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Molecular Carpentry: Piecing Together Helices and Hairpins

in Designed Peptides

Chittaranjan Das, S. Channaveerappa Shankaramma, and Padmanabhan Balaram*!?!

Abstract: The design of a peptide that
contains two distinct elements of second-
ary structure, helix and p-hairpin, is
described. Two designed 17-residue pep-
tides:  Boc-Val-Ala-Leu-Aib-Val-Ala-
Leu-Gly-Gly-Leu-Phe-Val-p-Pro-Gly-
Leu-Phe-Val-OMe (I) and Boc-Leu-
Aib-Val-Ala-Leu-Aib-Val-Gly-Gly-
Leu-Val-Val-p-Pro-Gly-Leu-Val-Val-

ment. The choice of the secondary-
structure modules is based upon prior
crystallographic and spectroscopic anal-
ysis of the individual modules. Analysis
of 500 MHz 'H NMR data, recorded as
solutions in methanol, suggests that the
observed pattern of chemical shifts,
3Jun-cn Values, temperature coefficients
of the NH chemical shifts, and backbone
inter-residue nuclear Overhauser effects

favor helical structures for residues 1-7
and f-hairpin structures for
dues 10-17. The spectroscopic data are
compatible with termination of the heli-
cal segment by formation of a Schellman
motif; this restricts Gly(8) to a left-
handed a-helical conformation. Gly(9)
is the only residue with multiple con-
formational possibilities in ¢, space.
Possible orientations of the two second-

resi-

OMe (II) have been conformationally
characterized by NMR spectroscopy.
Peptides I and II contain a seven-residue
helical module at the N terminus and a
eight-residue S-hairpin module at the C
terminus, which are connected by a
conformationally flexible Gly-Gly seg-

structures

Introduction

In protein structures, distinct secondary structural elements,
such as helices and strands, are assembled into a compact fold
that is stabilized by a complex network of tertiary interactions.
The driving force for the compaction of protein sequences is
solvophobic in nature, with nonpolar side chains tending to
cluster in the interior of globular structures and the conse-
quent exclusion of the solvent, water, from the protein core.[!
In attempts to design synthetic polypeptide mimics for protein
structures, a specifically designed patterning of polar and
apolar residues along the synthetic sequence is generally
employed in order to direct the orientation of secondary-
structural elements.’J These approaches have led to signifi-
cant success in the design of synthetic helical bundles that
possess specific binding and catalytic properties.’l Recent
work has also emphasized the importance of specific S-turn
segments in nucleating $-hairpins and multistranded, S-sheet
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ary-structure modules are considered.
This study validates the use of stereo-
chemically rigid peptide modules as
prefabricated elements in the construc-
tion of synthetic protein mimics.

conforma-

structures.”! Unlike native proteins, the designed structures
possess poorly packed interiors and generally resemble
molten globule states in their physical properties.?

We have been pursuing an alternate approach to the
construction of complex polypeptide structures, in which a
primary goal has been to design molecules of defined shape
that are soluble in poorly interacting organic solvents. In this
approach, the driving forces that determine polypeptide-chain
folding are enthalpic in nature and consist primarily of
hydrogen bonding and van der Waals interactions. The key to
this strategy is the ability to construct well-defined units of
secondary structure, such as helices, reverse turns, and
hairpins. Subsequent assembly of these relatively rigid,
prefabricated modules of secondary structures can, in princi-
ple, be achieved by careful choice of linking segments. The
construction of complex polypeptides by using well-defined
conformational modules may be termed a “Meccano- or
Lego-set approach” to peptide design.l! The construction of
individual elements such as helices and S-hairpins may be
achieved by using conformationally constrained amino acids
to nucleate specific backbone conformations.”! Peptide heli-
ces (3;/a) are readily obtained by incorporation of a,a-
dialkylated amino acid residues, most notably a-amino-
isobutyric acid (Aib). Aib-containing peptides have been
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extensively investigated, and cylindrical helical conformations
have been well characterized by X-ray diffraction in peptides
ranging in length from 7-16 residues.”®! B-Hairpins are
generated by positioning a central D-Pro-Gly segment in a
synthetic sequence.['”) The tendency of D-Pro-Xxx sequences
to adopt typeII' fS-turn conformations is important for
nucleation of a tight turn of appropriate stereochemistry ;']
this then facilitates hairpin formation, stabilized by cross-
strand hydrogen bonding. Indeed, p-hairpins have been
observed in crystals of a synthetic octapeptide with a central
D-Pro-Gly sequence.l'® The use of multiple D-Pro-Xxx
segments for the nucleation of three- and four-stranded (-
sheets has also been reported.le=f

