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Abstract
This paper introduces a simple chemical model of a β-sheet (artificial β-sheet) that dimerizes by
parallel β-sheet formation in chloroform solution. The artificial β-sheet consists of two N-terminally
linked peptide strands that are linked with succinic or fumaric acid and blocked along one edge with
a hydrogen-bonding template composed of 5-aminoanisic acid hydrazide. The template is connected
to one of the peptide strands by a turn unit composed of (S)-2-aminoadipic acid (Aaa). 1H NMR
spectroscopic studies show that these artificial β-sheets fold in CDCl3 solution to form well-defined
β-sheet structures that dimerize through parallel β-sheet interactions. Most notably, all of these
compounds show a rich network of NOEs associated with folding and dimerization. The compounds
also exhibit chemical shifts and coupling constants consistent with the formation of folded dimeric
β-sheet structures. The aminoadipic acid unit shows patterns of NOEs and coupling constants
consistent with a well-defined turn conformation. The present system represents a significant step
toward modeling the type of parallel β-sheet interactions that occur in protein aggregation.

Introduction
The formation of parallel β-sheets through intermolecular interaction between polypeptide
strands has emerged as a central problem in protein aggregation associated with Alzheimer’s
disease, the prion diseases, and other neurodegenerative disorders. Recent studies have
established that β-amyloid peptides, associated with Alzheimer’s disease, aggregate through
parallel β-sheet interactions.1 Parallel β-sheet organization has also been found in infectious
prion proteins,2 as well as in model peptides of the yeast amyloid protein Sup35p.3 X-ray
crystallographic studies of various other small model amyloidogenic peptides have shown both
parallel and antiparallel β-sheet structures. 4

The formation of parallel β-sheets through in-register interaction of like peptide strands
constitutes a special type of molecular recognition that does not occur in antiparallel β-sheets.
When parallel β-sheets form in peptide and protein aggregation, like side chains (e.g., R1,
R2, and R3 in Chart 1) align in stripes across the faces of the β-sheets. The side chains can
adopt the same torsion angles (χ1, χ2, etc.) and thus pack together like forks, spoons, and, knives
in a silverware drawer.

Peptide and protein aggregates cannot generally be studied by standard solution-phase
techniques (e.g., solution-phase NMR spectroscopy), because they are generally not soluble.
Chemical model systems provide an attractive tool for simplifying the aggregation problem to
a single set of interactions. Antiparallel β-sheet formation has been studied heavily using β-
hairpin model systems.5 β-Hairpins provide a natural intramolecular model for antiparallel
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β-sheet formation, because a β-turn allows a peptide to fold back on itself. Parallel β-sheet
formation has also been studied using hairpin-like systems containing prosthetic turn units to
C- or N-terminally link two peptide strands.6,7

Our research group has previously reported model systems that use a combination of molecular
templates and α-amino acids to study intermolecular antiparallel β-sheet interactions that occur
upon dimer formation.8 Few other examples of model systems that dimerize through
intermolecular β-sheet interactions are known.9 The only system of which we are aware that
dimerizes through parallel β-sheet interactions is a macrocyclic peptide with alternating D-
and L-amino acids that lacks an extended peptide strand.10 Using principles we have learned
from our antiparallel dimerization model system, we set out to develop a system that dimerizes
through parallel β-sheet interactions.11 Here, we introduce a simple chemical model of a β-
sheet (artificial β-sheet 1) that dimerizes by parallel β-sheet formation in chloroform solution.

Results and Discussion
Chemical models of parallel β-sheets are harder to create than chemical models of antiparallel
β-sheets for two reasons, one of which is obvious and the other of which is not. In intramolecular
systems, antiparallel β-hairpin formation is natural to the topology of peptide strands, while
the creation of a parallel analogue of a β-hairpin requires a suitable adapter unit. In
intermolecular systems, antiparallel homodimeric structures can form by interaction of like
edges of peptide strands, while parallel homodimeric structures require interaction of
opposite edges (Chart 1). As a result of this difference, a simple chemical model that forms
antiparallel β-sheets through intermolecular interaction can consist of a single peptide strand
in which one edge is blocked,8 while a simple chemical model that forms parallel β-sheets
through intermolecular interaction cannot.

