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ABSTRACT: Interactions among f-sheets occur widely
in protein quaternary structure, protein—protein inter-
action, and protein aggregation and are central in
Alzheimer’s and other amyloid-related diseases. This
Perspective looks at the structural biology of these
important yet under-appreciated interactions from a
supramolecular chemist’s point of view. Common themes
in the supramolecular interactions of p-sheets are
identified and richly illustrated though examples from
proteins, amyloids, and chemical model systems. f-Sheets
interact through edge-to-edge hydrogen bonding to form
extended layers and through face-to-face hydrophobic or
van der Waals interactions to form layered sandwich-like
structures. Side chains from adjacent layers can fit together
through simple hydrophobic contacts or can participate in
complementary interdigitation or knob—hole interactions.
The layers can be aligned, offset, or rotated. The right-
handed twist of f-sheets provides additional opportunities
for stabilization of edge-to-edge contacts and rotated
layered structures.

B INTRODUCTION

The supramolecular chemistry that is central to organization
and communication in living cells relies on hydrogen bonding,
hydrophobic, and other noncovalent interactions between
biomolecules." The edge-to-edge hydrogen bonding of the A-
T and C-G bases of DNA helps encode genetic information.
Interactions among coiled coils, such as the leucine zippers of
Fos and Jun, help regulate transcription, as do the interactions
of transcription factors with DNA. Molecular recognition
between antibodies and antigens is not only central to the
functioning of the immune system but also serves as the basis
for many biochemical assays. Unlike these well-studied
interactions, the supramolecular interactions among f-sheets
have not received the attention they deserve. This Perspective
seeks to shed light on this important, yet under-appreciated
mode of biomolecular recognition.

P-Sheet structures and interactions are ubiquitous in protein
tertiary and quaternary structure, protein dimerization and
oligomerization, protein—protein interaction, and peptide and
protein aggregation.” Figure 1 illustrates some of these
structures and interactions. Notably, protein aggregation
through f-sheet interactions has increasingly drawn attention
because it occurs in many devastating human diseases, such as
AIDS,® cancer,* Alzheimer’s disease,’ prion diseases,® and
amyloid-related diseases.” Understanding interactions between
P-sheets not only provides insights into biomolecular
recognition but also provides a prospective avenue of
intervention in human diseases involving f3-sheet interactions.®
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This Perspective also aims to share the insights into f-sheet
interactions that we have gained by developing chemical
models of protein S-sheets that are inspired by pS-sheets in
proteins and peptides.” We have used these synthetic molecules
to mimic, control, and understand the f-sheet structures and
interactions that occur in the folding of [-sheets, their
dimerization through exposed hydrogen bonding edges, their
assembly to form quaternary structures and oligomers, and
their aggregation.

B S-SHEET STRUCTURES

Anatomy of f-Sheets. f-Sheets comprise extended
polypeptide p-strands that are aligned laterally and hydrogen
bonded and are often further stabilized by interactions between
the side chains. A f-strand is a pleated linear array of amino
acids whose side chains alternate above and below the
polypeptide backbone (Figure 2a). The f-strands can run in
either the same or opposite directions, forming either parallel
or antiparallel -sheets. The f-strands are spaced approximately
4.7—4.8 A apart and are approximately 3.3—3.5 A per residue in
length. Parallel B-sheets form a network of hydrogen-bonded
12-membered rings (Figure 2b), while antiparallel S-sheets
form a network of alternating hydrogen-bonded 10- and 14-
membered rings (Figure 2c). The 10- and 14-membered rings
of antiparallel f-sheets are respectively known as the hydrogen-
bonded (HB) and non-hydrogen-bonded (NHB) pairs, because
the amino acids in the 10-membered rings are hydrogen
bonded to each other, while those in the 14-membered rings
are not. The side chains of the alternate amino acids in the f-
strands make up the “top” and “bottom” faces of the f-sheet,
which sit above and below the hydrogen-bonded backbones
(Figure 2d).

Interstrand interactions among the amino acid side chains are
important in B-sheet structure and stability. Amino acids other
than glycine and alanine contain p-substitutents that can
interact in antiparallel and parallel $-sheets. In the NHB pairs of
antiparallel f-sheets, the side chains can gear and clash to a
greater extent than those in the HB pairs (Figure 2f) or in
parallel f-sheets (Figure 2e). The side-chain pairing preferences
of amino acids in f-sheets have been studied both
experimentally and statistically,'® and our laboratory has
coauthored a database of intermolecular amino acid pairing
preferences in f-sheets.""

Twist of f-Sheets. f-Sheets in proteins are generally not
flat, like the idealized models in Figure 2, but rather are twisted
in a right-handed fashion.'> The f-sheets of the transthyretin
monomer illustrate this twist (Figure 3a). One may envision
this twist by holding a piece of paper horizontally (like
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(a)

Figure 1. Representative structures and interactions of f-sheets. (a) Homodimer of HIV protease (PDB: 3HVP). (b) Homodimer of the pS3
tetramerization domain (PDB: 1C26). (c) Homotetramer of the p53 tetramerization domain. (d) NMR-based model of Af;_,, fibril (PDB: 2BEG).
(e) Homodimer of transthyretin (PDB: 1TTR). (f) Homotetramer of transthyretin.
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Figure 2. Anatomy of f3-sheets. (a) -Strand. (b) Parallel S-sheet. (c) Antiparallel S-sheet. (d) Faces of a f-sheet. (¢) Common side chain orientation
of a parallel f-sheet. (f) Common side chain orientation of an antiparallel -sheet.

