287 282 2104 272

c 163 161 159 159 160 172 163 164
v 174 172 172 170 178 171 160 168

Pro6 f 275 275 275 275 275 275 275 275
c 222 229 75 89 147 245 144 153

X7 f 284 285 143 143 57 262 75 75
c 228 235 232 234 28 236 268 268

Nle8 f 2161 2158 2126 2155 2145 2165 288 2117
c 124 130 91 100 255 121 76 107

Ala9/Cys9 f 290 273 283 282 55 274 280 281
c 84 102 81 101 44 88 75 86

Nle10 f 2101 291 288 288 288 280 2104 272
c 163 168 159 157 160 171 163 164
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[Pro1–D-Ala2–Nle3–(Cys4–Nle5–Pro6–D-Ala7–Nle8–
Cys9)–Nle10] (Table III, moleculeIIIs ; Figure 6, con-
former b); 67% (2 out of 3) forbicyclo[Pro1–Aib2–
Nle3–(Cys4–Nle5–Pro6–Aib7–Nle8–Cys9)–Nle10] (Table
III, molecule IVs; Figure 6, conformer c); and 57% (8
out of 14) for bicyclo[Pro1–D-Pro2–Nle3–(Cys4–Nle5–
Pro6–D-Pro7–Nle8–Cys9)–Nle10] (Table III, molecule
Vs; Figure 6, conformerd). Interestingly, the systems of
intrabackbone hydrogen bonds are somewhat different
in the bicyclic molecules compared to corresponding
monocycles (see Figure 6). Evidently, it is a conse-
quence of introducing the additional valence link which
is much more stable than hydrogen bonds.

CONCLUSIONS

This study demonstrates the applicability of extensive
molecular modeling as a tool for rational design of
RAFT molecules. The main findings of this study are
as follows:

1. Calculations performed with both MAB and
ECEPP force fields showed that possible 3D
structures of thecyclo(Pro1–Gly2–Lys3–Ala4–
Lys5–Pro6–Gly7–Lys8–Ala9–Lys10) RAFT mole-
cule are notlimited to a single extended “rect-
angular” conformation with Lys side chains
each at the same side of the molecule. Most
probably, the RAFT molecule possesses a vari-

ety of low-energy conformers representing var-
ious orientation modes of the lysine side chains.
Conformational equilibrium of many low-en-
ergy RAFT conformers is a more realistic view
than suggestion of a single RAFT conformer
existing in solution. These results are in good
agreement with the available nmr data.

2. Conformational equilibrium in monocyclic an-
alogues of RAFT obtained by replacements of
conformationally flexible Gly residues forL-
Ala, D-Ala, Aib, or D-Pro is not significantly
shifted toward the target “rectangular” confor-
mational type with four opposite Lys side
chains at the same side of the molecule. How-
ever, one can select the desired type ofb-rever-
sals in the target conformers by the above re-
placements.

3. Introduction of disulfide bridges between posi-
tions 4 and 9 is a very powerful way to stabilize
the target conformations of RAFT in the result-
ing bicyclic molecules by simple amino acid
substitutions. Since these are easily accessible
by current synthetic methods, the RAFT com-
pounds designed in this study can be expected
to be used widely as improved templates in the
context of TASP assemblies with incorporated
orthogonal peptide loops.

FIGURE 6 Target-like low-energy conformations of Pro–Xaa spanned cyclic decapeptides. The
b-turn stabilizing moieties are Pro–L-Ala (IIa ), Pro–D-Ala (IIIb ), Pro–Aib (IVc ), and Pro–D-Pro
(Vd), respectively. All hydrogens except those participating in hydrogen bonds are omitted for
clarity. Hydrogen bonds are shown in dashed lines.
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