In this report, we examine the conformations of charac-
terized helical and hairpin segments that are connected by a
glycylglycine (Gly-Gly) linking segment. This study has been
undertaken to establish the conformational integrity of the
individual modules when they are inserted into larger
structures. Two 17-residue sequences: Boc-Val-Ala-Leu-Aib-
Val-Ala-Leu-Gly-Gly-Leu-Phe-Val-p-Pro-Gly-Leu-Phe-Val-
OMe (I) and Boc-Leu-Aib-Val-Ala-Leu-Aib-Val-Gly-Gly-
Leu-Val-Val-p-Pro-Gly-Leu-Val-Val-OMe (II) have been
chosen for spectroscopic analysis. The helical module used
in peptide I, Val-Ala-Leu-Aib-Val-Ala-Leu, has been exten-
sively characterized in crystals of peptides of varying
lengths.'?l This module contains only a single, centrally
positioned Aib residue. As a consequence, it possesses some
degree of conformational fragility. The helical module used in
peptide II, Leu-Aib-Val-Ala-Leu-Aib-Val, which contains
two helix-stabilizing Aib residues, has been conformationally
characterized by X-ray diffraction in crystals of two decapep-
tide sequences: Boc-Leu-Aib-Val-Ala-Leu-Aib-Val-Ala-Leu-
Aib-OMe and Boc-Leu-Aib-Val-Ala-Leu-Aib-Val-p-Ala-D-
Leu-Aib-OMe.[®l A superposition of the observed helical
fold for the module is shown in Figure 1a. The hairpin module
Leu-Val-Val-pD-Pro-Gly-Leu-Val-Val used in peptide II has
also been independently characterized in crystals. (See Fig-
ure 1b for a superposition of the two crystal-state conforma-
tions.)'%! The octapeptide Leu-Phe-Val-D-Pro-Gly-Leu-Phe-
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Figure 1. a) Superposition of two backbone conformations of the fragment
Leu-Aib-Val-Ala-Leu-Aib-Val obtained in the crystal structures of Boc-
Leu-Aib-Val-Ala-Leu-Aib-Val-Ala-Leu-Aib-OMe and Boc-Leu-Aib-Val-
Ala-Leu-Aib-Val-p-Ala-pD-Leu-Aib-OMe.[*l b) Superposition of two back-
bone conformations obtained in the crystal structure of Boc-Leu-Val-Val-
D-Pro-Gly-Leu-Val-Val-OMe. The peptide crystallized in the triclinic
system with two independent molecules per asymmetric unit.['%
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Val, which is analogous to the hairpin module in peptide II,
has been shown by NMR spectroscopy to adopt a -hairpin
structure (unpublished results). The choice of Gly-Gly as the
linking segment was dictated by the possibility that the achiral
Gly residue at position eight would act as a helix terminator
by facilitating formation of the Schellman motif;!l this
requires positive ¢, values in the left-handed helical (a;)
region of conformational space.'™! Gly(9) would then, in
principle, be the sole conformationally flexible residue in the
two peptide sequences. The NMR results described in this
paper establish that both helical and hairpin modules retain
their conformational integrity and that a relatively small
number of conformational possibilities occur at Gly(9); this
determines the spatial orientation of the two rigid modules of
secondary structure.

