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ABSTRACT: Amino acid cross-strand pairing interactions along a �-sheet surface have been implicated in
protein �-structural assembly and stability, yet the relative contributions have been difficult to evaluate
directly. Here we develop the central core sequence of the A� peptide associated with Alzheimer’s disease,
A�(16-22), as an experimental system for evaluating these interactions. The peptide allows for internal
comparisons between electrostatic and steric interactions within the �-sheet and an evaluation of these
cross-strand pair contributions to �-sheet registry. A morphological transition from fibers to hollow
nanotubes arises from changes in �-sheet surface complementarity and provides a convenient indicator of
the �-strand strand registry. The intrinsic �-sequence and pair correlations are critical to regulate secondary
assembly. These studies provide evidence for a critical desolvation step that is not present in most models
of the nucleation-dependent pathway for amyloid assembly.

The R- and �-secondary protein structure elements each
contribute significantly, but very differently, to polymer
folding and stability. In contrast to R-structures where the
relative contributions of individual amino acid propensities
within the helix can be estimated (1-6), the longer range
tertiary interactions that contribute significantly to �-sheet
stability remain difficult to predict (7-10). An initial survey
of 253 known globular protein structures from the Brookhaven
Protein Data Bank found that pairwise distributions of amino
acids in antiparallel �-sheets are not random (11). When
viewed along two antiparallel strands (Scheme 1), the amino
acid backbone atoms can be either directly hydrogen bonded
(H-bonded site) or not bonded (non-H-bonded site), and such
cross-strand pairing interactions, which could be stabilizing
or destabilizing (12, 13), appear to contribute significantly
to �-sheet structure.

Recent studies from Koide et al. have featured an in-depth
analysis of the outer surface protein A (OspA) from Borrelia
burgdorferi, a protein that contains a single sheet connecting
two globular domains (14-16). A series of mutants generated
by alanine scanning did not correlate with experimental
�-sheet propensity scales, statistical �-sheet propensity scales,
or cross-strand pairwise interactions (14). Instead, the free
energy of the assembly of this single �-sheet solvated on
both surfaces was most strongly correlated with the buried
nonpolar surface area of the assembly. This difference in
the energetic factors that contribute most to the assembly of
isolated �-sheets and those within globular proteins may well
be relevant to the early steps in amyloid assembly and �-sheet
nucleation.

Amyloid can be an all-�-peptide assembly and is impli-
cated in more than four dozen disorders including Alzhe-
imer’s, Huntington’s, and the prion diseases. These fibrous
aggregates, which assemble through nucleation-dependent
kinetics (17-19), form a characteristic cross-� spine where
peptide strands are arrayed perpendicular to the long fiber
axis (20-22). The resulting three-dimensional arrangement
produces characteristic orthogonal X-ray diffraction reflec-
tions at ∼5 and ∼10 Å, generally assigned to the spacing
between individual strands within a �-sheet and the packing
of neighboring sheets as laminates. Although amyloid may
well be accessible to all R-amino acid polypeptides (23-25),
surprisingly little is known about the growth mechanism or
the molecular structure of the species responsible for disease
etiology (23). Current models suggest the � assembly of
amyloid originates from simple sheets as early nucleation
events (26-30), and this early structure is propagated to
create the final assembly.

The seven-residue peptide that constitutes the central core
of the A� peptide of Alzheimer’s disease, Ac-KLVFFAE-
NH2 or A�(16-22),1 presents several valuable and simplify-
ing elements helpful in exploring amyloid assembly. First,
A�(16-22) is one of the smallest peptides able to form
amyloid, and unlike most amyloid fibers, the assemblies of
A�(16-22) are soluble and readily analyzed spectroscopi-
cally. Second, a simple change in strand registry (Scheme
1) is amplified by a switch from amyloid fibers to nanotube
morphologies (31, 32). And finally, A�(16-22) contains
complementary charged residues at each terminus and a
single �-branched residue at V18. We now report the
development of experimental and computational models of
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A�(16-22) to evaluate contributions to �-sheet assembly
in this simple model peptide. We provide evidence that cross-
strand pairwise interactions contribute significantly to
A�(16-22) assembly and that there must exist steps early
in the process prior to �-sheet assembly that facilitate peptide
desolvation. These results reveal the subtle differences that
may regulate morphologically important misfolding as-
semblies in disease (32) and bring into focus the specific
early steps of the nucleation-dependent mechanism for their
assembly.

