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A boat shaped peptide molecular fold is generated by
stereochemical modification of a 20-residue p-hairpin peptide,
making it a promising prototype for future optimization as a
molecular receptor.

The functional versatility of proteins stands in sharp contrast with
their extremely conservative molecular architectural plans. The
homochiral nature of polypeptide stereochemical structure restricts
the choice of both residue and motif level conformations in
proteins to a handful and therefore the possibilities for tertiary
structure to ~10° topologically distinct folds.! We recently
presented a stereochemical recipe for large scale diversification of
peptide molecular architecture, which has a built-in prospect for
customization of both molecular forms and functions. A bracelet
shaped molecular fold was accomplished in a 14-residue peptide as
an example of stereospecific design.” Extending the concept, a boat
shaped molecular fold is accomplished here in a 20-residue
B-hairpin peptide, making it a smallest known globular fold with a
molecular cleft, and a suitable template for future development as
a molecular receptor. The B-hairpin is modelled with a type-II'
turn segment centered at D-Pro(10)-Gly(11), which stereochemi-
cally guides the antiparallel chain reversal’® for geometrically
conducive inter-strand hydrogen bonding. Maximum number of
-sheet favoring residues are used in each strand known from
statistical databases. Six long armed apolar residues are positioned
at 1, 5,9, 12, 16, and 20 so that stereochemical inversions from L-
to-D chiral residues at positions 3, 18 and 7, 14 create upturned
sections in both strands, resulting in a close juxtaposition of the six
apolar side chains forming the hydrophobic core of a quasi-
globular mini-protein with a largely hydrophilic exterior as
illustrated in Fig. 1 and Fig. S1A, B and Cf. Some side-by-side
polarresidues[Thr(8)-Ser(13), Asn(15)-Ser(6),and Lys(17)-Glu(4)]
are so chosen as to enhance the structural and morphologi-
cal stability of the molecular fold through inter-strand side-chain
interactions, making it potentially water soluble with a hydro-
phobic type clustering in its central molecular cavity. The
designed hairpin [Ac—Met(1)-Thr(2)-D-Val(3)-Glu(4)-Trp(5)-
Ser(6)-D-Ala(7)-Thr(8)-Ile(9)-D-Pro(10)-Gly(11)-Val(12)-
Ser(13)-D-Val(14)-Asn(15)-Leu(16)-Lys(17)-D-Ala(18)-Thr(19)-
Leu(20)-NH,] (Fig. S1Cft) responded well to a 2 ns
unrestrained molecular dynamics (MD) simulation at 300K
in explicit H,O with gromos-96 force field in the

1 Electronic supplementary information (ESI) available: all experimental
procedures, MALDI-MS, NMR, molecular dynamics, fluorescence and
CD data of the peptide in H,O. See http://www.rsc.org/suppdata/cc/b4/
b413802c/
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GROMACS software package,* in contrast to “Trp-cage”,
a recently designed mini-protein® of comparable sequence
length, suggesting the possibility of appreciable ordering cum
morphological stability, perhaps one of the reasons being the
comparatively superior hydrophobic driving force (ESIf).
The peptide made by solid phase synthesis® and identified by
MALDI-MS, displayed the anticipated molecular morphol-
ogy of a globular fold with a molecular cleft by the
combined use of NMR, MD, fluorescence and CD.

NMR analysis’ in H,O established the presence of an inter-
strand NOE signature, illustrated in Fig. 2, expected of a canonical
fB-hairpin peptide. Nearly 80% of all expected inter-strand long-
range NOEs could be clearly identified proving the ordering of a
B-hairpin like molecular fold in H,O. The expected NH-C*H or
NH-CPH inter-strand NOEs that could be unambiguously
assigned include those between Val(14)-Thr(8), Val(12)-Thr(8),
Ala(7)-Asn(15), Leu(16)-Ser(6), Leu(16)-Glu(4), Ala(18)-Glu(4),
Ala(18)-Thr(2), Leu(20)-Thr(2) and Met(1)-Thr(9). Further, a
rich spectrum of NOEs involving the aromatic protons of Trp(5)
and the side chains of the residues at positions 1, 2, 3, 9, 16, 18, 19
and 20 [Trp(5)HZ,-Met(1)C'H,  Trp(5)HEs-Thr(2)C*H,
Trp(5)HZy"-Thr(2)C*H, Trp(5)HH>-Thr(2)C"H, Trp(5)HZ»—
Val(3)C*H, Trp(5HD,-1le(9)CPH,  Trp(5)HE;-Leu(16)C"H,
Trp(5)HZ>-Ala(18)CPH, Trp(5)HH,-Thr(19)C°H, Trp(5)HZ,—
Thr(19)C*H, Trp(5)HZ;-Thr(19)C*H, Trp(5)HH,-Leu(20)NH
and Trp(5)HZ;-Leu(20)NH] could be clearly observed, indicating
the existence of a molecular cleft like conformation with a
hydrophobic type clustering.