Artificial β-sheet 1 consists of two N-terminally linked dipeptide strands that are blocked along
one edge. The peptides are linked with succinic acid and blocked along one edge with a
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hydrogen-bonding template composed of 5-aminoanisic acid hydrazide.12 The template is
connected to one of the peptide strands by a turn unit composed of (S)-2-aminoadipic acid
(Aaa). The other edge of each dipeptide presents three hydrogen-bonding groups. The linked
dipeptides can dimerize through parallel β-sheet interactions to form six hydrogen bonds, but
can only form four hydrogen bonds through antiparallel β-sheet interactions. We selected
hydrophobic amino acids to allow studies in chloroform and other non-competitive solvents,
and we prepared six variants (1a-f) containing Leu, Val, Ile, Ala, and Phe at the four variable
sites in the molecule (AA1-AA4). Table 1 summarizes the structures of the variants. We also
prepared a variant of 1f with fumaric acid in place of succinic acid (2a).

Artificial β-sheets 1a-f were assembled from these components using standard solution-phase
peptide synthesis techniques (Scheme 1). The 5-aminoanisic acid hydrazide template was
prepared as the TFA salt (8) from aniline 3.12b Aniline 3 was coupled with Cbz-protected
valine or alanine, the resulting anilide (4, not shown) was deprotected by hydrogenolysis, and
the resulting amine (5, not shown) was coupled with ethyl oxalyl chloride to yield ethyl ester
6. Aminolysis of ethyl ester 6 with butylamine, followed by treatment of the resulting
butylamide (7, not shown) with trifluoroacetic acid yielded salt 8. Salt 8 was coupled with the
N-Boc-5-oxazolidinone derivative of aminoadipic acid using HCTU and 2,4,6-collidine. The
use of 2,4,6-collidine in this step is important; substantial double acylation of the terminal
hydrazide nitrogen occurred when a stronger base (DIPEA) was used. Aminolysis of the
coupling product (9, not shown) with dimethylamine, followed by removal of the resulting
hydroxymethyl group and the Boc group, yielded salt 10. Coupling of salt 10 to Boc-protected
amino acid Boc-AA1-OH, followed by removal of the Boc group and subsequent coupling to
succinic dipeptide HO2CCH2CH2CO-AA2-AA3-NH-i-Pr yielded artificial β-sheets 1.
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Artificial β-sheet 2a was prepared in an analogous fashion using fumaric dipeptide
HO2CCH=CHCO-Phe-Leu-NH-i-Pr.13

1H NMR spectroscopic studies in CDCl3 solution show that artificial β-sheets 1 and 2a form
folded well-defined β-sheet structures that are dimerized through parallel β-sheet interactions.
Most notably, all of these compounds show a rich network of NOEs associated with folding
and dimerization. Parallel and antiparallel β-sheets have different geometrical arrangements
of protons and thus show different characteristic NOEs. Figure 1 illustrates NOEs expected
for parallel and antiparallel β-sheets. Antiparallel β-sheets typically give strong interstrand
Hα–Hα NOEs, and weaker interstrand NH–NH and Hα–NH NOEs. Parallel β-sheets typically
give strong interstrand Hα–Hβ NOEs and strong interstrand Hα–NH NOEs.

Compounds 1 and 2a show these and other NOEs consistent with antiparallel β-sheet folding
and parallel β-sheet dimerization. The 1H NMR spectra of compounds 1 and 2a have good
dispersion of the proton signals associated with the characteristic NOEs. Figures 2 and 3
illustrate key NOEs observed in compound 1a. The intramolecular NOEs associated with
folding (Figure 3, blue arrows) are characteristic of antiparallel β-sheet formation, while the
intermolecular NOEs associated with dimerization (Figure 3, red arrows) are characteristic of
parallel β-sheet formation. Figure 2C shows a strong intramolecular interstrand Hα–Hα NOE.
Figures 2E and 2F show strong intermolecular interstrand Hα–Hβ and Hα–NH NOEs.14,15