MATERIALS AND METHODS

Peptide Synthesis and Purification. A�(16-22) and its
V18 congeners were synthesized using standard FMOC
peptide synthesis protocols on an Applied Biosystems
ABI431 peptide synthesizer. The resulting peptides were
cleaved from the resin using a solution of TFA/thioanisole/
ehtanedithiol/anisole (90/5/3/2 v/v), precipitated from the
cleavage solution using excess ice-cold diethyl ether, and
washed repeatedly with ice-cold diethyl ether. Reverse-phase
HPLC (Water Delta 600) with a linear gradient of acetonitrile
and water (0.1% TFA) was used for peptide purification. The
molecular weight of each peptide was verified by MALDI
mass spectroscopy. Peptides containing F19 1-13C labels were
synthesized as described using [1-13C]phenylalanine and also
confirmed by MALDI mass spectroscopy.

Nanotube and Fiber Assembly. The nanotubes and fibers
were prepared under two conditions in an attempt to exploit
the protonation states of the terminal Lys and Glu side chains.
Under the first “acidic” condition, purified A�(16-22) and
its V18 congeners were dissolved respectively in 40%
acetonitrile/water with 0.1% TFA to a final concentration
of 2.0 mM. The peptide solution was allowed to self-
assemble and mature at room temperature for 2 weeks. Under
the second “neutral” conditions, purified A�(16-22) and its
V18 congeners were dissolved respectively in 40% aceto-
nitrile/water to a final concentration of 2.0 mM. Because
peptides are purified in an acetonitrile/water gradient con-
taining 0.1% TFA, a solution of 0.1 M NaOH in 40%
acetonitrile/water solution was added to give a 0.1 mM
NaOH final concentration, and peptide assembly was allowed
to mature at room temperature for 2 weeks.

Transmission Electron Microscopy (TEM). Aliquots (20
µL) of a 2 mM solution of A�(16-22) or the structural
congeners were applied to TEM grids (Formvar/carbon film
coated 200 mesh; Electron Microscopy Sciences, Hatfield,
PA) and allowed to adsorb for 1 min. Excess peptide solution
was wicked off with filter paper before 10 µL of 5% uranyl
acetate (Sigma-Aldrich) was added for 3 min to stain the

sample. Again, excess fluid was wicked off with filter paper,
and the grid was dried under house vacuum overnight. Each
micrograph was recorded on a Hitachi H-7500 transmission
electron microscope instrument with a tungsten emission
filament at an accelerating voltage of 75 kV. Negatives were
scanned at 1800 dpi on a Microtek ArtixScan 1800f scanner
(Microtek Laboratory, Inc., Carson, CA).

Small Angle X-ray Scattering (SAXS). SAXS was carried
out at Sector 12-ID with the Advanced Photon Source (APS)
at Argonne National Laboratory using 12 keV X-rays and a
Mar CCD with a sample-to-detector distance of 2 m. To
reduce radiation damage, the sample solutions were allowed
to flow through a 1.5 mm quartz capillary using a Hamilton
syringe pump. SAXS intensity I(Q) for a dilute system of
scattering particles can be described by eq 1:

I(Q)) I0n(∆F)2V 2P(Q)+ Ib (1)

where I0 is an instrument constant, n, the number density of
the particles, ∆F, the difference in electron density between
particles and solvent (contrast), V, the volume of the particles,
Ib, the flat background intensity, and P(Q), the particle form
factor (31). Q is the momentum transfer given by Q ) (4π/
λ) sin(θ/2), where λ is the X-ray wavelength and θ is the
scattering angle.

Scattering curves with no oscillations, but with a power
law of -1 in the low Q region, were interpreted using a
modified Guinier analysis for rod-like particles (fibers)
by plotting ln[QI(Q)] versus Q2. From the slope of a fit
to a linear Q2 region at 0.4 < QmaxRc < 1.0 in the modified
Guinier plot the cross-sectional radius of gyration of the
fiber, Rc (corresponding radius R ) �2Rc), can be derived
using Rc

2 ) -2 × slope. Scattering data exhibiting a
power law of -2 in the lower Q are interpreted using a
modified Guinier analysis for sheet-like particles by
plotting ln[Q2I(Q)] versus Q2. The slope from a fit to the
linear Q2 region at QRt < 0.85 was used to determine the
thickness factor of the sheet, Rt (corresponding thickness
T ) (12)1/2Rt), using Rt

