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with D23 which has been found to be critical for hairpin formation
and stability. Depending on the sign and magnitude of stagger that
dictates the length of the loop, D23 of chain i can form salt bridges
with K28 of chaini, i1, i+ 2 or i+ 3. To study the interplay be-
tween stagger and salt bridges, salt bridges involving residues
D23 and K28 were investigated. A salt bridge was considered to ex-
ist if a D23 residue was within a distance of 3.2 Afrom a K28 resi-
due. In stagger 0, D23; can form a salt bridge with K28;, K28, or
K28; 1. sometimes with all three (subscripts indicate chain num-
bers). Table 2 has details of all staggers. Fig. 511-14 in the support-
ing material contain results of one (of ten) run from each stagger. It
is both interesting and intuitive to see different salt bridge pairs at
different staggers.

3.3. Ramachandran plots of the peptide backbone

When the structure of one stagger is compared to that of an-
other, notable differences are observed in the backbone dihedral
angles in the residue range 25-30 only (GSNKGA). Ramachandran
plot of residue 30 shown in Fig. 3 reveals that the backbone dihe-
dral angles of the 20 chains at the beginning ( 20 filled black circles)
of the simulation gravitate from unfavorable regions to more favor-
able regions. Contour plots in the background show favored (dark
blue) and generously allowed (light blue) regions in the Ramachan-
dran plat [88]. A clear distinction between positive and negative
staggers emerges from this plot. Residue 30 in the positive staggers
settles primarily in the B sheet region of Ramachandran plot while
the same residue in negative staggers settles in « helical region of
the plot. Zero stagger also settles in the  helical region of the plot.
Ramachandran plots of residues 25-29 of 20 central chains (10
each on the top and bottom) at the beginning and at the end of
the 10 ns runs are shown in the supporting material (Figs. S15-
20). Residues 25 and 29 are both glycines and the lack of a side
chain imparts higher flexibility and allows them to explore larger
area in the Ramachandran plot compared to other residues
[88,89]. K28 in staggers 0, +1, and +2 all accupy allowed regions
in the Ramachandran plot while staggers +3 explore disallowed/
generously-allowed regions in ¢ > 90. Definite conclusions cannot
be drawn from residues 27 and 29 since they flank residue K28 that
forms a salt bridge with D23. The formation of this salt bridge indi-
rectly affects the backbone torsions of residues 27 and 29. Collec-
tively the plots reveal that staggers of large magnitude can lead
the backbone torsions of the loop residues to explore greater con-
formational space and even venture into disallowed regions at
some point during the simulations, although this is not generally
true of stagger 2. This together with the direction and magnitude
of fibril twist in the extended simulations strongly supports stag-
ger 2 as a candidate for the physiologically relevant § hairpin
structure. The salt bridge pairs along with backbone dihedrals in
the loop region offer insights into the directional preference of
the staggers. Determining the exact residue(s) responsible for the
twisting behavior will require careful single-site or mutiple-site
mutagenesis experiments. These efforts are beyond the scope of
the current work.

4. Conclusions

The helical amyloid -sheets are always left handed but there
exists no consensus on the exact stagger of the sheets. We demon-
strated in this study that twist of the fibrils is strongly affected by
the initial stagger. Our study suggests that negative staggers (spe-
cifically stagger 2) could be the physiologically relevant structure
that leads to the experimentally observed left-handed helix. This
underscores the importance of conducting further experimental
studies to determine the exact stagger-twist relationship of the

fibrils. But given the inherent polymaorphism observed in amyloid
secondary structures, it is entirely possible that a variety of stag-
gers and a range of values of helical twist occur in nature. This
possibility complicates the task of development of drugs that need
to be designed for a variety of Ap structures. The current work also
shows how atomistic simulations can build on experimental efforts
to help clarify the details of macromolecular structure.
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