Consistent with the formation of hydrogen-bonded dimeric β-sheet structures, the peptide NH
resonances of 1 appear downfield (7.93–8.80 ppm, Table 2). The amide proton of AA4 shows
downfield shifting (7.93–8.06 ppm), even though it does not participate in interstrand or
intersheet hydrogen bonding, because it is flanked by two carbonyl groups.8b Also consistent
with β-sheet structure, all peptidic NH signals show large coupling constants (7.0–10.4 Hz,
Table 3). The amide signals of AA3 are the most downfield (8.60–8.80 ppm) among the amino
acid NH signals and the coupling constants are the largest (9.7–10.4 Hz), suggesting that the
open end of the hairpin is especially well folded. The amino acid α-proton resonances of 1
appear downfield (4.46–5.94 ppm), further reflecting the formation β-sheet structure.16 The
peptide resonances and coupling constants of 2a are similar to those of 1, with the exception
of the NH resonance of Phe2, which appears exceptionally far downfield (9.20 ppm). The
downfield shifting of this resonance may reflect subtle differences between 1 and 2a in
conformation, magnetic anisotropy, or hydrogen bonding.

The non-peptidic NH signals of artificial β-sheets 1 appear even further downfield. The anilide
proton signals appear at 10.09–10.20 ppm in 1a-1f. The butyloxalamide NH proton signals
appear exceptionally far downfield (9.50–9.65) ppm, further suggesting a tight hydrogen bond
at the open end of the hairpin.17 The hydrazide proton signals appear the most downfield
(10.40–10.71 ppm). The ArCO-NHNH hydrazide resonance (10.40–10.63 ppm) is not as far
downfield as that of a related hydrogen-bonded system (11.77 ppm),8c suggesting that the turn
unit does not achieve optimal geometry for hairpin formation. Each hydrazide signal appears
as a doublet with a coupling constant of 7.4–7.7 Hz, suggesting an anti conformation of the
hydrazide unit.

The aminoadipic acid unit shows patterns of NOEs and coupling constants consistent with a
well-defined turn conformation. The aminoadipic acid α-protons of 1 and 2a give strong NOEs
to the side-chain δ-protons and ε-NH proton. The α-protons show one large (ca. 12 Hz) Hα–
Hβ coupling constant; the other Hα–Hβ coupling is too small to measure (ca. 1 Hz). The
diastereotopic δ-protons show significant anisotropy (0.65–0.76 ppm), indicating that they
reside in very different magnetic environments. They also exhibit widely different coupling
patterns, with the δpro-S-proton resonance resembling a triplet of doublets with two large (11–
12 Hz) coupling constants and one smaller (ca. 7 Hz) coupling constant, and δpro-R-proton
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resonance resembling a triplet with two large (ca. 12 Hz) coupling constants. Figure 4 shows
representative splitting patterns for these protons.

Molecular modeling of model compound Ac-Aaa(NHMe)-NMe2 provides a minimum-energy
structure of the aminoadipic acid turn unit consistent with these data (Figure 5). The global
minimum of the model compound was determined using MacroModel v8.5 with the MMFF*
force field and GB/SA CHCl3 solvation. In this structure, the side-chain amide NH is hydrogen
bonded to the main-chain acetamide carbonyl to form a hydrogen-bonded ten-membered ring.
Molecular modeling indicates that this conformer is strongly preferred; the next higher-energy
conformer is 2.2 kcal/mol above the global minimum. This conformer has a different
conformation of the aminoadipic acid side chain but preserves the hydrogen-bonded ten-
membered ring.

In the minimum-energy structure, the aminoadipic acid α-proton is close to the aminoadipic
acid ε-NH proton (3.5 Å), δpro-S-proton (3.4 Å), and δpro-R-proton (2.2 Å). Karplus analysis
provides coupling constants consistent with those observed for compounds 1 and 2a. The
structure has a 294° N–Cα–Cβ–Cγ(χ1) torsion angle, which should give one large Hα–Hβ
coupling constant and one small Hα–Hβ coupling constant (ca. 11 and 2 Hz).18 The structure
has a 166° Cβ–Cγ–Cδ–Cε (χ3) torsion angle, which should give large and small (ca. 13 and 1
Hz) vicinal couplings for the δpro-R-proton and large and medium (ca. 12 and 6 Hz) vicinal
couplings for the δpro-S-proton.18 The calculated values match the observed values well if the
geminal coupling constant for the δ-protons is taken to be 12 Hz.