2 ) -slope.
Scattering curves with oscillations were fit to a hollow

circular cylinder (nanotube) model by substituting for P(Q)
in eq 1 with the following form factor expression:

P(Q))∫0

1 ( 1

1- (R2/R1)
2)2[2J1(QR1(1- x2)0.5)

QR1(1- x2)0.5
-

(R2/R1)
2
2J1(QR2(1- x2)0.5)

QR2(1- x2)0.5 ]2

(sin(QLx/2)
QLx/2 )2

dx (2)

where R1 is the outer radius, R2, the inner radius, L, the
cylinder length, and J1(x), the Bessel function of the first

Scheme 1: One Residue Shift in a Three-Strand Antiparallel �-Sheet
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order. Although the peak positions and amplitudes agree well
between the measured SAXS data and the fits using eq 2,
they do not match very well at the minima due to factors
such as instrument resolution, presence of smaller aggregates
under equilibrium, roughness along the surfaces of the
nanotubes, and orientation disorder. We like to point out that
the slight disagreement in the amplitudes at the minima will
not alter the precision of the structural parameters and
conclusions.

Wide Angle X-ray Scattering (WAXS). Powder samples in
1.5 mm diameter quartz capillary tubes were measured at
the APS facility using 18 keV X-rays and a sample-to-
detector distance of 0.4 m. From the diffraction peaks the
repeat distance d ) (2π/Q) was derived. Intense, sharp, and
narrow reflections imply high degree of repetition order while
the weaker and broad peaks indicate smaller crystallite size
with fewer repetitions or the presence of disorder in the
crystallinity.

Isotope-Edited Flourier Transform Infrared Spectroscopy
(IE-FTIR). A 500 µL solution of mature tubes or fibers was
spun down at 16100g for 30 min, and the pellet was frozen
at -80 °C and lyophilized. The lyophilized sample was
mixed with dehydrated KBr crystals at a ratio of 1:10 (w/
w), pressed into a KBr/peptide pellet, and analyzed on a
MAGNA-IR 560, ESP instrument operated at 2 cm-1

resolution.
Molecular Modeling. Six copies of the seven residue Ac-

KLVFFAE-NH2 peptide were combined twice graphically
in Maestro v8.0 (Schrodinger) (33) to produce two versions
of the six-strand antiparallel �-sheet with full hydrogen
bonding as depicted in Scheme 1. The strands were organized
either as in-register �-sheets corresponding to fibers or as
one-residue-shifted nanotubes. Five copies of the identical
sheets were then stacked atop one another to provide five
homogeneous laminates. To prepare for subsequent molecular
dynamics simulations, the laminates were relieved of unfa-
vorable torsions and steric contacts by energy minimization
using the Truncated Newton Conjugate Gradient method and
the GBSA/Water continuum solvation model. The relaxed
peptide laminates were then enclosed in a truncated octa-
hedral box and surrounded by 30000-60000 SPC water
molecules in GROMACS v3.3. For peptides with positive
charges, chloride ions were added to make the system neutral.
The systems were prepared for MD simulations by perform-
ing initial energy minimizations on the aggregates for 10 ps
using a steepest descent algorithm followed by solvent
equilibration for 20 ps. Unrestrained MD was subsequently
carried out for 2 ns at 300 K with a 2 fs time step using the
OPLS 2005 force field. The resulting trajectories were viewed
with VMD, and rmsd plots were generated using the xmgrace
routine in GROMACS. Lipophilic potentials were mapped
onto Connolly surfaces generated in the MOLCAD surface
viewer with sphere radius of 1.4 Å in SYBYL 7.2 (34).

RESULTS

Assembly Morphology. Conditions for the homogeneous
assembly of A�(16-22), Ac-KLVFFAE-NH2, into fibers and
nanotubes have been described (31, 32), and here two
conditions are used. When the peptide was dissolved in 40%
acetonitrile/water with 0.1% TFA, where both the K16 and
E22 side chains are predicted to be protonated and maintain

a single positive charge at the N-terminus (acidic condition),
the peptide assembles into homogeneous nanotubes. Under
the same conditions but containing 0.1 mM NaOH instead
of TFA to ionize the Glu side chain (neutral conditions),
A�(16-22) is expected to carry a positive charge at the
N-terminus and a negative charge at the C-terminus. Under
these conditions the peptide assembles as homogeneous fibers
(32). The two morphologies are reversible and interconvert
with changes in the assembly conditions, but probably
through disassembly as they contain a shift in peptide strand
registry (32): antiparallel in-register for fibers and antiparallel
one residue shifted for nanotubes. It has been suggested that
the stability of the pairwise K-E salt bridge contributes to
the registry of the fibers and is weakened under the more
acidic conditions (32).

