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Short peptides that adopt specific secondary structures in aqueous
solution have proven to be invaluable tools for elucidating the
balance of forces that controls the stability of these common protein
substructures. Rules for the design of sequences that fold autono-
mously into the R-helical conformation have been available for
nearly two decades,1 and the analysis of R-helical folding prefer-
ences is now a mature field. Guidelines for the design of antiparallel
�-sheet-forming sequences have emerged more recently, enabling
fundamental studies of the origins of antiparallel �-sheet stability.2

Parallel �-sheet is common in proteins, but this structural motif
has received little attention to date because the rules necessary to
design molecules that will adopt this secondary structure in aqueous
solution are not yet fully developed.

Parallel �-sheet differs fundamentally from antiparallel �-sheet
or R-helix in that the latter two secondary structures can form within
relatively short peptides (12-25 residues), but the former cannot.
A minimal �-sheet contains two strands; if these strands are to be
oriented in parallel fashion, then they must be linked either via
their N-termini or via their C-termini. Thus, creation of a minimal
parallel �-sheet requires nonpeptide units in the linking segment.
A number of linking segments containing diacids (or equivalents)
to connect two N-termini or diamines (or equivalents) to connect
to C-termini have been explored in organic solvents,3–5 but only
one linking segment has been shown conclusively to support parallel
sheet folding between attached peptide strands in aqueous solution
(this linker is illustrated in Figure 1a), as evidenced by the detection
of characteristic interstrand NOEs.6 Here we describe simple diacid
linkers that promote parallel �-sheet folding between peptide strands
attached via their N-termini. These new linkers represent valuable
tools for analysis of sequence-stability relationships in parallel
�-sheet secondary structure.

Simple molecular mechanics calculations suggested that a diacid
formed by allowing glycine to react with cis-1,2-cyclohexanedi-
carboxylic anhydride would be an effective parallel �-sheet
promoter (Figure 1b). Our first test of this hypothesis involved
preparation of tetrapeptide analogues containing each enantiomer
of this linker with L-Leu-N-methylamide attached to the Gly
carboxyl and L-Val-N-methylamide attached to the remaining
carboxyl on the cyclohexane ring (1 and 2). These syntheses relied
on the asymmetric reaction of the anhydride with benzyl alcohol,
which provides the half-ester with high and complementary
enantioselectivity when catalyzed by quinine or quinidine.7 Dia-
stereomers 1 and 2 both display parallel �-sheet hydrogen bonding
patterns in the solid state (Figure 2a). Thus, in both cases, Leu NH
forms a 10-membered ring H-bond to one of the carbonyls on the
cyclohexane ring (very similar to the H-bonds commonly observed
in �-turns), and Leu carbonyl forms a 16-membered ring H-bond
to the NH(CH3) attached to Val. We were intrigued to observe that
both configurations of the cyclohexanedicarboxylic acid (CHDA)
unit support parallel �-sheet formation between appended L-amino
acid residues. In our previous studies with proline-based linkers
for antiparallel �-sheet nucleation and for C-to-C linked parallel

�-sheet nucleation, we found that only one proline configuration
supported the desired folding pattern.2a,4c,6 NMR analysis of 1 and
2 in chloroform indicated that in both cases the conformation
observed in the solid state is populated in solution: numerous NOEs
between a proton on the L-Val residue and a proton on the L-Leu
residue were observed for each molecule.8

We next examined 3 and 4, analogues of 1 and 2 in which the
Gly residue is replaced by an R-amino-isobutyric acid (Aib) residue.
The Aib residue is well-known to promote reverse turn formation
in peptides, and Aib-containing turn segments have been used to
promote antiparallel �-sheet formation.9 Similarly, we have found
that placing a gem-dimethyl pair within a diamine reverse turn
segment can promote parallel �-sheet formation.4c,6 These prece-
dents led us to examine 3 and 4, analogues of 1 and 2 in which the
Gly residue is replaced by an Aib residue. To our surprise, the
Aib-containing molecules adopt not a hairpin but instead a helix-

Figure 1. Tetrapeptide mimics that contain parallel linkers: (a) C-to-C;
(b) N-to-N.

