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Peptides Organized as Bilayer Membranes
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The spontaneous dissipative emergence of supramolecular
order underpins all of biology.! From the organizing poten-
tial of two-dimensional phospholipid membranes to the
information-rich DNA helices, from the mechanical actin
and tubulin cables to the structural collagen and elastin
networks, these self-assembling asymmetric arrays define the
architectures of all cells and tissues. Recent covalent hybrids
of traditional biological macromolecular families (e.g.,
nucleic acids with proteins® and proteins with lipids®®) have
created novel self-assembling materials, but it has been the
models of short peptides as structural® and functional®
bilayer membranes that have created the longest-range
order. Yet, little direct proof exists for end-to-end peptide
termini interactions in proposed structural models.”) Herein
we present solid-state NMR approaches that directly con-
strain the KLVFFAL intermolecular paracrystalline arrange-
ment and provide the first unequivocal support for a bilayer
architecture.

The nucleating core of the Alzheimer’s disease amyloid-f
peptide known as AB(16-22), KLVFFAE[®<7 and its E22L
congener KLVFFAL assemble as micrometer-long nanotubes
(Figure 1a).**® Cross-sectioning of epoxy resin embedded
KLVFFAL tubes highlights the (4+1)nm wall thickness
(Figure 1b) and (45+10) nm diameter, consistent with pre-
vious determinations of (4.3 £ 1) nm wall thickness and 38 nm
diameter by solution small-angle scattering (SAXS) measur-
ements.**®! With a maximally extended peptide length of
about 2 nm, the end-to-end peptide termini stacking of two
amyloid sheets would create a 4 nm thick bilayer,*>*! while
additional termini stacking would create thicker tube walls

Figure 1. a) Uranyl acetate negatively stained TEM image of dried and
flattened KLVFFAL nanotubes (bar=100 nm) and b) cross-sectioned,
epoxy resin embedded assemblies oriented perpendicular to the tube
long axis (bar=100 nm).
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(see Figure S1 in the Supporting Information). Together these
results suggested that KLVFFAE peptides may interact
through termini interaction to form a peptide bilayer.""!

A series of solid-state NMR measurements revealed an
antiparallel one residue out-of-register 3 sheet (Figure2a)
and oriented diffraction measurements established a sheet—

Figure 2. a) B-Sheet structural model with distance constraints®® (from
diffraction: red spheres, from NMR: blue spheres). Acetate carbonyl
labeling scheme (black spheres) to probe the bilayer interface. b) f3-
Sheet structural model rotated 90° to visualize the lamination of two
sheets.

sheet lamination distance of 9.9 A (Figure 2b),”! but no
evidence for a bilayer was apparent in these measurements.
Building on these constraints, carbonyl “C labels were
introduced as N-terminal acetates, yielding [1-*C]CH;CO-
K["N]LVFFAE-NH,, to directly measure *C-"C contacts
predicted by the bilayer model (Figure 3b). Double Quantum
Filtered DRAWS®! (DQF-DRAWS) analyses of the assem-
bled nanotubes (Figure 3a) supplied homonuclear dipolar
couplings (>30Hz) consistent with “C-"°C distances of
<6 A. As the ®CO acetate neighbors along the H-bonding
(9.4 A) and lamination axes (9.9 A) are too far to have any
observable coupling (Figure 2 and Figure S2 in the Support-
ing Information), this interaction can be assigned to inter-
molecular contacts across the bilayer interface (Figure 3).
Indeed, when the DQ built-up curves were fit to a spin system
(including the effects of measured DQ relaxation;”! Figure S3
in the Supporting Information) approximating an infinite
array of acetates, an interdigitated structure with *CO-"3CO
distances of (5.240.3) A was assigned (Figure 3b). Similarly,
the congener peptide KLVFFAE also contains a leaflet
interface with acetate carbonyl C atoms separated by
(5.1+0.3) A (Figure S4 in the Supporting Information).