The succinic acid linker unit shows 1H–1H coupling patterns consistent with an extended zigzag
conformation. Although the succinic acid proton resonances overlap heavily with other signals,
we were able to extract coupling constants from all four succinic acid resonances of 1a. Two
of the resonances are distinct doublet of doublet of doublets (J = 17.1, 13.0, 5.7 Hz). The other
two resonances overlap heavily with other signals, but can be resolved by resolution
enhancement into two overlapping doublet of doublet of doublets (J = 17.1, 13.1 Hz, 3.0 Hz).
19,20 These coupling constants reflect that each proton experiences one geminal coupling, one
anti vicinal coupling, and one gauche vicinal coupling. If the C(O)–CH2–CH2–C(O) torsion
angle were perfectly 180°, all four succinic proton signals should exhibit identical patterns of
doublet of doublet of doublets with a geminal coupling of ca. 17 Hz,21 an anti vicinal coupling
of ca. 14 Hz, and a gauche vicinal coupling of ca. 3 Hz.18 The slight mismatch between the
observed and ideal coupling patterns might reflect slight deviation from a perfect zigzag
conformation. The presence of large (ca. 13 Hz) vicinal coupling constants in all four
resonances indicates that there is no significant population of gauche conformer.

Intramolecular NOEs provide additional support for the extended conformation of the succinic
acid linker unit (Figure 6). One diastereotopic pair of succinic acid protons in 1a (Ha and
Ha′) give NOEs to the Leu-1 NH proton and to the proton at the 6-position of the aromatic ring;
the other pair (Hb and Hb′) give NOEs to the Leu-2 NH proton.22 Chart 2 illustrates NOEs
observed for each pair of protons and shows the extended zigzag conformation of the succinic
acid linker unit.

Conclusion
N-Terminally linking two peptide strands and blocking one edge of the resulting linked
dipeptide creates a peptide system that dimerizes through parallel β-sheet formation. Linking
two dipeptides with a diacid unit maximizes the number of hydrogen-bonding groups available
for dimerization through parallel β-sheet interactions and minimizes the number of hydrogen-
bonding groups available for the dimerization through antiparallel β-sheet interactions. Either
succinic acid or fumaric acid works as a linker; we prefer the former, because the succinic acid
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compounds are slightly easier to prepare.23 Blocking one edge of the peptides with a molecular
template prevents uncontrolled oligomerization. A turn unit based on (S)-2-aminoadipic acid
adopts a well-defined conformation with an intramolecularly hydrogen-bonded ten-membered
ring and promotes folding between the peptide strand and the molecular template.

The present system represents a significant step toward modeling the type of parallel β-sheet
interactions that occur in protein aggregation. Although the system dimerizes in chloroform,
not in water, it achieves intermolecular parallel β-sheet interactions, which are simply not
achieved by any other model system. Our research group previously developed a related
intermolecular model system for antiparallel β-sheet formation in chloroform solution.8c Using
that system, we were able to explore side chain interactions in intermolecular antiparallel β-
sheet systems.8d–f,24 We then extended this system to water thorough judicious use of
macrocyclization and hydrophobic interactions.8g We anticipate being able to use similar
strategies to study intermolecular side chain interactions in parallel β-sheets and to extend the
current system to aqueous solution.7 We will report these efforts when they come to fruition.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Characteristic NOEs (arrows) in parallel and antiparallel β-sheets. Structures are shown for the
alanine dipeptide, with Newman projections shown for the Cβ;–Cα bonds.
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Figure 2.
Selected NOEs in artificial β-sheet 1a. 800-MHz NOESY spectrum recorded at 10 mM and
268 K in CDCl3 with a 400-ms mixing time. Expansions A–C show intramolecular NOEs;
expansions D–F show intermolecular NOEs.14,15
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Figure 3.
Key NOEs observed in artificial β-sheet 1a. Red arrows represent intermolecular NOEs; blue
arrows represent intramolecular NOEs.
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Figure 4.
Representative splitting patterns for the aminoadipic acid δ-protons (artificial β-sheet 1c).
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Figure 5.
Model of the aminoadipic acid turn unit. The global minimum of Ac-Aaa(NHMe)-NMe2 was
determined using MacroModel v8.5 with the MMFF* force field and GB/SA CHCl3 solvation.
Arrows indicate key NOEs observed for the turn units of 1 and 2a.
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Figure 6.
Selected NOEs observed for the succinic acid protons of 1a. 800-MHz NOESY spectrum
recorded at 10 mM and 268 K in CDCl3 with a 400-ms mixing time.
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Scheme 1.
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Chart 1.
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Chart 2.
Key NOEs observed for the succinic acid linker unit of 1a.
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