Results and Discussion

Peptides I and II were freely soluble in a variety of organic
solvents. In chloroform, both peptides had NMR spectra that
revealed significant overlap of NH resonances and some
evidence for aggregation-induced broadening of resonances.
In dimethyl sulfoxide, peptide IT had a well-resolved 'TH NMR
spectrum. However, preliminary studies revealed that several
expected inter-residue NOEs, characteristic of hairpin seg-
ments, were absent. In methanol, both peptides had well-
resolved '"H NMR spectra with excellent dispersion of NH
and C“H resonances. The observed line widths suggest the
absence of aggregation effects. The detailed conformational
analysis of peptides I and II is therefore restricted to
methanolic solutions. Sequence-specific assignments of back-
bone- and side-chain-proton resonances were readily
achieved by using a combination of TOCSY and ROESY/
NOESY experiments. The relevant chemical shifts and
coupling constants are summarized in Table 1. Figures 2 and
3 illustrate nuclear Overhauser effects observed between
backbone protons of I and II, respectively. In helical segments,

Table 1. Characteristic 'H NMR parameters for peptides I and ILE

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

o [ppm] do/dT Jun-can
NH CH [ppb K7'] [Hz]

Residues!! 1 I 1 I I 11 1 11
Val/Leu(1) 7.05 713 3.6 3.84 10.0 103 39 50
Ala/Aib(2) 854 857 413 - 8.3 9.0 37 -
Leu/Val(3) 772 738 415 3.74 43 1.0 6.0 64
Aib/Ala(4) 7.61 758 - 4.06 1.3 -09 - 5.1
Val/Leu(5) 7.78 788 3.80 4.11 5.6 69 49 6.0
Ala/Aib(6) 791 770 416 - 4.0 29 39 -
Leu/Val(7) 7.89 7.66 4.44 4.09 3.0 48 713 72
Gly(8) 8.07 8.04 4.01 391 4.0 3.0 - -
Gly(9) 810 8.14 3.85,4.00 3.80,4.03 43 55 - -
Leu(10) 761 779 444 4.51 23 28 715 81
Phe/Val(11) 813 793 520 4.66 9.7 98 9.0 9.0
Val(12) 880 873 448 4.48 8.7 69 93 9.0
D-Pro(13) - - 4.40 4.34 - - - -
Gly(14) 835 835 3.79,4.01 3.67,4.01 10.7 92 - -
Leu(15) 811 816 4.62 4.62 4.0 26 87 88
Phe/Val(16) 855 824 4.59 4.48 12.3 102 78 9.0
Val(17) 824 865 423 4.42 43 74 92 88

[a] Solvent: CD;OH, T=300 K. [b] Residues for peptide I and II, respectively.
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Figure 2. Partial 500 MHz NOESY spectra of peptide I in
CD;OH at 270 K. The top panel shows C*H<=NH NOEs, and
the lower panel shows NH<=NH NOEs. Residue numbers are
used to label the cross-peaks. Underlined cross-peaks refer to
inter-residue connectivities. Long-range NH=NH NOEs diag-
nostic of S-hairpin conformation in the segment10—17 are
boxed.

intense sequential NH=N, ;H (dyy) connectivities
are expected, while the inter-residue CfH=N, H
(d,N) connectivity is generally weaker than the
corresponding intra-residue C¢#=NH (dy,) NOE.
p-Hairpin segments are characterized by long-range,
interstrand NH = NH and C*H = C“H connectivities,
while the f-turn segment can be recognized by the
inter-residue dyy connectivity for the residue “i+2”
[Gly(14)] in peptides I and IL In addition, the
extended strand segments are expected to exhibit
strong inter-residue d,y connectivities. Inspection of
the spectra in Figures 2 and 3 reveal that all the crucial
backbone connectivities expected for the helical and
hairpin segments in both peptides are, indeed, ob-
served. The NOE data that relate intra-residue and
sequential backbone protons for both peptides are
schematically summarized in Figure 4. Clearly, the
characteristic NOEs expected for helices are present
across the segment that contains residues 1 -7, while
the diagnostic NOEs for $-hairpins are observed for
the segment 10-17. Figure 5 illustrates the cross-
strand C*H = C“H NOE between residues 11 and 16
in the C-terminal hairpin of both peptides.