horizontal peptide f-strands) and pulling the upper right-hand
and lower left-hand corners toward each other, above the plane
of the page, while simultaneously pushing the upper left-hand
and lower right-hand corners toward each other below the
plane of the page (Figure 3b).

p-Sandwich. f-Sheets in proteins do not typically occur as
isolated structures but rather pack through hydrophobic
interactions with a-helices or other S-sheets to create compact
globular tertiary (intramolecular) or quaternary (intermolecu-
lar) structures. f-Sandwiches form when two f-sheets pack
together through hydrophobic face-to-face interactions." The -
sheets are typically about 10 A apart. Often the p-sheets
comprising this sandwich-like structure present more hydro-
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philic faces to water. f-Sandwiches are abundant in protein
tertiary domains, and assembly among p-sandwiches often
provides unique quaternary protein structures with specific
functions. Figure 3a illustrates the f-sandwich structure of
transthyretin, which forms quaternary structures that transport
thyroxine and retinol.'?

Two f-sandwiches can further assemble through face-to-face
interactions to form four-layered structures. The immunoglo-
bulin G (IgG) light and heavy chains assemble to form
functional antibodies through face-to-face quaternary inter-
actions between the f-sandwiches of these two components.
The resulting four-layered S-sandwich acts as a scaffold to
display six loops as a specific binding site for antigens. Figure 4
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Figure 3. Twist of f-sheets. (a) Cartoons of a flat f-sheet and the twisted f-sheets of transthyretin (PDB: 1TTR). (b) Representation of sheets of

paper with flat and twisted surfaces.

illustrates these structures and interactions in immunoglobulin
QG2a (IgGZa).14

p-Barrel. f-Sheets can also pack to form closed structures
without exposed hydrogen-bonding edges, in which the fS-
strands resemble staves in a barrel. Small f-barrel structures can
resemble a f-sandwich in which the edges of the two layers
have hydrogen bonded together; larger -barrels generally form

(a) crystal structure of immunoglobulin G2a
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Figure 4. f-Sandwich structures. (a) Immunoglobulin G2a (PDB:
1IGT). (b) Detail illustrating the specific antigen-binding site of
IgG2a, the hydrophobic cores of the light- and heavy-chain p-
sandwiches, and the hydrophobic core between two f-sandwiches.

a cavity that can accommodate additional matter within. Figure
S illustrates a variety of f-barrels.

fB-Barrels occur widely in enzymes, protein transporters,
membrane pores, and binding proteins." The human plasma
retinol-binding protein (RBP), for example, contains an eight-
stranded f-barrel with a hydrophobic cavity that binds retinol
and facilitates its transport (Figure Sab).'> The membrane
protein FhaC is an essential component of the protein
transporter machlnery for gram-negative bacteria and eukary-
otic organelles It contains a 16-stranded f-barrel with a
hydrophilic cavity containing 17 charged residues. When FhaC
is inactive, the cavity of the f-barrel is plugged by an a helix
that displays complementary charged residues (Figure Sc,d).
When FhaC is active and helps translocate proteins across the
membrane, the cavity is unplugged so that proteins can
translocate through the cavity.

f-Barrels may also play an important role in the elusive
structures of small amyloid oligomers, which are generally
thought to be the key neurotoxic species in Alzheimer’s and
other neurodegenerative diseases.'” Thus, an oligomer of an
amyloidogenic peptide fragment from aB crystallin was recently
found to form a six-stranded f-barrel containing three pairs of
antiparallel f-sheets and a filled interior (Figure Se).

P-Helix. A p-sheet structure that is less common in globular
proteins—the f-helix—sets the stage for the structures of
amyloid fibrils, the visible hallmark of Alzheimer’s and many
other diseases involving protein aggregation. J-Helices are
helical structures composed of alternating f-strands and loops
that run nearly orthogonal to the helical axis. The p-strands
hydrogen bond together to form parallel S-sheets, which are
often arranged in a triad about the helical axis. The f-sheets
may collapse on each other forming sandwich-like structures or
may form a triangular cavity, like a S-barrel. Figure 6 illustrates
three representative f-helix structures.

The f-helix was first discovered in the bacterial protein
pectate lyase C in 1993."® The S-helix of pectate lyase C
consists of a single polypeptide chain that coils into three
parallel f-sheets separated by loops (Figure 6a). The f-sheets
form a collapsed structure in which two of the three sheets
make a sandwich-like structure, and the third, in conjunction
with additional loops, spans the layers of the sandwich. f-
Helices can also form through the assembly of multiple
polypeptide chains. The f-helix of the (gp27-gpS*-gpSC),
complex of the cell-puncturing device of bacteriophage T4 is
a triple helix comprising three separate polypeptide chains
wrapped about the helical axis to give a triangular cavity (Figure
6b)." p-Helices are integral to the aggregation of the fungal
HET-s prion-forming protein that aggregates to form amyloid
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Figure S. f-Barrel structures. (a) Eight-stranded f-barrel of human plasma retinol-binding protein (PDB: 1BRP). (b) Complex of human plasma
retinol-binding protein and retinol. (c) The 16-stranded f-barrel of the membrane protein FhaC (PDB: 2QDZ). (d) Cutaway view of the 16-
stranded f-barrel of FhaC. (e) Six-stranded f-barrel formed by peptide fragment KVKVLGDVIEV (K11V) derived from protein aB crystallin (PDB:

35GO).

fibrils.”® A fragment comprising residues 218—289 of HET-s
has been shown to form a stack of f-helices running along the
fibril axis (Figure 6c).