The contribution of cross-strand pairing complementarity
to sheet registry was further evaluated by replacing the only
�-branched residue V18 in A�(16-22) with a series of amino
acids that varied in side chain steric demand. For example,
when the 18 position differed by no more than a single CH2

from valine, e.g., Abu, Leu, norL, and norV, only fibers
formed under the acidic conditions (Figure 1). However, the
�-branched amino acids Ile and terL directed nanotube
assembly, and the most sterically demanding terL congener
directed nanotube assembly even under neutral conditions
(Figure S1, Supporting Information).

The fiber and nanotube morphologies are readily dif-
ferentiated in solution by the pronounced oscillations that
originate from the differential X-ray reflections of the inner
and outer walls of the hollow nanotubes (31). In contrast,
fibers exhibit a Q-1 power law in the low Q region that can
be analyzed by a modified Guinier fit with a rod-like or sheet-
like form factor. As shown in Figure 2, the fibers have similar
diameters, ranging from 8 to 16 nm (Table S1, Supporting
Information), or about 3-6 times smaller than the 52 ( 8
nm nanotubes (shell thickness ∼4 nm) of V18I and V18terL
congeners. The V18terL peptide forms nanotubes that
maintain identical cross-sectional area under both neutral and
acidic conditions (Figure 2f), and the attenuated amplitude
in neutral conditions is consistent with a lower nanotube
concentration. Wide-angle X-ray scattering (WAXS) con-
firmed the characteristic cross-� amyloid pattern (Figure 3
and Table S1, Supporting Information). The 4.7 Å reflection
is sharp and strong for all the assemblies, whereas the 10 Å
band is specifically characteristic of the nanotubes (Figure
3a) and consistent with a larger number of laminates for these
structures (31, 32, 35).

Strand Registry. To better visualize the impact of a one-
residue shift in �-sheet registry on each face of the �-sheet,
they are color coded in Figure 4c. The side chains of K, V,
F(20), and E (green bar) alternate with the side chains L,
F(19), and A (purple bar) along each face of the register-
shifted nanotube �-sheets. In contrast, the in-register sheets
isolate K-V-F(20)-E side chains and L-F(19)-A side chains
to opposite faces, giving polar and nonpolar �-sheet surfaces.

Strand registry of the antiparallel �-sheets of A�(16-22)
fibers (36) and nanotubes (32) displays a range of spectro-
scopic signatures. Within these A�(16-22) congeners, the
characteristic �-sheet amide I infrared stretch centered at
1627 cm-1 and the higher energy but weaker shoulder at
1694 cm-1 proved to be most diagnostic of antiparallel
sheets (32, 37, 38), independent of strand registry (Figure
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S2, Supporting Information). In addition, isotope-edited FTIR
(IE-FTIR) reports on �-sheet strand registry (39-43) because
a �-sheet sequence containing a single 13C carbonyl substitu-
tion splits the amide I band into distinct transitions corre-
sponding to the 12C and 13C components at higher and lower
energy, respectively. This splitting arises from the mass-
dependent vibrational frequency that limits coupling between
the 12C and 13C carbonyls along the sheet (32, 39-43). When
13C carbonyls are aligned and positioned closely within
adjacent sheets, transition dipole coupling (TDC) contributes
significantly to both the stretching frequency and band
separation. For example, A�(16-22) nanotubes contain one-
residue-shifted antiparallel �-sheets where the carbonyls of
F19 are aligned along the center of the �-sheet and the band
splitting is 42 cm-1 (Figure 4b, carbonyl in red). In contrast,
the fibers display in-register antiparallel �-sheets where the
F19 carbonyls are cross-aligned and the band splitting is 29
cm-1 (Figure 4e).