As both KLVFFAE and KLVFFAL contain a leaflet
interface, this suggests that a cooperative inter-leaflet K-E
interaction is not essential for bilayer formation. To further
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Figure 3. a) ’C DQF-DRAWS of 1.0 mm [1-"C]JCH;CO-K[*N]LVFFAL-
NH, peptide nanotubes assembled in 40% acetonitrile containing
0.1% TFA and bundled with Na,SO,. The solid line is the simulated
DQF-DRAWS curve for a *C-">C distance of 5.2 A and T,DQ =6.8 ms.
b) Structural model derived from the bilayer DRAWS experiment with
the acetate carbonyl groups (black spheres) and distance constraints
(arrows and text) highlighted.

test this model, we noted that positively charged lysine
residues are the least frequently buried residues in protein
structures,'”) and must be passivated in the proposed bilayer.
Since trifluoroacetic acid (TFA) is used for resin cleavage,
HPLC purification, and peptide assembly under acidic
conditions (0.1% TFA), its anion could be used to probe
the bilayer interface. A single aliquot of 9 mm Na,SO, was
used to bundle [1-*C]CH;CO-K[“N]LVFFAL-NH, nano-
tubes and these assemblies were flash-frozen, and lyophi-
lized!" for solid-state NMR analysis. '*C{'°F} Rotational-echo
double-resonance (REDOR)!"? experiments indicated 100 %
of the sample contained a 5 to 7 A distance between the
acetate carbonyl carbon atoms and the TFA fluorine atoms
(Figure 4, black squares). This result positions the anion of
TFA (CF;COO") as lysine’s counterion, both within the
bilayer interface as well as along the entire aqueous surface of
the nanotubes.

We further speculated that the instantaneous increase in
Na,SO, from 0 to 9 mmMm, without pH adjustment, would result
in immediate tube bundling, trapping the CF;COO™ ions at
the surface between the tubes. To test this idea, the more
weakly bundling salt Na,HPO, was added to the tube solution
at a rate of 2mmMh™! up to the final concentration of 9 mm,
similar to previous bundling procedures used for SAXS.'" In
this case, REDOR dephasing indicated only about 50% of
the N-acetyl carbonyl groups retained the same 5 to 7 A
distance to CF;COO~ (Figure 4, hollow circles), consistent
with the other half of the acetate groups being more than 15 A
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Figure 4. *C{*F} REDOR of [1-"*CJCH,CO-KLVFFAL-NH, tubes in 40%
acetonitrile containing 0.1% TFA. Black squares are for tubes bundled
with a single aliquot of Na,SO, and hollow circles are for bundling by
slow addition of Na,HPO,. The dashed black horizontal line at a AS/S,
value of 0.94 represents dephasing of 100% of the acetate carbonyl *C
nuclei (see Experimental Section). The dotted horizontal line at a AS/
So value of 0.47 (50% of 0.94) indicates the maximum dephasing if
only half of the acetate carbonyl >C nuclei are close to a CF;COO™ ion.
Unless shown, error bars are the size of the data points.

away from a CF;COO~ ion (Figure S5 in the Supporting
Information). By choosing relatively short REDOR evolution
times (14 ms), we were able to accentuate dephasing for only
short distances (5-7 A), minimizing the effects of longer
distances (20-25 A) for the REDOR dephasing spin count!"’!
(Figure S6 in the Supporting Information) of the number of
C nuclei close to an “F nucleus. These analyses indicated
that all but a small percentage of the surface CF;COO™ ions
(Figure 5a, green) are being exchanged with phosphate
(Figure 5b, orange), while the half that remains buried at
the bilayer interface represents a more slowly exchangeable
population of CF;COO™ ions (Figure 5b, green). In contrast
for tri- and tetralayer peptide membranes, the “C-
{“F} REDOR curve is predicted to plateau at AS/S, values
of 0.66 and 0.75, respectively (Figure S7 in the Supporting
Information). Indeed, gold nanoparticle!'” binding identifies
positively charged lysine residues exposed on the membrane
surface. As well, Congo red (CR) binding ratios of six
peptides for each CR molecule at saturation™ are consistent
with a solvent-exposed surface and a buried CR-inaccessible
bilayer interface. This ratio is inconsistent with other leaflet
interface models (Figure S8 in the Supporting Information).