Higher-Order Supramolecular Structures of f-Sheets.
p-Sheets have a propensity to form four-layered sandwich
structures.”’ p-Sandwiches and f-helices with hydrophobic
exterior surfaces can further self-assemble through hydrophobic
interactions into higher-order structures containing four-layered
sandwiches. The C, symmetric form of amyloid f-peptide
(AB,_4o) fibrils associated with Alzheimer’s disease consists of a
four-layered f-sandwich similar to that of IgG (above).”* The
fibrils comprise two p-sandwiches formed by two separate
networks of Ap| 4, tightly laminated through hydrophobic
interactions to form a C, symmetric four-layered f-sandwich
structure (Figure 7a, green and pink structures). Af,_4, fibrils
also form as a C; symmetric polymorph, which shares structural
features with the C, form but lacks the tight lamination.”® In
this polymorph, two f-sandwiches tilt to form a more loosely
laminated four-layered structure that can accommodate the
third f-sandwich (Figure 7b). A similar sort of C; symmetric
structure occurs in the P22 tail-spike protein, which consists of
a supramolecular assembly of three S-helices (Figure 7c).**

B B-SHEET INTERACTIONS THROUGH
EDGE-TO-EDGE HYDROGEN BONDING

Dimerization of folded proteins through the exposed hydrogen-
bonding edges of S-sheets is a fundamental type of protein—
protein interaction that is common in protein structure.”® The
topology of a folded protein with an exposed B-sheet hydrogen-
bonding edge favors intermolecular hydrogen bonding to form
a C, symmetric antiparallel f-sheet dimerization interface.
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Hydrophobic interactions between the hydrophobic residues of
the interface and the hydrophobic interior of the protein
typically stabilize the dimerization interface. The resulting
quaternary structures can involve multiply stranded f-sheets,
individual S-strands, or the interdigitation of f-strands and are
often necessary for the biological function of the protein.

pB-Sheet Dimerization of Multiply Stranded f-Sheets.
The protein ParB forms a homodimer that helps partition DNA
at cell division.”® ParB dimerizes by forming an antiparallel j3-
sheet dimerization interface in which the exposed edges of two
three-stranded f-sheets hydrogen bond to form six hydrogen
bonds (Figure 8a). The interface is further stabilized through
hydrophobic contact between residues Fyy, Y3, and Fyp of
the interface and the hydrophobic surface created by the a-
helices of the protein (Figure 8b).

Transthyretin helps transport thyroid hormones and retinol
and functions as a homotetramer comprising a dimer of f-sheet
dimers (Figure 1f).*® Transthyretin dimerizes by forming an
antiparallel f-sheet dimerization interface between two three-
stranded f-sheets (Figure le). Two of the dimers further self-
assemble into a homotetramer through hydrophobic contact
(Figure 1f).

p-Sheet Dimerization of Single f-Strands. The met
repressor protein helps regulate the biosynthesis of methionine
and functions as a homodimer. The met repressor protein
dimerizes by forming an antiparallel S-sheet dimerization
interface in which the two single f-strands hydrogen bond to
form eight hydrogen bonds (Figure 9a).>” The interface is
further stabilized through hydrophobic contact between
residues I, Vy, and Ly of the interface and the hydrophobic
surface created by the a-helices of the protein (Figure 9b).
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Figure 6. f-Helix structures. (a) f-Helix formed by pectate lyase C (PDB: 2PEC). (b) Trimeric f-helix of the (gp27-gp5*-gpSC); complex of the
cell-puncturing device of bacteriophage T4 (PDB: 1K28). (c) Stack of f-helices formed by residues 218—289 of HET-s (PDB: 2RNM). Colors in
these figures represent different polypeptide chains. Extraneous residues are omitted for clarity.
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Figure 7. Four-layered f-sandwich structures. (a) C, symmetric form
of Afi_4 fibrils. (b) C; symmetric form of Af,_, fibrils. (c)
Triangular superstructure with C; symmetry formed by the P22 tail-
spike protein (PDB: 1TSP). Extraneous residues are omitted for
clarity.
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The tumor suppressor protein p353 is a 393-residue
transcription factor that functions as a homotetramer and
helps prevent the development of cancer.”® The homotetramer
may be thought of as a dimer of dimers, in which interactions
between individual f-strands mediate dimer formation.
Residues 325—356 make up the tetramerization domain. The
P53 tetramerization domain dimerizes by packing two a-helices
in an antiparallel fashion and by forming an antiparallel $-sheet
dimerization interface (Figure 1b).* In this interface, two
single f-strands hydrogen bond to form eight hydrogen bonds
(Figure 10a). The interface is further stabilized through
hydrophobic contact between residues Fjyg, L3y, and L33, of
the interface and the hydrophobic surface created by the a-
helices (Figure 10b). The homotetramer assembles through
hydrophobic contact between the four pairs of residues Ly,
and L5 of the a-helices (Figure 10b).

p-Sheet Dimerization through Interdigitation of fg-
Strands. HIV-1 protease is an important drug target that is
essential for reproduction of the AIDS virus and functions as a
homodimer (Figure 1a).*° It dimerizes by forming an
antiparallel f-sheet dimerization interface in which two f-
strands of each protein interdigitate to form a four-stranded
antiparallel f-sheet (Figure 1la). The four-stranded [-sheet
interface is further stabilized not only by hydrophobic contact
between residues I;, Ly, and Fyy of the interface and the
hydrophobic surface created by the protein (Figure 11b) but
also by additional hydrogen bonding between side chains of Q,
and Nyg and between the N- and C-termini (Figure 11a).
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Figure 8. f-Sheet dimerization interface between two multiply
stranded f-sheets of protein ParB. (a) Homodimer of ParB and detail
of the antiparallel S-sheet dimerization interface of ParB homodimer
(PDB: 1ZX4). (b). Hydrophobic contact between residues Fqq, Y305,
and Fjp, of the dimerization interface and the hydrophobic surface
created by the a-helices of the protein.