Under acidic conditions, both V18I and V18terL nanotubes
have 12C/13C band splits of 40 and 42 cm-1, respectively,
similar to the 42 cm-1 for the A�(16-22) nanotubes (Figure
4a and Table S2, Supporting Information). The non-�-
branched congener fibers have 12C and 13C band splits in a
range of 27-32 cm-1; V18Abu (27 cm-1), V18L (32 cm-1),
V18norL (29 cm-1), and V18norV (28 cm-1) (Figure 4a and
Table S2, Supporting Information), reflecting the A�(16-22)
fiber’s value of 29 cm-1. The V18terL nanotubes under
neutral conditions also have a 12C/13C band split of 42 cm-1,
consistent with the one-residue-shifted registry (Figure 4d
and Table S2, Supporting Information), whereas all other
V18 congeners under neutral assembly conditions have 12C/
13C amide I bands separated by 24-32 cm-1, assigned as
in-register backbone arrays. Therefore, within the V18
congener �-sheets, one-residue-shifted strands are present in
the nanotube morphologies and in-register assemblies are
present in fibers, just as in native A�(16-22).

FIGURE 1: TEM of self-assembled structures: (a) A�(16-22) nanotubes assembled under acidic conditions, (b) A�(16-22) fibers assembled
under neutral conditions, and (c) nanotubes or fibers formed by A�(16-22) V18 congeners under acidic conditions; scale ) 100 nm. Inset:
The side chain structure of the residue substituted at the 18 position.
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Molecular Modeling. To approximate side chain arrange-
ments, the structural features of the six-strand, five-sheet
A�(16-22) arrays were captured by averaging over the last
20 ps of the trajectories of molecular dynamics (MD)
simulations. Lipophilic surfaces were generated in Sybyl for
the central �-sheet, namely, the third strand in each of the
laminates. Figure 5 displays this averaged property for the
top and bottom surfaces of the one-residue-shifted and in-
register �-sheets. For the one-residue-shifted sheet, both
surfaces appear very similar. In contrast, the in-register
�-sheet surfaces differ significantly in their lipophilic char-
acteristics. Furthermore, Lys-Glu cross-strand electrostatic
interactions are abundant between adjacent peptides within
the in-register �-sheets (Figure S3, Supporting Information),
suggesting an important contribution to the in-register �-sheet
stability. This feature is absent in the one-residue-shifted
sheet models because Lys and Glu in the adjacent strands
are positioned on opposite sides of each sheet (Figure 4c
and Figure S4, Supporting Information). Hydrogen bonding
between the polar Lys and Glu residues is precluded within
the �-sheets. Therefore, the modeling predicts the Lys-Glu

salt bridges under neutral conditions could indeed contribute
substantial electrostatic stabilization to the in-register �-sheet
integrity.

Since energetic differences resulting from changing non-
polar amino acid side chains to �-branched ones are assumed
to be largely steric, these differences were probed using
molecular mechanics. Especially in the absence of explicit
solvent, force fields overemphasize electrostatic interaction
energies (44). On the other hand, they are well parametrized
to reproduce steric energies. To minimize the role played
by side chain electrostatic interactions that might lead to
energetic overstabilization and to estimate the steric contribu-
tion of cross-strand pairing to the stability of �-sheet
assemblies, the Lys and Glu residues in each peptide strand
were replaced with alanine and the relative energies estimated
with energy minimization (Table S3, Supporting Informa-
tion). For each peptide, the central three-strand �-sheets were
compared, either in-register or one-residue-shifted antiparallel
registry, and the structures minimized with both OPLS 2005
and AMBER 94. When expressed as ∆∆E (∆Eone-residue-shifted