These data then establish that peptides can self-assemble
into robust bilayer membranes that are morphologically
similar to lipids but structurally quite distinct from the
traditional lipid assemblies.”® As the peptides have an
antiparallel arrangement,® the inner and outer leaflet faces
are patterned as repeating paracrystalline arrays'®'” rather
than as a homogeneous fluid interface.' The patterned faces
constituting the bilayer contact surfaces can also be very
polar, and in this case, carry high positive charge density
passivated with counterions. Such a structure localizes
significant functionality within the interior of the bilayer
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Figure 5. Model of the KLVFFAL peptide bilayer. a) Bilayer structure
prior to addition of Na,SO, or Na,HPO,. Black lines show the peptide
backbone organized as a pleated 3 sheet, and blue spheres represent
the N terminus highlighting the antiparallel B-sheet organization.
Green surfaces indicate the presence of CF;COO™ ions at both
surfaces of the bilayer. b) Addition of Na,SO, or Na,HPO, displaces
the CF;COO™ ions (green) on the surface, resulting in a Na,SO, or
Na,HPO, rich surface (orange) with CF;,COO™ ions trapped within the
bilayer interface.

and opens the possibility for construction of uniquely func-
tional soluble thin-film bilayers.

These patterned surfaces are also created from well-
defined B-secondary protein structures.*! Unlike lipids!'®*!
where the driving force for assembly is weakly directional, the
dominant H-bonding axis in KLVFFAE, which is offset from
the principle tube axis by 23°,17 provides directionality for
association of a relatively large hydrophobic surface area
[(406 22) A?] of each B strand (Figure S9 in the Supporting
Information). In contrast, a surface area of (162+21) A’
contributes to the lamination axis of KLVFFAL and this
difference probably contributes to the asymmetric organiza-
tion of the tube. The end-to-end contacts, constituting the
bilayer interface, are only (75 +11) A? per strand. Monomer
organization within each growth plane is influenced by the
same forces that control protein folding, including the [3-sheet
cross-strand pairing rules®! such as K-E salt bridges,* -
branched residue (Val, Ile) packing® and even metal®! and
cofactor binding contributions.'! Taken together, these
assemblies further highlight the diverse range of structures
that may well underlie the etiology of so many different
amyloid diseases,*” and may now make possible the con-
struction of new patterned bilayer surfaces and functional
thin films for many diverse applications.!"”!

Experimental Section

Detailed methods for preparing AB(16-22)E22L bilayer membranes
can be found in the Supporting Information. Peptides were enriched
at both the acetate carbonyl carbon and backbone amide nitrogen

www.angewandte.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

atoms of L17: [1-®C]CH;CO-K[”N]JLVFFAE and [1-*C]CH,CO-
K[“N]LVFFAL. Only the "*C labels were used to measure distance
constraints.

Single-Pulse REDOR: A “C{“F}-REDOR pulse sequence/®!
with EXORCYCLE phase cycling® of the single-observe 6 us *C
(150.8 MHz) &t pulse was used to minimize re-introduction of *C-"*C
homonuclear dipolar coupling.””! To compensate for pulse imperfec-
tions 5.3 ps ’F REDOR rotor synchronized dephasing m pulses were
xy8 phase cycled.”® 83 kHz Spinal64®’ 'H (600.3 MHz) decoupling
was applied during REDOR evolution and acquisition. REDOR data
points are the integrated sum of center- and sideband peaks. Error
bars were calculated using the noise of each spectrum as the
maximum peak height deviation. The REDOR AS/S, plateau reports
on the number of observe spins coupled to a dephasing spin. For
SO,> bundled tubes, the AS/S, value of less than 1 is consistent with
BC{F} REDOR experiments on fluoropyruvate (data not shown)
and could result from imperfect refocusing of REDOR = pulses and/
or interference from multiple CF; dephasers and/or a distribution of
CF;-acetate distances, which will be resolved with further exper-
imentation. Details of DQF-DRAWS, peptide synthesis and assem-
bly, and TEM are presented in the Supporting Information.
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