B S-SHEET INTERACTIONS THROUGH
FACE-TO-FACE INTERACTIONS

Assembly through face-to-face interactions between f-sheets is
another fundamental type of protein—protein interaction that is
common in protein and amyloid structure. Face-to-face
interactions among f-sheets occur not only in protein tertiary
and quaternary structures, such as f-sandwiches and f-helices
but also in higher-order superstructures, such as the four-
layered sandwich structures of Af};_,, amyloid fibrils and IgG as
described above. These face-to-face interactions typically
involve hydrophobic surfaces with good shape complementarity
that are held together through van der Waals interactions and
the hydrophobic effect.

Face-to-Face Interactions of Layered fi-Sheets. Face-
to-face interactions between layered f-sheets typically involve
hydrophobic contact, interdigitation, or knob—hole interactions

5482

(a)
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Figure 9. f-Sheet dimerization of single f-strands of the met repressor
protein. (a) Homodimer of the met repressor and detail of the
antiparallel f-sheet dimerization interface of the met homodimer
(PDB: 1CMB). (b) Hydrophobic contact between residues L, Vs,
and I,; of the antiparallel f-sheet dimerization interface and the
hydrophobic surface created by the a-helices of the protein.

between opposing residues (Figure 12). Hydrophobic contact
occurs in aligned or offset structures and typically features a
large contact area created by large nonpolar side chains (Figure
12a). Contact can occur either in an aligned fashion, in which
residue j primarily contacts its intersheet neighbor i, or in an
offset fashion, in which residue j primarily contacts its
intersheet neighbors i and i + 2. Face-to-face interaction
through hydrophobic contact generally favors the large,
branched, nonpolar side chains of valine, leucine, isoleucine,
and phenylalanine, because they can provide large hydrophobic
areas for intimate contact and thus maximize van der Waals
interaction and the hydrophobic effect. Although Ilarge
nonpolar residues are favored, some polar residues, such as
tyrosine, tryptophan, serine, and threonine, can also participate.

Interdigitation occurs in offset structures and features a
zipper-like packing in which side chains of the two sheets
interdigitate tightly. Figure 12b illustrates this interaction in
which residue j is embedded between intersheet neighbors i and
i + 2. Interdigitation often involves uncharged unbranched
residues, such as alanine, asparagine, and glutamine. These tight

dx.doi.org/10.1021/ja3088407 | J. Am. Chem. Soc. 2013, 135, 5477—-5492
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Figure 10. f-Sheet dimerization of single J-strands of the pS53
tetramerization domain and further assembly to form the tetramer. (a)
Antiparallel -sheet dimerization interface of the pS3 tetramerization
domain homodimer (PDB: 1C26). (b) Hydrophobic contact between
residues Fyyq, L33, and L33, and the hydrophobic surface created by the
a-helices; hydrophobic contact between the four pairs of residues Ly,
and Ly of the a-helices in the tetramer.

interresidue contacts involve hydrophobic interactions and may
involve hydrogen bonding with the exclusion of water.

Knob—hole interaction occurs in aligned structures and
features a knob-into-hole-like packing in which a large residue
serving as a knob is tightly buried in a hole created by a small
residue, such as glycine or alanine. Figure 12c illustrates knob—
hole interaction in which residue j is aligned with intersheet
neighbor i and primarily contacts intersheet neighbors i — 2
and i + 2. Unlike interdigitation, residue j is not embedded
between residues i and i + 2. Knob—hole interaction in -sheets
is reminiscent of the knob-into-hole packing in a-helix coiled
coils.®" Although both van der Waals interaction and the
hydrophobic effect are important in knob—hole interaction, the
steric complementarity of knobs and holes between layered /-
sheet structures is critical to this interaction.

Orientations of Layered f-Sheets. Layered f-sheets can
adopt different orientations to achieve optimal face-to-face
packing. The f-sheets in the adjacent layers can be aligned,
offset, or rotated, as illustrated in Figure 13. In an aligned
orientation, the f-strands of the two layers overlap, so that the
side chains of a f-strand in one layer interact primarily with

Hoa J R85
YWY
o 4 o: e

Figure 11. f-Sheet dimerization interface through interdigitation of -
strands of HIV-1 protease. (a) Four-stranded antiparallel f-sheet
dimerization interface of the HIV protease homodimer (PDB: 3HVP).
The side-chain hydrogen bond between Q, and Nz is shown in yellow
and the salt bridges between the N- and C-termini are shown in cyan.
(b) Hydrophobic contact between residues I;, Ly, and Fgy of the
dimerization interface and the hydrophobic surface created by the
protein.

(a) ifj and ifj/i+2 hydrophobic contact
aligned

(b) ifj/fi+2 interdigitation

(c) i-2/j/i+2 knob-hole interaction

glycine

Figure 12. Face-to-face interactions of f-sheets. (a) The i/j and i/j/i +
2 hydrophobic contact. (b) The i/j/i + 2 interdigitation. (c) The i —
2/j/i + 2 knob—hole interaction.
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Figure 13. Orientation of layered f-sheets. (a) Aligned, (b) offset, and
(c) rotated layered f-sheets.

those of one f-strand in the adjacent layer (Figure 13a). In an
offset orientation, the side chains of a f-strand in one layer
interact primarily with those of two f-strands in the adjacent
layer. The exposed edge of this orientation can present both a
hydrogen-bonding edge and a hydrophobic ledge, with the
potential for interaction with additional f-strands (Figure 13b).
This structure and its potential for further interaction are
reminiscent of the sticky ends in DNA.