9 M ots |
:
Ld

The backbone /iy coupling constants listed in Table 1
establish that low values of J (<6.4 Hz) are observed for
residues 1 -6 in both the peptides. Significantly higher vicinal-
coupling constants (3.J =7.5 Hz) are observed for the C-ter-
minal residues; this suggests that the N-terminal-helical and
C-terminal-strand segments are clearly delineated.'! The
NMR evidence presented thus far supports the original
premise behind our design strategy: that the chosen modules
of secondary structure would retain their conformations in a
larger assembly. A critical question which arises at this point is
the nature of the conformation of the Gly-Gly segment, which
will ultimately define the orientation of the two modules.

In order to probe the possible involvement of the Gly NH
groups in intramolecular hydrogen bonding, the temperature
dependence of NH chemical shifts in methanol were deter-
mined.l'%+ 171 The observed temperature coefficients are
summarized in Table 1. As anticipated for the helix, the
resonances of residues 1 and 2 in both peptides have high
do/dT values (>8 ppb K1), characteristic of solvent-exposed
groups. Residues 3, 4, 6, and 7 have low dd/dT values
(<5 ppbK); this suggests that they are involved in intra-

16l17 ‘5“3 % 10/10 45

Qs orim 0

15h6"
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Figure 3. Partial 500 MHz ROESY spectra of peptide II in CD;OH at 300 K. The top
panel shows C*H=NH NOEs, and the lower panel shows NH—=NH NOEs. The
cross-peaks are labeled with residue numbers. Underlined cross-peaks highlight inter-
residue connectivities.
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Figure 4. Summary of intra-residue and sequential NOEs observed between backbone protons for peptides I (a) and II (b) in CD;OH. NOEs which could
not be observed due to resonance overlap are indicated by an asterisk.
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Figure 5. C*H <= C"H cross-strand NOEs observed for peptides I and Il in

CD;OH at 300 K: a) Portion of the ROESY spectra of peptide I, b) portion
of the ROESY spectra of peptides II.

molecular hydrogen bonding. Residue 5 has a moderately
high dd/dT value; this indicates greater solvation of the helix
in this region. In the hairpin segment (residues 10—17), the
NH groups of residues 10, 15, and 17 have relatively low
coefficients, suggestive of their participation in cross-strand
interaction. The NH groups of residues 11, 14 (“i 4 2” residue
of the S-turn), and 16 are expected to be exposed to solvent

Chem. Eur. J. 2001, 7, No. 4
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and, indeed, exhibit extremely high dd/dT values. The NH
groups of Val(12), to some extent, and Val (17) in peptide IT
exhibit moderately high d6/dT values; this may indicate some
solvent invasion of the $-hairpin. A hydroxylic solvent, such
as methanol, may be expected to compete for hydrogen
bonding.

A qualitative idea of the involvement of peptide NH groups
in intramolecular hydrogen bonds was also obtained from an
H/D exchange experiment['® 7] carried out by dissolving the
peptides in CD;OD. Figure 6b shows the course of the
disappearance of the NH resonances in peptide II. The NH
groups involved in helical hydrogen bonding: Val(3), Ala(4),
Aib(6), Val(7), and, to a lesser extent, Leu(5) exchange at a
slower rate than the remaining NH groups. In the hairpin
segment, Val(12) and Val(17), which are expected to be
internally hydrogen bonded, have lower rates of exchange.
The behavior of the Val(11) and Val(16) NH groups is
anomalous. It should be noted that the anomalous exchange
rates and solvent dependence of NH chemical shifts in
extended strands may be a consequence of the proximity of
the CO group of the same residue in “stretched out”
conformations. Indeed, the C; interaction has been considered
to be a hydrogen bond in fully extended peptides.'®! Stereo-
electronic considerations would dictate the approach of
solvent to NH groups in such a situation, with the approach
of a solvent molecule being impeded by the proximal carbonyl
group.l't 1 A similar experiment carried out with peptide I
(Figure 6a) reveals that two of the NH groups that are
expected to be involved in cross-strand hydrogen bonding,
those on Val(12) and Val(17), exchange slowly. In this peptide
as well, the Phe(11) NH exchanges anomalously slowly.
Interestingly, in peptide I, the helical segment that contains
only a single Aib residue at the 4-position is appreciably more
fragile, with the NH groups of Leu(3) and Aib(4) exchanging
rapidly. Indeed, the Val(5) NH is the only group in this
segment to exchange very slowly. Studies of the isolated