Figure 2. (a) Solid state conformations of tetrapeptide mimics containing
the linkers (S,R)-CHDA-Gly (1) and (R,S)-CHDA-Gly (2). (b) Solid state
conformations of tetrapeptide mimics containing the linkers (S,R)-CHDA-
Aib (3) and (R,S)-CHDA-Aib (4). In each case, all H atoms other than
those on the Val and Leu N atoms are omitted for clarity.
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like conformation in the solid state (Figure 2b). In each case one
carbonyl from the CHDA unit forms a 10-membered ring with Leu
NH, and the other CHDA carbonyl forms a 10-membered ring
H-bond with the NH(CH3) attached to the Leu carbonyl. In light
of these results, we did not pursue the Aib-CHDA linker.

The behavior of 1 and 2 in the solid state and in nonpolar solution
is promising, but the observation of hairpin-like folding for
molecules of this size under these conditions does not guarantee
that the linkers will promote parallel �-sheet formation between
longer peptide segments in aqueous solution.10 Folding in water is
essential for model systems intended to provide insight on the
conformational preferences of proteins. To address this critical issue,
we prepared diastereomers 5 and 6, in which strands containing
six L-residues are attached to each carboxyl of enantiomeric Gly-
CHDA units (Figure 3a). The design of the peptide strands was
based on several considerations. (1) Peptides that form �-sheet

secondary structure are often prone to aggregation;2 therefore, we
incorporated several basic residues so that our molecules would
bear a net positive charge under the acidic conditions employed
for NMR analysis. (2) Aromatic residues were included in order
to maximize resonance dispersion in the 1H NMR spectrum. (3)
We placed residues with complementary charges (Lys and Glu) at
the terminal strand positions so that electrostatic attraction between
the side chains would encourage strand association at the open end
of the parallel �-sheet.11 (4) We selected residues with a high
propensity to participate in �-sheet secondary structure,12 and we
designed the strand sequences so as to favor interstrand pairs that
appear to be preferred among parallel �-sheets in proteins.13

Two-dimensional NMR analysis14 of 2.5 mM samples of 5 and
6 in 9:1 H2O:D2O at pH 3.8 (100 mM sodium acetate buffer)
indicated that parallel �-sheet interactions occur between the strand
segments in both cases. DOSY measurements15 carried out with
0.3 and 5 mM peptide samples indicated invariant diffusion
coefficients, which suggests that little or no peptide aggregation
occurs in this concentration range. NOEs between protons from
residues that are not adjacent in sequence provided strong evidence
for the expected parallel �-sheet interactions between the linked
strand segments.4,16 In parallel �-sheet secondary structure, a pair
of aligned residues on adjacent strands has one partner that is
H-bonded (HB) to the opposite strand and one partner that is not
H-bonded (nHB). For example, in 5 and 6 the target conformations
would have a GluHB-LysnHB pair at the open end (residues 1 and
14), followed by an ArgHB-ThrnHB pair (residue 2 and 13) (Figure
3b). This interstrand arrangement should give rise to NOEs between
NH of the HB partner and CRH of the nHB partner.16 For both 5
and 6, these interstrand NH-CRH NOEs are observed for five of
the six expected residue pairs; only the terminal GluHB-LysnHB

pair does not give rise to this type of NOE, perhaps because of
fraying at the open end of the parallel hairpin. In addition to these
backbone NOEs, numerous NOEs are observed between side chains
for each of the expected lateral residue pairs, including the terminal
GluHB-LysnHB pair. Further interstrand NOEs are observed between
side chains juxtaposed in diagonal fashion,17 Arg2-Tyr11,
Lys4-Val9, and Thr5-Phe12, as expected for parallel sheet
secondary structure with the commonly observed right-handed
twist.18 A total of 30 NOEs between protons from sequentially
nonadjacent residues was observed for 5, and 42 were observed
for 6. These NOEs were used as constraints for structure calculations
with the program CNS.19 As shown by the backbone overlays of
the 10 lowest energy structures (Figure 3c), the set of NOEs is
consistent with parallel �-sheet formation in both 5 and 6.
Superimposed NMR structures for 5 and 6 (Figure 3d) indicate
that the biggest difference involves the residues that form the turn.
Otherwise, the structures are very similar along the �-sheet.