Layered p-Sheets in Protein, Amyloid Fibril, and
Amyloid-like Fibril Structures. f-Sandwiches are common
layered f-sheet structures in proteins. Transthyretin (TTR), for
example, features a f-sandwich structure as described above
(Figure 3a). The two layers of f-sheets of TTR pack together
to form a rotated layered f-sheet structure in which face-to-face
interactions involve offset hydrophobic contact (Figure 14).

The HET-s protein aggregates to form amyloid fibrils, like
those in prion diseases. Residues 218—289 of HET-s aggregate
into fibrils that feature a f-helix structure, as described above
(Figure 6c). Figure 1S illustrates that the HET-s f-helix
contains offset layered J-sheets and two side-chain packing
interfaces in which face-to-face interactions involve hydro-
phobic contact, interdigitation, and knob—hole interaction.

The AB,_4 fibrils associated with Alzheimer’s disease feature
a four-layered f-sandwich in which two layers of fB-sheets in a
two-layered f-sandwich are layered in an offset fashion (Figure
16a) and face-to-face interactions involve hydrophobic contact
and knob—hole interaction (Figures 16b,c). Of particular
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Figure 14. Orientation and face-to-face interactions in the layered f-
sheets of the TTR f-sandwich (PDB: 1TTR). (a) Rotated layered f5-
sheets of the TTR f-sandwich. (b) The i/j/i + 2 hydrophobic contacts
in the TTR f-sandwich.

interest is that glycine, which is not typically thought of as
favoring f-sheet formation, plays a special role in the assembly,
with residues Gs3, Gj7, and Gjg creating holes for the knob—
hole interactions within and between the two-layered f-
sandwiches.

The structures of amyloid-like fibrils from amyloidogenic
peptide fragments often shed light on amyloid fibril structures
and provide useful insights into how amyloid self-assembles
into fibrils.>> The crystallographic structure of GNNQQNY
from prion protein Sup3S5 shows that it self-assembles into an
offset layered p-sheet structure in which face-to-face
interactions involve interdigitation (Figure 17a).** NMR-
based structural models show that the central residues
AAAAGAVV of peptide fragment PrPys_154 from the human
prion protein self-assemble into a rotated layered f-sheet
structure in which face-to-face interactions involve interdigita-
tion (Figure 17b).** The crystallographic structure of KLVFFA
from Af shows that it self-assembles into an aligned layered f-
sheet structure in which face-to-face interactions involve aligned
and offset hydrophobic contact (Figure 17c).>*8

B CHEMICAL MODELS OF g-SHEETS

Chemical model systems provide a powerful platform with
which to study and control the rich supramolecular chemistry
of f-sheets. Our laboratory has developed macrocyclic f-sheet
peptides containing artificial turn and template units as
chemical models of f-sheet structure and interactions. The
macrocyclic ff-sheets contain a natural peptide fS-strand, turns

dx.doi.org/10.1021/ja3088407 | J. Am. Chem. Soc. 2013, 135, 5477—-5492
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Figure 1S. Orientation and face-to-face interactions in the layered f-
sheets of the HET-s f-helix (PDB: 2RNM). (a) Offset layered f-sheets

of residues 218—289 of HET-s. (b) The i/j and i/j/i + 2 hydrophobic Myeflay/Vso 8N 1, /MM, knob-hole interaction

contacts, i/j/i + 2 interdigitation, and i — 2/j/i + 2 knob—hole
interaction in residues 218—289 of HET-s.

Figure 16. Orientation and face-to-face interactions in the layered f-
sheets in Af_,, fibrils. (a) Offset layered f-sheets of the Af)_, fibrils.
(b) The i/ j/i + 2 hydrophobic contacts and i — 2/j/i + 2 knob—hole
interaction in the Af|_, fibrils. (c) The i — 2/j/i + 2 knob—hole
interaction in Af_,, fibrils.

based on &-linked ornithine (°Orn),’*® and templates based on
the unnatural amino acid Hao,” which mimics the hydrogen-
bonding edge of a tripeptide -strand while blocking the other

edge. Macrocycles 1—3 are the three most important classes of edge-to-edge hydrogen-bonding interactions. The Hao-contain-
macrocyclic f-sheets that we have thus far published (Figure ing strands help preorganize the other edge by intramolecular
18) e hydrogen bonding, while blocking further hydrogen-bonding
Macrocyclic f-sheet 1 is a 42-membered ring containing a interactions. The side chains of the alternate amino acids of the
pentapeptide (upper strand, R;—R;), two °Orn turn units penta- and heptapeptide strands, above and below the
(shown in blue), one Hao template (shown in red), and two hydrogen-bonded backbones, make up the “top” and “bottom”
additional amino acids (R, and R,). 29" Macrocyclic -sheet 2 faces of the f-sheet.
is a S4-membered ring containing a heptapeptide (upper strand, Table 1 illustrates some of the macrocyclic f-sheets that have
R,—R;), two °Orn turn units, two Hao templates, and one demonstrated edifying supramolecular chemistry in the solid
additional amino acid (Rg).?™° Macrocyclic f-sheet 3 is a 54- state or in solution. Many of these macrocycles contain penta-
membered ring containing a heptapeptide (upper strand, R;— and heptapeptides derived from amyloidogenic or other f-sheet
R), two °Orn turn units, one Hao template, and four additional peptides and proteins. The pentapeptides of 1a, 1b, and 1e are
amino acids (Rg—R;;).” based on residues 17—21 and 30—34 of Af, while those of 1c
Macrocyclic fB-sheets 1—3 exhibit a rich supramolecular and 1d are based on residues 306—310 of tau. The
chemistry. The penta- and heptapeptide strands of these heptape?tides of 2a and 2b are based on protein G variant
macrocycles provide one exposed edge that can participate in NuG2.** The heptapeptides of 3a and 3b are based on residues
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Figure 17. Orientations and face-to-face interactions in the layered f-sheets from amyloidogenic peptide fragments. (a) Crystal structure of
GNNQQNY (PDB: 1YJP). (b) NMR-based structural model of AAAAGAVV. (c) Crystal structure of KLVFFA (PDB: 30W9).