- ∆E in-register), the in-register arrangement, which contains

FIGURE 2: SAXS of V18 congeners. (a) SAXS of fibers assembled under acidic conditions: V18Abu (0, black), V18L (∆, green), V18norL
(∇, cyan), and V18norV (O, blue). (b) Modified Guinier analysis of fibers assembled under acidic conditions with sheet-like forms (fit in
red): V18Abu (0, black) and V18norV (O, blue). (c) Modified Guinier analysis of fibers assembled under acidic conditions with rod-like
forms (fit in red): V18L (4, green) and V18norL (3, cyan). (d) SAXS scattering of tubes under acidic conditions and their shell core
circular cylinder fitting (in red): A�(16-22) (9, black), V18I (1, green), and V18terL (2, blue). (e) Modified Guinier analysis of fibers
assembled under neutral conditions with rod-like forms (fit in red): A�(16-22) (9, black), V18I (1, green), V18Abu (0, black), V18L (∆,
green), V18norL (3, cyan), and V18norV (O, blue). (f) SAXS scattering of V18terL tubes and their shell core circular cylinder fitting (in
red): formed under acidic (2, blue) and neutral conditions (b, blue).
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one additional H-bond, is lower in energy in each case.
However, with �-branched residues at 18, the energy
difference is reduced significantly (Table S3, Supporting
Information), consistent with the �-branched residue at 18
preferring the one-residue-shifted registry. For example, the
peptide with the non-�-branched Leu at 18 has the largest
absolute ∆∆E, about 4 kcal/mol. With the �-branched
residue, Val or Ile, the ∆∆Es are reduced to 2.5 kcal/mol,
and with terL, the ∆∆E is further reduced to 0.5 kcal/mol.
These results are consistent with the experimental observation
that peptides with �-branched residues at 18 significantly
favor a one-residue-shifted registry and support side chain
packing along the sheet face as a significant contributor to
�-sheet assembly and amyloid nucleation.

To determine the hydrophobic surface burial between non-
�-branched and �-branched amino acid side chains within
the A�(16-22) V18 congeners, their three-strand antiparallel
in-register or one-residue-shifted �-sheets were compared
(Table S4, Supporting Information). For each peptide, the
buried surface area was calculated by subtracting the solvent-
accessible surface area (SASA) value in the �-sheet from
its corresponding value in the random coil (14, 45). The Val,
Ile, or Leu congeners did not differ significantly in the mean
fraction buried, f, which is an intrinsic measurement of the
hydrophobicity (45). More significantly, the peptides with
Leu or Ile at 18 have the same number of atoms, and their

difference in buried surface area upon forming the �-sheet
is less than 1% in both in-register and one-residue-shifted
�-sheets.

DISCUSSION

The assembly of secondary structural elements is of critical
importance in protein folding, and both experimental evi-
dence (46) and bioinformatic analyses (11, 12) have impli-
cated cross-strand pairing as a contributor to �-sheet
assembly and stability in globular proteins. However, recent
evidence suggests that formation of a single isolated �-sheet
might be regulated by hydrophobic surface burial events that
dominate other �-sheet propensity measures (14). This
difference suggests that the early steps in protein misfolding,
events that have been debated for many years (17-19), could
be structurally probed in amyloid. Accordingly, we sought
to use the simple core segment from the Alzherimer’s disease
peptide A� to investigate early �-sheet nucleation during
assembly.

Our modeling results suggest that small energy differences
underlie �-sheet peptide registry, and yet these differences
can be sufficient to lead to the exclusive formation of a single
sheet morphology, manifested as either amyloid nanotubes
or fibers in Ac-KLVFFAE-NH2, A�(16-22). The Lys and
Glu residues at the N- and C-termini of A�(16-22) are
positioned as cross-strand pairs that could stabilize antipar-
allel �-sheets through side chain salt bridges (11, 12, 14).
Indeed, MD simulations support extended pairwise K-E
ladders or networks (47) formed along the �-sheet surface
that stabilize the in-register antiparallel �-sheets formed in
A�(16-22) fibers. However, the magnitude of the K-E ladder
stabilization is expected to depend on the desolvation
penalties and the required loss of side chain entropy (47-49)
that make these assemblies so challenging to model. Nev-
ertheless, the protonation of the Glu side chains in A�(16-22)
tubes, which should weaken the K-E ladders, results in one-
residue-shifted �-sheets, removing one H-bond per strand
and placing the K and E residues on opposite faces of each
sheet.

This shift in registry may well be driven by another
pairwise constraint with V18, shifting the �-branched V18
from cross-strand pairing with F20 to being paired with the
smaller A21. Only �-branching at residue 18 shifts the
registry, such that residues of the same composition without
�-branching only form in-register fibers. When the steric size
of V18 is increased to terL, the one-residue-shifted antipar-
allel �-sheet forms independent of the Lys and Glu side chain
protonation states.