Hutchinson et al. have recently reported an extensive analysis
of lateral pairing preferences among parallel �-sheets found in high-
resolution protein crystal structures.13 Their findings suggest that
for many residue pairs there is a significant difference between the
favorability of the two possible HB-nHB arrangements. For
example, the statistical analysis suggests that ArgHB-ThrnHB is
strongly favored relative to ThrHB-ArgnHB,13 and LysHB-TyrnHB

is more favored than TyrHB-LysnHB. In the case of GluHB-LysnHB

and LysHB-GlunHB both orientations are strongly favored, with the
first one preferred. Asymmetries of this type were rationalized by
noting that only the preferred arrangement allows stabilizing
interactions between the side chains in the ideal rotameric states.

Autonomously folding model systems such as 5 and 6 allow us
to ask whether the asymmetric HB-nHB pairing patterns observed
in parallel �-sheets of proteins,13 which are necessarily embedded

Figure 3. (a) Sequence for N to N �-hairpins 5 and 6 (red ) basic residues,
blue ) acidic residues, green ) aromatic residues). (b) Hydrogen bond
pattern in 5 and 6 for the desired parallel �-sheet conformation. (c) Ten
best NMR structures obtained by NOE restrains calculations using CNS.
The rmsd among backbone heavy atoms for the best structures of 5 is 0.128
( 0.028 Å and of 6 is 0.097 ( 0.029 Å. (d) Overlay of the NMR structures
of peptides 5 (green) and 6 (yellow). The rmsd between all the atoms of
the backbone ) 0.326 Å.
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in specific tertiary structural contexts, represent substantial sources
of intrinsic secondary structural stability. To probe the significance
of lateral residue pairings in parallel �-sheet, we prepared 7 and 8,
the sequence isomers of 5 and 6, respectively, in which the
attachment points of the strands to the Gly-CHDA linker have been
swapped (Figure 4). Of the six lateral residue pairings in the hairpin
conformation of 5 or 6, four are altered in the sequence isomers
(two do not change because the residues are identical). In each of
these four asymmetric pairings, the orientation in 5 and 6 is
predicted to be superior to that in 7 and 8, based on the protein
structure database analysis.13 The behavior of 7 and 8 is consistent
with this prediction: 2D NMR data reveal that neither molecule
shows any NOE between protons on sequentially nonadjacent
residues. Thus, neither 7 nor 8 appears to form parallel �-sheet
secondary structure in aqueous solution. These results show that
the Gly-CHDA linkers are not dominant drivers of parallel �-sheet
formation; instead, these linkers enable parallel �-sheet interactions
between attached strands, but interstrand attractions must contribute
to overall conformational stability. Moreover, these results show
that intrinsic �-sheet propensities of strand residues are not sufficient
to drive folding; instead specific and favorable interactions between
side chains on adjacent strands appear to be necessary for parallel
�-sheet formation.

We have introduced a new linker, Gly-CHDA, for connecting
peptide strands via their N-termini and shown that this unit (in either
enantiomeric form) constitutes the first N-terminal linker to support
parallel �-sheet folding in aqueous solution. Because �-sheet
secondary structure forms without buttressing from a tertiary
context, and because folding depends upon intrinsic attractions
between the strands themselves, Gly-CHDA linkers will be valuable
tools for fundamental study of the factors that influence the stability
of parallel �-sheet, a very common structural motif within proteins.
We have illustrated this utility by providing a first qualitative test
of predictions based on the recent database analysis of lateral residue
pairing preferences by Hutchinson et al.13

The new Gly-CHDA linkers complement previously described
C-terminal linkers that promote parallel �-sheet folding in water.6

The availability of both N- and C-terminal linkers will be useful
for preparation of cyclic peptides, to provide spectroscopic bench-
marks for the fully folded state of parallel hairpin model systems,
and these linkers will be essential for generating autonomously
folding parallel �-sheets that contain three or more strands.
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Figure 4. Sequences of 5-8.
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