0947-6539/01/0704-0843 $ 17.50+.50/0 843
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preceding residue. Interesting-
ly, the Gly(9) NH also has a low
do/dT value, consistent with its
involvement in intramolecular
hydrogen bonding. In the an-
ticipated structure, Gly(8) is

a) b)
t =150 min
t = 120 min =31 min

V5

el

expected to adopt a left-handed
helical (a;) conformation, this
results in helix termination by
formation of a Schellman mo-
tif.'415-2] In such a structure,

t =20 min
L15
[ m

t =3 min
A
- 6 L7/VS
\v17 \
| L10

Fl6 LI5/G9

the Gly(9) NH should be in-

volved in a 6—1 hydrogen
V7/U6 bond with the CO group of
residue at the 4-position. The
NMR data thus support helix
termination by Gly(8) forming
the site of chiral reversal. In the
crystal structures of peptides
that adopt the Schellman motif,
the dihedral angle, $(N—C*), of
the Thr(1) residue is consider-
ably larger in magnitude
(~ —100°). Interestingly, in
both peptides, the Jyy-cy for
residue seven is significantly
greater (~7 Hz) than the values
observed for the preceding res-

T T T T T T I T
9.0 8.5 8.0 7.5 70 6 85

Figure 6. Partial 500 MHz 'H spectra of peptides I (a) and II (b) in CD;0D, which illustrate the rate of exchange

idues in the helix.
8.0 K

Possible conformations: The

of NH groups. Peptides I and II (~ 1 mg) were dissolved in 500 pL of precooled CD;OD (at 270 K for peptide I;

277 K for peptide II), and the one-dimensional spectra at different time intervals were acquired as indicated. The
lowest spectra in a) and b) correspond to the spectra of peptides I and II recorded in CD;OH at 270 and 277 K,
respectively. The letters correspond to the standard abbreviations for amino acids with U for Aib.

heptapeptide module Boc-Val-Ala-Leu-Aib-Val-Ala-Leu-
OMe have indeed demonstrated significant fragility of the
helix in crystals and in solution.?l Most importantly, a crystal
structure determination of peptide I reveals that the two N
terminus residues, Val(1) and Ala(2), adopt unfolded, ex-
tended conformations and are involved in intermolecular
hydrogen-bond formation in the solid state.!]

The integrity of the S-hairpin in peptide I is also supported
by the observation of a resonance anomalously shifted to high
field that corresponds to the H2/H6 protons of Phe(16) (inset,
Figure 7). Such a shift of the Phe ring protons is possible only
if there is a strong cross-strand interaction that allows the ring
current of one of the Phe residues to influence the chemical
shifts of the proximal aromatic protons. A schematic con-
formation for the hairpin segment, based on the crystal
structure of peptide LY is shown in Figure 7. The significant
upfield shift suggests that the majority of the residues 10—-17
are in a $-hairpin conformation in peptide L

The Gly(8) NH has very little temperature dependence of
chemical shifts. The observed do/dT values for this residue in
both peptides I and II strongly support structures in which the
NH group is solvent shielded; this suggests that the helical
hydrogen-bonding pattern extends to the NH group of Gly
(8), a feature which implies a helical conformation at the

844 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

NMR results clearly establish

that residues 1-7 in both pep-

tides I and II adopt a largely

helical folding pattern, while
| IS

:- L W - i
(b

" ®
| --

'

FI6 A J

Figure 7. Model for the $-hairpin component of peptide I built with ¢ and
¥ values obtained from the crystal structure,?!! which illustrates the
orientation of aromatic residues in the strands. Inset: the upfield shift of the
Phe(16) ring protons, H2 and H6, marked with an asterisk.
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residues 10—17 favor a fS-hairpin conformation. The helical
segment in peptide I is considerably more fragile; this suggests
solvent invasion of the backbone. The solvent-shielded nature
of the Gly(9) NH group constrains Gly(8) to an «; con-
formation (¢ ~+ 60°, 1 +30°). The orientation of the helical
and hairpin segments are then determined solely by the confor-
mation at Gly(9). Four major conformational possibilities
may be envisaged at this residue: ag (¢ ~—65°, y ~—35°),
ap (¢ ~+65° yp~+35°), B (p~—150°, 9 ~4+150°) or f'
(¢p ~+150°, 9 ~—150°), which lie in the four quadrants of the
Ramachandran map.?! The 8 and 8’ conformations become
closely related as the residue approaches a fully extended
conformation (¢ ~ 180°, 1 ~180°). Figure 8 illustrates ribbon