30—36 and 16—22 of Ap, while that of 3c is based on residues
63—69 of human f,-microglobulin (h,M) and that of 3d is
based on human a-synuclein (haSyn).

Folding of Macrocyclic f-Sheets. The X-ray crystallo-
graphic structures of macrocycles la—1c, 2b, and 3a reveal
well-folded f-sheet structures in the solid state.”¥>*
chains of 42-membered ring macrocycles la—lc have six
intramolecular hydrogen bonds between the upper and lower
strands and adopt similar conformations (Figure 19).°4 The
main chains of 54-membered ring macrocycles 2b and 3a have
eight intramolecular hydrogen bonds between the upper and
lower strands (Figure 20).”*°

The X-ray crystallographic structures of macrocycles 1b, Ic,
and 3a exhibit a pronounced twist. This twist can stabilize the
folded structure of macrocycle 1 through hydrophobic or van
der Waals interactions between residues R, and Ry and the two
°Orn turn units (Figure 21). These interactions can be
observed in the X-ray crystallographic structures of macrocycles
1b and lc. 'H NMR spectroscopic studies of macrocycles 1
suggest that bulky and branched residues at the R, and Rg
positions also enhance the formation of folded p-sheet
structures in aqueous solution.” This twist can also stabilize
the folded structure of macrocycle 3 through hydrophobic or

The main

5486

van der Waals interactions between residues R¢ and R, and the
two °Orn turn units. The interaction between Ry and the
adjacent °Orn turn unit is observed in the X-ray crystallographic
structure of macrocycle 3a, while that between R;, is
supplanted by other crystal packing interactions. These
interactions can, in turn, stabilize the twist of the macrocycles.

Dimerization of Macrocyclic f-Sheets through Edge-
to-Edge Hydrogen Bonding. Macrocycles la—l¢, 2b, and
3a do not occur as isolated monomers in the solid state but
rather dimerize through edge-to-edge hydrogen bonding. All of
the macrocycles form dimers in which the two monomers
interact to form an antiparallel f-sheet; macrocycle 1a forms
both parallel and antiparallel $-sheet dimers in the same lattice.
Figures 22 and 23 illustrate the structures of the six observed
dimers with line drawings, and Figures 24 and 25 show the
crystal structures.

Of the five antiparallel f-sheet dimers observed, two (1a and
2b) are in register, with all residues aligned, while three (1b, 1,
and 3a) are out of register, shifted by two residues. The parallel
P-sheet dimer of macrocycle 1a is shifted out of register by one
residue, because the topology of the macrocycles prevents the
formation of the type of parallel in-register f-sheets that occur
in most amyloid fibrils.

dx.doi.org/10.1021/ja3088407 | J. Am. Chem. Soc. 2013, 135, 54775492
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Figure 18. Macrocyclic f-sheets 1—3. The tripeptide mimic Hao is

shown in red, and the °Orn turn units are shown in blue.
Intramolecular hydrogen bonds are shown with dashed lines.

All three of the out-of-register antiparallel S-sheet dimers
shift by two residues in the same direction—toward the C-
terminus. Shifting by two residues, rather than by one or three,
is necessary to hydrogen bond; shifts of homodimers of
antiparallel -sheets by an even number of residues is possible;
and shifts of homodimers of antiparallel -sheets by an odd
number of residues is not. While shifting toward the C-
terminus costs hydrogen bonds, it can provide better
hydrophobic or van der Waals interactions. Shifting by two
residues brings together the bulky isoleucine and leucine
residues in the NHB rings of the 1b dimer interface and the
bulky isoleucine, leucine, and valine residues in the NHB rings
of the 3a dimer interface. The resulting hydrophobic patch

macrocyclic f-sheet 1c

Figure 19. Crystal structures of macrocyclic f-sheets la—1c (PDB:
3Q9H, 3QY), and 3Q9G). Intramolecular hydrogen bonds are shown
with dashed lines. The phenylalanine residue of 1b exhibits partial
occupancy; the two rotameric orientations of the side chain are shown.

helps stabilize the further assembly of each dimer into a
tetramer, as described in the following section.

The twist of the antiparallel S-sheets brings together residues
in adjacent NHB rings and helps create additional favorable
hydrophobic or van der Waals interactions. The p-sheet
dimerization interface of macrocycle 3a illustrates these
stabilizing interactions (Figure 26). In addition to the three
sets of primary intersheet interactions between the side chains
of the valine and isoleucine, leucine and leucine, and isoleucine
and valine, there are four sets of secondary intersheet
interactions, between the valine and alanine, leucine and
isoleucine, isoleucine and leucine, and alanine and valine. These
interactions, in turn, stabilize the twist of the f-sheets.