While these data make a compelling case for an energetic
contribution from cross-strand pairing, several other elements
require consideration. First, in the OspA sheet (14, 45),
hydrophobic surface burial was critical but does not appear
to be a major contributor in self-assembly of the A�(16-22)
V18 congeners. However, as a measure of surface area
buired, the “lipophilic” surface area did appear more
“complementary” in the one-residue-shifted orientation. As
shown in Figure 5, the sheet surfaces show little energetic
preference for stacking top-top, top-bottom, or bottom-bottom
faces. In contrast, one surface of the in-register �-sheet is
markedly more hydrophobic, such that assembly between
two bottom surfaces, burying the most hydrophobic surfaces,

FIGURE 3: Interstand and intersheet WAXS of powders of A�(16-22)
and V18 congeners, V18terL (green), A�(16-22) (black), V18I
(orange), V18norV (yellow), V18norL (cyan), V18L (blue), and
V18Abu (red) assembled under (a) acidic or (b) neutral conditions.
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might be anticipated. Such differences in lipophilic surface
area could impact nucleation and growth of the in-register
antiparallel �-sheets of the fiber. However, if the peptides
are in the same registry, the inclusion of �-branching at
position 18 in A�(16-22), or even the addition of a single
methyl group to the peptide in the case of terL, has little or
no impact on the predicted lipophilicity of these surfaces
and should not dictate registry.

A second important consideration of �-branching could
be its impact on the peptide backbone. In the repeating
antiparallel amyloid assembly, each side chain exists in
H-bonding and non-H-bonding positions with the same cross-
strand neighbor (Scheme 1), averaging these differences.
Initial molecular modeling of A�(10-35), however, sug-
gested that the overall planarity of the �-sheet is limited by
the length of the H-bonded peptide strand (50, 51). Small
segments of about six amino acids remained as planar
H-bonded segments, but side chain/backbone interactions
destabilized longer stretches. Obviously, the one-residue-
shifted �-strands in the nanotubes of A�(16-22) possess one
fewer residue involved in backbone H-bonding; however,
MD identified no significant difference in the “flatness” of
any of the A�(16-22) fiber and nanotube �-sheets, suggest-
ing that such intrastrand interactions are not significant in
determining the registry of these short sequences.

These results then highlight backbone registry as a delicate
balance between pairwise K-E association and the steric
demand at the �-carbon of residue 18. And terL-Ala cross-
strand pairing appears to override the favorable K-E ladders
even at their strongest electrostatic interaction when both
side chains are ionized, underscoring the importance of
pairwise associations, both electrostatic and �-branching, in
amyloid strand assembly. While such pair correlations are
typical of the constraints seen in globular protein folding (7-13),
they appear to be of secondary importance for the thermo-
dynamic stability of the exposed �-sheet of OspA. Rather,
buried nonpolar surface area has emerged as most critical
when both faces of the sheet are solvent exposed (14),
consistent with desolvation providing the critical energetic
constraint for protein folding (52-55). Further, recent work
on solvent effects on insulin self-assembly further stresses
the critical impact of hydration on the amyloid nuclei (56-58).
Therefore, current amyloid assembly models, which score
for single solvent-exposed sheets (26-30) where secondary
structure and strand registry are set in the initial nucleus, by
this analysis, should be controlled by nonpolar surface area
burial.

It may be that in the larger OspA protein cross-strand pair
interactions in the single connecting sheet are dominated by
the folding of the larger protein domains at either end of the

FIGURE 4: IE-FTIR of A�(16-22) and V18 congeners: (a) 12C/13C amide I absorbance under acidic conditions; (b) antiparallel one-residue-
shifted �-sheet of A�(16-22) with F19 carbonyl in red; (c) side chain distribution of the antiparallel one-residue-shifted A�(16-22) �-sheet,
K-V-F(20)-E in green and L-F(19)-A in pink; (d) 12C/13C amide I absorbance under neutral conditions; (e) antiparallel in-register �-sheet
of A�(16-22) with F19 carbonyl in red; (f) side chain distribution of the antiparallel in-register A�(16-22) �-sheet, K-V-F(20)-E in green
and L-F(19)-A in pink.
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sheet. Alternatively, the shorter A�(16-22) peptide may be
desolvated early through some accumulating hydrophobic
collapse, much like globular proteins, allowing the intrinsic
�-sequence and pair correlations to regulate secondary
assembly. The nature of such early desolvation events could
be accounted for by early particle assemblies (59, 60), but
the nature of these assemblies and their contribution to
amyloid nucleation remains unclear. Accordingly, future
efforts must focus on factors that contribute to sheet
desolvation during the early stages of amyloid assembly.
Resolving these differences could well open new strategies
for controlling amyloid assembly and the regulation of
misfolding diseases.
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