) Ol K‘k

¢ o

Figure 8. Four distinct stereochemical alternatives for the helix-linker
hairpin peptides, I and II. Ribbon representations of the backbone
conformations are highlighted. This figure was generated by using the
program MolMol.[?l Idealized backbone ¢ and vy values at Gly 9 (a, =
+65°, 4+35% ag = —65° —35%; f=—150°, +150°; B’ = +150°, — 150°) were
used to arrive at these models. In all these cases, Gly (8) was fixed in the
ideal a; conformation. Residues 1-7 were placed in the ay conformations,
while for residues 10—12 and 15-17, ideal extended strand values of ¢ =
—130° and y = +130° were used. The 5-turn segment at residues 13 and 14
was fixed in ideal type II' geometry (¢, =+60°°, ¥; =—120"; ¢in=
—80°%, 9., =0°).

representations of the molecule; these were obtained by using
idealized values for Gly(9) in the four broad conformational
regions. The Gly-Gly linker conformations o,/ and o’ lead
to very similar overall folds. The a; a; conformation, however,
leads to a different orientation of the strands with respect to
the helix, while the a; ag linker results in a distinct orientation.
In three of the conformational families, the 5-hairpin axis and
the helix axis are orthogonal, while the a; ay linker results in a
more elongated conformation in a direction parallel to the
helix axis. Significantly, a crystal structure determination of
peptide I reveals the a; ' conformation at the linking Gly-Gly
segment, with the helical and hairpin segments lying perpen-
dicular to one another.?!l The possibility that the peptide can
assume a more compact structure than the conformations
illustrated in Figure 8 is excluded, because there is only a
single linking residue, Gly(9), between the two secondary
structure segments. The NMR data show that the conforma-
tions of Gly(8) are constrained. At the present level of
analysis, the possibility of dynamic interconversion between
the conformational families cannot be excluded.

Chem. Eur. J. 2001, 7, No. 4
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Circular Dichroism: CD spectra for peptides I and II in
methanol are shown in Figure 9. Both peptides exhibit intense
CD bands in the region below 230 nm; this is indicative of the
presence of the substantial secondary structure. The differ-
ence in the spectra of peptides I and II may arise from the

30

Molar Ellipticity x 10/ deg cm? dmol!

200 220 240 260
Wavelength /nm
Figure 9. CD spectra of peptides I and II in methanol (300 K).

contribution of the two Phe residues to the far-UV CD
spectrum of peptide I. Aromatic contributions to the far-UV
CD spectra of peptides cannot be ignored? and, in the
present case, the proximity of Phe(11) and Phe(16) in a f-
hairpin may be expected to significantly distort the spec-
trum.! Inspection of the spectra in Figure 9 suggests that
both helical and hairpin components are indeed contributing.
While short helical segments are expected to have a weak
band at 218 —220 nm, which accompanies a relatively strong
band at 205-208 nm,?% B-hairpins exhibit a broad negative
band at 214220 nm. [0 100]

Conclusion

The results presented in this report establish that conforma-
tionally well-defined modules of peptide secondary structure
can be covalently assembled into larger units, without
significantly altering the local conformation of the module.
The structural analyses described in the present work have
been carried out in methanol and generally support both
isolated helical and hairpin conformations. In less polar
media, such as chloroform, aggregation, presumably by
association of the outer faces of the f-strands, becomes
important. In a more strongly solvating medium such as
DMSO, solvent invasion of the peptide backbone limits the
extent of secondary-structure formation. Strategies for
achieving globularity may be important in protecting intra-
molecular hydrogen bonds from disruption by strongly
interacting solvents. The ability to construct short peptide
segments that adopt relatively robust helical and B-hairpin
conformations may be used to advantage in developing a
“Lego” approach to the elaboration of synthetic polypeptides
that adopt complex folding patterns. The use of backbone