Face-to-Face Interactions of Macrocyclic f-Sheets.
The dimers of macrocycles la—1Ic, 2b, and 3a pack in the solid

Table 1. Amino acids in macrocycles 1-3“

macrocycle R, R, Ry R,
1a (based on Af,_,;) Leu Val Phe Phe
1b (based on Afyy_34) Ala Ile Ile Phe
1c (based on Taups_30) Val Gln Tle Val
1d (based on Tauyps_3;0) Val Gln Ile Val
1le (based on Afsy_s4) Ala Ile Ile Gly
2a (based on NuG2) Thr Ser Phe Thr
2b (based on NuG2) Thr Tyr Phe Thr
3a (based on Afyy_36) Ala Ile Ile Gly
3b (based on Afis_»,) Lys Leu Val Phe
3c (based on hB,M;_g) Tyr Leu Leu Tyr
3d (based on haSyn,_g;) Thr Ala Val Ala

Rs R¢ R; Rg Ry Ryo Ry
Ala Leu Lys

Leu Tyr Lys
Phe®™ Lys Leu

Tyr Lys Leu

Leu Tyr Lys

Tyr Thr Ser Lys

Tyr Phe® Ser Lys

Leu Met Val Lys Phe Phe®™ Lys
Phe Ala Glu Lys Leu Tle Glu
Tyr Thr Glu Lys Val Val Lys
Asn Lys Thr Val Phe Tyr Lys

“Standard three-letter abbreviations are used, and Phe™ represents p-bromophenylalanine, which was incorporated to faciliate X-ray crystallographic

analysis.
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macrocyclic f-sheet 3a

Figure 20. Crystal structures of macrocyclic f-sheets 2b and 3a (PDB:
3NI3 and 3T4G). Intramolecular hydrogen bonds are shown with
dashed lines.

CHz

MJ#MAWLQ

H,C _E :

ch o) Y\NHO\)\ \n/c\i-lriHS

Figure 21. Stabilizing interactions between residues R, and R4 and the
two ®Orn turn units in macrocycle 1 facilitated by the natural right-
handed twist of the f-sheet (represented with red arrows).

state through face-to-face interactions to form tetramers and
related higher-order assemblies. Macrocycle 1c packs in the
lattice as tetramers comprising dimers of dimers that interact
through hydrophobic face-to-face interactions (Figure 27). The
dimer subunits of the tetramers pack in a symmetrical face-to-
face fashion, rather than an unsymmetrical face-to-back fashion.
These inner faces present the hydrophobic valine (R;),
isoleucine (R;), and p-bromophenylalanine (Rs) residues of
the pentapeptide in the upper strand as well as the hydrophobic
leucine (R,) residue in the lower strand. These residues pack
together to make up the hydrophobic core of the tetramer. The
layers of the sheets are rotated at nearly right angles with
respect to each other, allowing the twisted f-sheets to clasp
together and create a tightly packed hydrophobic core. The
tetramers are relatively isolated, having little contact with each
other, except stacking interactions between the Hao templates.
Macrocycle 1b also packs in the lattice as tetramers
comprising dimers of dimers that interact through hydrophobic
face-to-face interactions (Figure 28). The hydrophobic alanine
(R,), isoleucine (R;), and leucine (R;) residues of the
pentapeptide in the upper strand pack together to make up
the hydrophobic core of the tetramer. The tetramers stack
loosely on each other through interactions among the
phenylalanine groups on the outer faces of the tetramers
Zinc ions, which crystallized with 1b, coordinate to the °Orn
turn units, and both span and bridge the tetramer units.
Macrocycle 1a forms stacks of four dimers in the lattice that
make up a four-layered f-sandwich structure, with the parallel
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Figure 22. Dimers of macrocyclic f-sheets la—1c observed by X-ray
crystallography. Intermolecular hydrogen bonds are shown with red
dashed lines.

p-sheet dimers as the top and bottom layers of the stack and
the antiparallel -sheet dimers as the middle two layers of the
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ray crystallography. Intermolecular hydrogen bonds are shown with
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antiparallel f-sheet dimer of 1a parallel f-sheet dimer of 1a

antiparallel f-sheet dimer of 1c

antiparallel }-sheet dimer of 1b

Figure 24. Crystal structures of dimers of macrocyclic f-sheets la—1c
(PDB: 3Q9H, 3QYJ, and 3Q9G). Intermolecular hydrogen bonds are
shown with dashed lines.

stack. These stacks may be thought of as encompassing two
types of tetramers: a face-to-face tetramer composed of two
antiparallel -sheet dimers (tetramer 1) and an unsymmetrical
tetramer composed of an antiparallel f-sheet dimer and a
parallel f-sheet dimer (tetramer 2). Figure 29 illustrates these
tetramers. Residues R;—Rs of the macrocycle are all hydro-
phobic, making both faces of the pentapeptide hydrophobic
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antiparallel p-sheet dimer of 3a

Figure 25. Crystal structures of dimers of macrocyclic f-sheets 2b and
3a (PDB: 3NI3 and 3T4G). Intermolecular hydrogen bonds are
shown with dashed lines.

wyﬁwa&Mﬁ%
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Figure 26. Dimer of macrocyclic f-sheet 3a showing stabilizing
secondary interactions facilitated by the natural right-handed twist of
the f-sheet (represented with red arrows).

and allowing both types of tetramers to have hydrophobic
cores.