Absence of NOEs between the side chains of Trp(5) and Val(12)
and between the side chains of Met(1) and Leu(20), suggested the
possibility of poorer hydrophobic clustering of these side chains.

Fig. 1 DYANA generated mean NMR model of the boat shaped
molecular fold, displaying the clustering of six apolar side chains.
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Fig. 2 Summary of long-range NOEs observed in H,O.

Torsion angle dynamics simulation was performed with DYANA?®
using 35 selected distance restraints (intra 0, short 15, medium 5,
long 15) calibrated on the basis of relative NOE intensities. Out of
the 50 random structures gathered, MOLMOL’ superposed ten
lowest energy structures are shown in Fig. S6T. There was an NOE
violation of <0.58 A in these structures and the mean global
backbone root mean square deviation (RMSD) over residues 2-19
was a remarkable 0.39 + 0.24 A.

The energy minimized average DYANA structure of the pep-
tide, shown in Fig. 1, was also submitted to a 16 ns unrestrained
MD simulation at 300K in H,O. No significant changes occurred
either in the radius of gyration of the peptide or in its potential
energy over the MD trajectory, and a well-preserved network of
hydrogen bonds was observed during this period, indicating the
ordering of the peptide to an appreciable extent (ESIT).

The peptide displayed a fluorescence emission band in H,O due
to tryptophan emission which is 4 nm blue shifted with respect to
the external fluorophore probe NATA (N-acetyl-L-Tryptophan
amide), as expected for a tryptophan held in a relatively non-polar
environment.'® However, the peptide displayed an unusual two-
fold lower intensity of tryptophan fluorescence as compared with
the reference molecule NATA, which is anomalous for a
tryptophan buried in a hydrophobic environment.!! The quench-
ing of tryptophan fluorescence could be attributed to the effect of
the sulfur atom in Met(1) side chain, which is in direct contact with
the Trp(5) side chain with an average distance of 5.92 + 0.09 A
from the centroid of the aromatic ring over the 10 best DYANA
structures in comparison with the requirement of <7 A for contact
quenching of the tryptophan chromophore by sulfur atom.'> An
independent experiment established that free methionine is an
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Fig. 3 Solvent dependent far UV CD spectra of the peptide at 298K.

effective quencher of tryptophan fluorescence in H,O with a
Stern—Volmer quenching constant (Kgy) of 3.3 against NATA, in
comparison with a Ky of 30 for KI, the standard quencher
(ESIt). According to NMR and MD analysis only a boat shaped
peptide molecular fold can explain this result since the side chains
of Met(1) and Trp(5) are far away in a canonical planar -sheet
type structure with an average distance of 14.57 + 2.55 A between
the centroid of aromatic ring in the Trp(5) side chain and the sulfur
atom in the Met(1) side chain. Another evidence for hydrophobic
clustering around the Trp(5) side chain in the peptide was obtained
from its response to the effect of the external fluorescence quencher
KI. A Ksy of 19 for the peptide against KI, in comparison with a
Ksy of 30 in the case of NATA (ESIt) provided evidence that the
Trp(5) side chain is partially buried in the folded peptide.'* The
percentage of tryptophan burial assessed from this data is about
63%, while the burial calculated by NACCESS'" in an energy
minimized mean NMR model with reference to a Gly-Trp-Gly
model was 73%, and judged by MD in H,O over the 16 ns
trajectory was also 73% (ESIf). Only 11% of this burial is
contributed by the contact between Trp(5) and Met(1) side chains
as judged by NACCESS analysis on mean NMR model generated
by DYANA and based on MD analysis in the absence of Met(1).

The peptide displays a CD signature diagnostic of p-sheet
structure' with a negative band between 215-235 nm (Fig. 3). This
pattern is consistent with the presence of a central -sheet segment
of canonical nature in this peptide, which was absent in our earlier
reported 14-mer bracelet shaped hairpin,” which also lacked the
presence of a standard B-sheet type CD signature. The nature of
the CD band remains more or less unchanged in both 70%
trifluoroethanol-H,O and 70% methanol-H,O except for a 5 nm
blue shift in presence of TFE (Fig. 3). These solvents are known
for their strong conformation inducing effects in small fluxional
peptides'® hence our boat shaped molecular fold could be
experiencing a comparable level of ordering under all three solvent
conditions, and presumably it is free from fluxional character in
water.

A handful of <30 residue linear peptides reported in the recent
literature, basically as sequence variants of known molecular folds
of native like morphology, have evoked tremendous scientific
interest, because of their mini-protein like globularity and two-
state behavior in H,O.>'7 Implementing a simple and predictable
departure from Nature’s design recipe, a globular molecular fold
of comparable size but radically different molecular morphology is
achieved here, making it a more promising platform for functional
design involving molecular recognition. With a central molecular
cavity harboring six hydrophobic amino acid side chains, the
further elaboration of receptor like functions could be a matter of
sequence optimization in the presence of a desired guest molecule,
for which powerful inverse sequence design procedures have
recently been developed.'®
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