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Protein folding, according to the framework model, is initiated
in elements of locally ordered peptide structure that can serve as
nucleators and direct the ordering of connected peptide segments
into particular kinds of higher order motifs.1 A minimalist
approach to complex motifs could thus use simple peptide folds
as conformation nucleators. A recurrent higher order motif in
proteins has a helix or aâ-strand connected to a turn that is the
intermotif linker in such complex motifs as “helix-turn-helix” and
“strand-turn-helix”. Among intermotif linkers,γ- andâ-turns are
the simplest2 and could be promising nucleators usable in de novo
design. In fact,â-hairpin, a “strand-turn-strand” motif, was
designed successfully by using a type II′ â-turn as the nucleator.3

For a similar approach to the “turn-helix” motif, the type I, I′, II,
or II′ â-turns, the natural intermotif linkers in contrast with the
type III â-turn that is a natural helix nucleator, could be exploited
as the artificial helix nucleators. The type II and II′ â-turns have
sequence chiralities that make them particularly facile targets for
de novo design.4 We have successfully accomplished the exploita-
tion of the type II′ â-turn as a helix nucleator.5 The pentapeptide
Boc-Val-Pro-(D)Asp-Asp-Val-OMe was more recently reported
from our lab as a consecutiveâ-turn, combining a type IIâ-turn
and an Asx6 turn that had C-terminal geometry that made it a
potential helix nucleator.7 Modifications and extensions with
helicogenic residues, including the stereochemically constrained
Aib, furnish the octapeptide Boc-Val-Pro-(D)Asp-Aib-Leu-Aib-
Leu-Ala-NHMe as a potential turn-helix motif. Solution-phase
synthesis8 followed by NMR and crystal structure characterization
establish that, indeed, the octapeptide is a turn-helix motif with

the segment Boc-Val(1)-Pro(2)-(D)Asp(3)-Aib(4) in type IIâ-turn
conformation and the segment Aib(4)-Leu(5)-Aib(6)-Leu(7)-Ala-
(8)-NHMe as an overlapping 310 helix in which (D)Asp is the
N-cap residue and the putative helix folding nucleator.

Short peptides are ideally characterized by NMR, and among
NMR observables, NOEs tend to be the most informative of the
conformational states sampled.9 Only eight amide resonances
could be observed in the octapeptide dissolved in DMSO,10 and
hence only one of two possible isomers across the Val(1)-Pro-
(2) amide bond is populated. An NOE between Val(1)CRH and
Pro(2)CδH established that the observed isomer is in trans-amide
geometry. This is in conformity with the reports that the trans
isomer predominates whenâ-branched Val precedes Pro.1b,4b

Several intra- and interresidue NOEs were observed in the
ROESY11 spectrum of the octapeptide in DMSO, and infact, the
NOE density was the largest reported for any peptide of
comparable length to the best of our knowledge. Several important
NOEs, classified as very strong, strong, medium, weak, and very
weak relative to the intensity of ROESY, cross-peak between Pro-
(2) δ protons, are presented in Figure 1 as lines, of thickness
proportional to the relative cross-peak volumes. Although several
potential NOEs are unobservable due to resonance overlaps and
to the occurrence of Aib which lacks theR proton, the density as
well as intensity of NOEs suggest that either a single folded
conformer is populated or a few rapidly interconvertible folded
conformers are populated that have short distances between
several far-off protons. Even if an ensemble of conformers is
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Figure 1. Summary of NOEs, temperature coefficients (ppb/K), JNHR

(Hz), andφ and ψ dihedral angles (deg). The line thicknesses are in
proportion to the relative NOE intensities.
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assumed, the dominant conformer certainly has its segment Aib-
(4)-Ala(8)NHMe in helical conformation, because the helical
signature of sequential dNN(i, i + 1) NOEs and nonsequential dRN-
(i, i + 2), dNN(i, i + 2), dRN(i, i + 3), dRâ(i, i + 3), dâN(i, i + 3),
and dRN(i, i + 4) NOEs, spanning the segment (D)Asp(3)-Ala-
(8), is observed as noted in Figure 1. A simulated annealing
molecular dynamics analysis,12 performed with 8 intraresidue and
26 interresidue distance restraints derived from the NOEs,13 was
found to converge to a single family of conformers regardless of
the starting structure. The rms deviation of the backbone atoms
of all the final conformers was<0.6 Å over the structure averaged
over all the conformers populated. Ten randomly selected low-
energy conformers superimposed in Figure 2 are all noted to be
type II â-turn initiated 310 helices with several NHs H-bonded to
the backbone CdOs. This is in conformity with the intramolecu-
larly H-bonded nature of several amide protons as suggested by
the amide temperature coefficients less than-0.3 ppb/K9,14

(Figure 1). Many of theJNHR values are observed to be larger
than those expected of a 310 helix, and hence, the molecular
ensemble in solution could include conformers in which the
peptide backbone is in extended or random conformation.

However, the conformer in crystal state quite clearly is the turn-
helix motif.15 The torsional angles as well as the H-bonds in
crystal state characterize a type IIâ-turn in segment Val(1)-Pro-
(2)-(D)Asp(3)-Aib(4) and an overlapping 310 helix in segment
Aib(4)-Ala(8)-NHMe (Figure 1) for which (D)Asp is the N-cap
residue. Theφ,ψ angles of the lowest energy conformer from
molecular dynamics analysis and of the crystal state conformer
are in good agreement with the ideal angles for both type IIâ-turn
and 310 helix.16 An interesting deviation, however, is in that the
φ,ψ angles of Aib(4) in both crystal and solution state are
observed to be closer to the standardR-helical angles than to 310

angles. Participation of the Aib in both the type IIâ-turn, donating
an H-bond to Val(1) CdO, and the 310 helix, accepting an H-bond
from Leu(7) NH, could influence itsφ,ψ angles. The if i + 2
type H bonding of (D)Asp(3) carboxylate with Leu(5) NH could
be the interaction nucleating the helix folding. The diminished
temperature coefficient of Leu(5) NH, suggesting its solvent-
shielded nature, is in accordance with possible participation of
the NH in helix nucleation. Its potentially helix nucleating H
bonding with (D)Asp(3) carboxylate was found to be also
operative in at least 50% of the energy-minimized structures in
the molecular dynamics analysis. Asn followed by Asp are the
most favored N-cap residues in protein helices forming if i +
2 or i f i + 3 type H bonds with main chain NHs, and could be
the nucleators responsible for helix folding.17 The exploitation
of (D)Asp as the nucleator of both type IIâ-turn and 310 helix is
the cornerstone of the de novo design accomplished in this study.
The extended conformation of Val(1) in both solution and crystal
state (Figure 1) makes it a favorable attachment point for a
connected motif, leading toward possible elaboration of even more
complex higher order motifs in the future.
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Figure 2. Stereodiagrams representing conformers populated in solution
(upper panel) according to NOE restrained simulated annealing molecular
dynamics and observed in crystal state (lower panel), showing only the
backbone traces. Ten randomly selected low-energy structures are overlaid
in the upper panel.
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