Macrocycle 3a also forms stacks of f-sheet dimers that may
be thought of as comprising two types of tetramer: a face-to-
face tetramer (tetramer 1) and a back-to-back tetramer
(tetramer 2). Figure 30 illustrates these tetramers. The
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Figure 27. Crystal structure of the tetramer of macrocyclic f-sheet 1c
(PDB: 3Q9G). Top view shows the relative orientations of the
macrocycles. Side view shows the hydrophobic core. Selected side
chains are omitted for clarity.

top view side view

Figure 28. Crystal structure of the tetramer of macrocyclic -sheet 1b
(PDB: 3Q9J). Top view shows the relative orientations of the
macrocycles. Side view shows the hydrophobic core. Zinc ions and
selected side chains are omitted for clarity.

side view of tetramer 2

top view of tetramer 2

Figure 29. Crystal structure of the tetramers of macrocyclic f-sheet 1a
(PDB: 3Q9H). Top views show the relative orientations of the
macrocycles. Side views show the hydrophobic cores. Selected side
chains are omitted for clarity.

isoleucine (R;), leucine (R;), and valine (R,) residues of the
heptapeptide in the upper strand create the hydrophobic core
of the face-to-face tetramer. The methionine (Ry) residue of the
heptapeptide in the upper strand and the phenylalanine (R,) in
the lower strand create the hydrophobic core of the back-to-
back tetramer. The layers of the sheets of the back-to-back
tetramer (tetramer 2) are rotated at nearly right angles with
respect to each other and clasp together, like those of the
tetramer of macrocycle lc. The layers of the face-to-face
tetramer (tetramer 1), on the other hand, are aligned and twist
in a laminated fashion.
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side view of tetramer 2

top view of tetramer 2

Figure 30. Crystal structures of the tetramers of macrocyclic f-sheet
3a (PDB: 3T4G). Top views show the relative orientations of the
macrocycles. Side views show the hydrophobic cores. Selected side
chains are omitted for clarity.

Macrocycle 2b crystallizes as hexamers comprising trimers of
dimers, rather than tetramers comprising dimers of dimers. The
hexamer may be thought of as a f-sandwich in which one of the
layers has been tilted upward by 60°, and another dimer has
been added to create a triangular assembly. In solution,
homologue 2a forms tetramers comprising dimers of dimers, in
which the phenylalanine (R;) and tyrosine (R;) residues of the
heptapeptide in the upper strand pack together to create a
hydrophobic core. This tetramer resembles the tetramers
formed by macrocycles la—1c¢ and 3a.

The tetramers formed by these macrocyclic f-sheets may
shed light on the structures of the oligomers that are central to
the toxicity of amyloids in Alzheimer’s and other neuro-
degenerative diseases. In the tetramers, hydrophobic or van der
Waals interactions act in conjunction with hydrogen bonding to
create recognizable assemblies with common structural themes:
folded monomers with f-sheet structures that assemble to
hydrogen-bonded dimers that pack face-to-face or back-to-back
to form layered structures. All of these features reflect the self-
complementarity of these peptides and hence their ability to
form oligomers. When the layers of the sheets are substantially
rotated with respect to each other, the twist of the f-sheets
creates a special additional complementarity in which two
corners of the upper sheet clasp two corners of the lower sheet.
This clasping together of the rotated twisted S-sheets may help
create oligomers with well-packed cores, enhanced stability, and
unique biological properties.

Macrocyclic f-Sheets that Inhibit Amyloid Aggrega-
tion. Macrocyclic f-sheets containing amyloid-derived peptide
sequences can control the aggregation of amyloidogenic
peptides and proteins through the same types of supra-
molecular interactions that occur among p-sheets. The
macrocycles are designed to bind to f-sheet intermediates
involved in the aggregation process and block further
aggregation. Macrocyclic f-sheet 1d inhibits the aggregation
of an amyloidogenic hexapeptide from the protein tau, which
aggregates to form neurofibrillary tangles in Alzheimer’s disease
and certain frontotemporal dementias.” Both edge-to-edge
hydrogen bonding and face-to-face hydrophobic interactions
are essential to the binding process, and the macrocycle appears
to interact with the offset layered f-sheets of the amyloidogenic
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hexapeptide through hydrogen-bonding interactions with an
exposed hydrogen-bonding edge and hydrophobic interactions
with a hydrophobic ledge. The inhibition appears to involve
two molecules binding cooperatively to the two layers of the
aggregating P-sheets.

Macrocyclic -sheet 3b inhibits Af} aggregation and reduces
the toxicity of amyloid aggregates.” Macrocyclic f-sheet 3c
inhibits the aggregation of human f,-microglobulin (hf,M),
which is associated with dialysis-related amyloidosis.”® Macro-
cyclic #-sheet 3d inhibits the aggregation of human a-synuclein
(haSyn), which is associated with Parkinson’s disease.”
Heterodivalent compounds comprising macrocyclic S-sheets
la and le connected by a polyethyene-glycol-based linker
inhibit Af aggregation more strongly than the monovalent
components 1a and le or homodivalent molecules containing
two copies of 1a or le connected by a polyethylene-glycol-
based linker.”

B CONCLUSION AND OUTLOOK

Our chemical model systems have given us deeper insights into
the rich supramolecular chemistry of -sheets and have helped
us better understand the types of supramolecular interactions in
protein quaternary structure and in amyloids. A unifying theme
that has emerged in both the model systems and natural
proteins and amyloids is the confluence of edge-to-edge
hydrogen-bonding interactions and face-to-face hydrophobic
interactions among f-sheets that result in layered sandwich-like
structures. The characteristic right-handed twist of f-sheets can
help stabilize edge-to-edge interactions among f-sheets through
favorable secondary interactions between hydrophobic side
chains in adjacent NHB rings. Complementarity among the
faces of the f-sheets is particularly important, through features,
such as aligned and offset hydrophobic contacts, interdigitation,
and knob—hole interactions. The orientation of layered f-
sheets helps maximize the complementarity of the layered
structures. Twisted pJ-sheets can clasp together in rotated
layered structures to create compact oligomers with well-
packed cores. Offset layered f-sheets with hydrogen-bonding
edges over hydrophobic ledges have special potential for further
interactions and may be especially important in f-sheet
aggregation. By understanding and applying these principles,
it may be possible to gain unique insights with which to further
control fB-sheet interactions in Alzheimer’s and other diseases
and to ultimately develop therapies.
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