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â-Sheets are ubiquitous in protein structures.1 It has also been
found that several diseases, such as Alzheimer’s disease and mad-
cow disease, are associated with the formation ofâ-amyloid fibrils
by â-amyloid peptides.2 Currently, there is an intense research effort
to understand the stability and dynamic features ofâ-sheet forma-
tion.3 One important question to answer is whether the formation
of â-sheets is cooperative.4 Several recent experiments using de-
signed short peptides for the study of cooperativity inâ-sheet for-
mation all indicated a cooperativity in the perpendicular direction.5

â-Sheets are featured with the formation of regular hydrogen-
bond (H-bond) networks (above). It is known that cooperative
interactions are important for the stability of many H-bonded sys-
tems.6,7 Recent experimental and theoretical studies of amide clus-
ters indicate that there is strong cooperativity in the formation of
one-dimensional H-bond chains.8,9 It has been proposed that there
is an important resonance interaction in a H-bond chain just like
that in polyenes and that this resonance interaction is essential to
the cooperativity of H-bonds in these systems.8-10 Here, we report
our preliminary results on a theoretical study ofâ-sheet models,
which suggest that the formation of H-bond networks inâ-sheets
may not have significant cooperativity in terms of enthalpy con-
tribution.

We utilized a simple repeating unit approach method, which has
been successfully applied to the study of cooperativity of the
R-helix.11 We first optimized the dimer of a tripeptide model (n )
2, m ) 3) to obtain repeating units for the parallel and antiparallel
â-sheets. Figure 1 shows the optimized structures by the HF/6-
31G* method along with important geometrical parameters.12,13

These structures were constrained to be planar (φ ) ψ ) 180°),
with every glycine residue in the same geometry. Thus, each strand
had three repeating glycine units. The parallel sheet had quite weak
H-bonds with the adjacent O- - -H distances of 2.65 and 2.62 Å,
respectively. The antiparallel sheet had a much shorter O- - -H
distance of 2.15 Å, which was still longer than those in optimized
amide clusters.14 Similar geometries were obtained for the dimers
of Ac-(Gly)2-NH2 with full geometric optimization (Figure S2
of SI), in support of the repeating unit approach.

The repeating units were then used to construct parallel and
antiparallelâ-sheets with (n ) 2, m ) 0-7), (n ) 3-6, m ) 1),
and (n ) 3-6, m ) 2). The energies of these structures were
calculated with the B3LYP/6-31G* method15 in a vacuum without
geometric optimization, which should give reasonably good relative
binding energies of the repeating units.14

Figure 2a shows the calculated individual H-bond energies in
the parallel direction (n ) 2, m ) 0-7). In the case of parallel
â-sheets, the energy of each H-bond is nearly constant. For the
antiparallelâ-sheet, there are two situations. The second, fourth,
sixth, and eighth H-bonds correspond to the formation of the large
H-bonded rings (LR) and have higher stabilizations than the first
H-bond. The third, fifth, and seventh H-bonds correspond to the
formation of small H-bonded rings (SR) and cause small destabi-
lizations. In the formation ofLRs, the extra stabilization is in accord
with the C-H- - -OdC H-bonds proposed by Dixon et al.16 The
opposite feature in the formation ofSRs can be attributed to the
secondary electrostatic repulsions between two H-bonds (short O/O
and H/H distances) that have been discussed by Jorgensen et al.17

Again, cooperativity is not found in the formation of bothSRs and
LRs. Therefore, it can be concluded that the repeating H-bonds in
the parallel direction in both the parallel and antiparallelâ-sheets
are not cooperative in terms of enthalpy contribution. It should be
pointed out that cooperativity could still be caused by the entropy
effect and side-chain/side-chain interactions.18

The calculated binding energies for individual strands in the
perpendicular direction are plotted in (b) and (c) of Figure 2 for
parallel and antiparallelâ-sheet models, respectively. Whenm )* Author for correspondence. E-mail: chydwu@ust.hk.

Figure 1. Calculated dimeric structures of the parallel (top) and antiparallel
(bottom)â-sheet models withn ) 2, m ) 3.
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0, that is, in the acetamide H-bond chain, there is a large cooperative
interaction as the binding energy increases whenn becomes larger.

To test the effect of geometric optimization on the calculated
binding energy and cooperativity, the dimer, trimer, tetramer, pent-
amer, and hexamer of formamide in the antiparallel sheet arrange-
ment have been calculated in two different ways with the B3LYP/
6-31G* method: (a) full geometric optimization and (b) repeating
unit approach with the repeating unit derived from the optimization
of the tetramer. These two sets of calculations give similar binding
energies (see SI). This means that the repeating unit approach is
valid.

We have also estimated the effect of methanol solvent on the
binding energies of the dimer to hexamer of formamide using the
self-consistent induced polarization continuum model (SCIPCM).19

The calculated binding energies for the last formamide of the dimer
to hexamer are-7.1, -9.2, -9.8, -10.0, and-10.1 kcal/mol,
respectively, in the gas phase. They are reduced to-5.4, -5.6,
-5.7,-5.7,-5.7 kcal/mol, respectively, in the methanol solution.
The calculated cooperativity for binding is large in the gas phase,
but it is significantly reduced in the methanol solution. The calcu-
lations clearly indicate that the cooperativity is largely due to long-
range electrostatic interactions and not due to the resonance effect.

If the above cooperativity were due to the resonance effect, it
would be additive. That is, the binding cooperativity forâ-strands
with m) 1 andm) 2 should double and triple that of the acetamide
chain (m) 0), as represented by the dotted curves. This is obviously
not the case. The cooperativity of the binding form ) 1 andm )
2 is much smaller (solid curves) for both the parallel and antiparallel
â-sheets. Electrostatic interations best explain the above observa-
tions. Whenm ) 0, the acetamide H-bond chain has all the amide
dipoles aligned roughly head-to-tail. This allows strong electrostatic
attractions among amide dipoles, resulting in large cooperativity.
Whenm g 1, each H-bond chain still has large electrostatic attrac-
tions, but there are repulsive electrostatic interactions between adja-
cent H-bond chains. As a result, the cooperativity is significantly
reduced.
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Figure 2. (a) Plot of calculated binding energy increment of themth pair of residues in the parallel direction:εm ) EB(m) - EB(m-1), whereEB(m) is the total
binding energy between two strands (n ) 2) with m residues. In (b) and (c), the solid curves are plots of the calculated binding energy increment by thenth
strand in the parallel and antiparallelâ-sheet models, respectively:εn ) EB(n) - EB(n-1), whereEB(n) is the total binding energy withn â-strands. The dashed
lines represent no cooperativity, and the dotted curves are calculated binding energiesε1 andε2 based on the assumption that cooperativities form ) 1 and
m ) 2 double and triple that for the single H-bond chain (m ) 0), respectively.
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