0947-6539/01/0704-0845 $ 17.50+.50/0 — 845



FULL PAPER

P. Balaram et al.

conformational constraints as a means of nucleating specific
conformations allows design strategies to be dictated by the
appropriate choice of amino acid building blocks. This
approach places fewer demands on solvent forces in main-
taining peptide-folding patterns. In its present state of
development, this approach may be termed “molecular
carpentry” as it results in polypeptide objects of reasonably
well-defined shapes. Extension by the positioning of func-
tionally active residues on these scaffolds may allow evolution
of this strategy to the domain of molecular engineering.
Indeed, small peptides that possess pre-organized S-turn and
p-hairpin scaffolds have been used to generate moderately
enantioselective peptide catalysts for acyl-transfer reac-
tions.7!

Experimental Section

Peptide synthesis: Peptides I and II were synthesized by conventional
solution-phase methods!'*f! by using a fragment condensation strategy. The
tert-butyloxycarbonyl (Boc) group was used for N-terminal protection,
while the C terminus was protected as a methyl ester. Deprotections were
performed with 98% formic acid and saponification for the N and C
termini, respectively. Couplings were mediated by dicyclohexylcarbodi-
imide/1-hydroxybenzotriazole (DCC/HOB?t). The final couplings of both of
the 17-residue peptides were achieved by the fragment condensation of
Boc-Val-Ala-Leu-Aib-Val-Ala-Leu-OH and H-Gly-Gly-Leu-Phe-Val-p-
Pro-Gly-Leu-Phe-Val-OMe for peptide I and Boc-Leu-Aib-Val-Ala-Leu-
Aib-Val-OH with H-Gly-Gly-Leu-Val-Val-pD-Pro-Gly-Leu-Val-Val-OMe
for peptide II with DCC/HOB as coupling agents. All the intermediates
were characterized by 'H NMR (80 MHz) and thin-layer chromatography
(TLC) onsilica gel and used without further purification. The final peptides
were purified by reverse-phase, medium-pressure liquid chromatography
(Cis, 40-60x) and by HPLC on a reverse-phase Ciz column (5-10 u,
7.8 mm x 250 mm) with methanol/water gradients. The purified peptides
were analyzed by mass spectrometry on a Kratos PC-Kompact MALDI-
TOF mass spectrometer: MNag,, peptide I, 1794.8 (M, 1771.2); MNa g
peptide II, 1712.1 (M_,¢q 1689.3). Both peptides were fully characterized by
500 MHz 'H NMR.

NMR spectroscopy: NMR studies were carried out on a Bruker DRX-500
spectrometer. All two-dimensional experiments were done in the phase-
sensitive mode with time-proportional phase incrementation. DQF-CO-
SY, TOCSY,” NOESY,* and ROESYP! experiments were performed
by collecting 1000 data points in 2 and 512 data points in f1 with a spectral
width of 5500 Hz. Solvent suppression was achieved by using presaturation
(with a 55 dB pulse in recycle delay of 1.5s). Data were processed on a
Silicon Graphics Indy work station with Bruker XWIN NMR software.
Typically, a sine-squared window function, phase shifted by /2 radians, was
applied in both dimensions. Data in f1 were zero-filled to 1000 points.
Mixing times of 300 ms were used in NOESY experiments. A spin-lock
mixing time of 300 ms was used in ROESY experiments and a 70 ms mixing
time was used for TOCSY experiments. The sample concentration was
~3mMm and the probe temperature was maintained at 300 K or 270 K as
desired. Coupling constants were measured from resolution-enhanced one-
dimensional spectra.

Circular dichroism (CD): CD spectra were recorded on a JASCO J-715
spectropolarimeter. The instrument was calibrated with D(+)-10-camphor
sulfonic acid. The path length used was 1 mm. The data were acquired in
the wavelength scan mode, with a 1 nm band width and a step size of
0.2 nm. Spectra were acquired at 300 K with peptide concentrations of
0.1 mgmL~". Typically, 8 scans were acquired from 260-195 nm by using a
scan speed of 50 nmmin~!. The resulting data were baseline-corrected and
smoothed.
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