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Atomic structures of amyloid cross-f§
spines reveal varied steric zippers

Michael R. Sawaya', Shilpa Sambashivan', Rebecca Nelson', Magdalena I. Ivanova', Stuart A. Sievers',
Marcin I. Apostol’, Michael J. Thompson', Melinda Balbirnie', Jed J. W. Wiltzius', Heather T. McFarlane',
Anders @. Madsen®’, Christian Riekel® & David Eisenberg'

Amyloid fibrils formed from different proteins, each associated with a particular disease, contain a common cross-J3 spine.
The atomic architecture of a spine, from the fibril-forming segment GNNQQNY of the yeast prion protein Sup35, was
recently revealed by X-ray microcrystallography. It is a pair of B-sheets, with the facing side chains of the two sheets
interdigitated in a dry ‘steric zipper'. Here we report some 30 other segments from fibril-forming proteins that form
amyloid-like fibrils, microcrystals, or usually both. These include segments from the Alzheimer's amyloid-[3 and tau proteins,
the PrP prion protein, insulin, islet amyloid polypeptide (IAPP), lysozyme, myoglobin, a-synuclein and 3,-microglobulin,
suggesting that common structural features are shared by amyloid diseases at the molecular level. Structures of 13 of these
microcrystals all reveal steric zippers, but with variations that expand the range of atomic architectures for amyloid-like
fibrils and offer an atomic-level hypothesis for the basis of prion strains.

Amyloid diseases are accompanied by the deposition of elongated,
unbranched protein fibrils. For pathologists to designate a disease as
amyloid, the fibrils must be deposited extracellularly, and must bind
the dye Congo red, giving an ‘apple-green’ birefringence'. As of 2005,
Alzheimer’s disease and some 24 others have been found to satisfy
this stringent definition'”. In addition, many other proteins have
been found to form amyloid-like fibrils with biophysical properties
in common with amyloid fibrils. These properties include an elon-
gated morphology”, binding of Congo red, formation from their con-
stituent protein molecules with cooperative, nucleation-dependent
kinetics*, and the so-called cross-f X-ray diffraction pattern®”. This
pattern consists of an X-ray reflection at ~4.8 A resolution along the
fibril direction, and another X-ray reflection at ~8-11 A resolution
perpendicular to the fibril direction®®’. The pattern reveals that the
fibrils contain B-sheets parallel to the fibril axis, with their extended
protein strands perpendicular to the axis.

Finding atomic-level structures for cross-f spines has been
impeded by the fibrillar nature of amyloid, but the corner has
been turned. Recent progress has included models for fibrillar seg-
ments constrained by chemical labelling, scanning proline mutagen-
esis, electron paramagnetic resonance, NMR, H/D exchange and
X-ray fibre diffraction data'®?', and two atomic-resolution micro-
crystal structures of the fibril-forming segments GNNQQNY and
NNQQNY* from the yeast prion protein Sup35. Here we extend
atomic-resolution crystallographic studies to other fibril-forming
segments taken from disease-related proteins, and we relate the seg-
ments to the fibrils formed by their parent proteins.

Peptide microcrystals and fibrils

Our study of the overlapping segments GNNQQNY and
NNQQNY** showed that short peptides can themselves form
both fibrils and closely related microcrystals, the latter capable of
revealing atomic structures. From these structures, it was evident
how short segments form fibrils: the cross-f spine consists of a pair
of B-sheets; each sheet is formed from extended strands of the segment,

hydrogen-bonding up and down the sheet to identical molecules, all
perpendicular to the axis of the fibril. Two sheets mate tightly at a
completely dry interface. At this interface, the residue side chains
intermesh with close complementarity, in what we term a steric zipper.
The pair-of-sheets motif, with its dry, steric-zipper interface repeated
along the entire length of the needle-shaped crystal, accounts for the
elongated shape of the crystal and presumably of the fibril. In fibrils
formed from full proteins, the extra-spine regions may remain on the
periphery of the spine, in some cases in native-like conformation>?°.

These initial results encouraged us to identify fibril-forming seg-
ments in other disease-related and fibril-forming proteins, and to
determine structures for these new cross-f spines. In fact, in this class
of proteins, we have identified one or more such segments in every
protein we examined. Identification of these segments was based on a
combination of bioinformatic and experimental procedures**’*,
guided in some cases by the published work of others. So far we have
identified some 30 such segments from 14 different proteins (see
Supplementary Table 1). Most of these fibril-forming segments also
form needle-shaped microcrystals, varying in length but rarely larger
than 2 X 2 um in cross section (Fig. 1). Several control segments,
predicted not to form fibrils, did not form fibrils*. The wide variety
of protein sequences that form fibrils ranges from highly polar (for
example, NNQQ) to highly apolar (for example, MVGGVV), and
from small side chains (for example, SSTSAA) to large (for example,
FYLLYY). Despite their variation, these sequences have a property in
common: their self-complementary binding.

Fibrils related to microcrystals

Although the 13 segment structures are known with high accuracy
(resolutions between 0.85 and 2.0 A and R-factors between 0.07 and
0.24), there is lingering uncertainty as to how reflective these struc-
tures are of amyloid fibrils. Three types of evidence suggest that the
crystal structures of segments we report here are related to structures
of the fibrils formed by the same segment, and also to fibrils formed
from the entire proteins from which the segments are taken.
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Structural similarities of microcrystals to fibrils. Microcrystals and
fibrils often grow under the same conditions, and are sometimes
found together in solution. Some fibrils (Fig. 1b, ¢) appear to grow
from tips of microcrystals. In all of the segment crystals, the segment
fibrils, and the fibrils of whole proteins that we have tested, B-strands
are the principal diffracting feature. The strands extend perpendic-
ular to the long axis of the crystal and of the fibrils. Also, the inter-
sheet spacings and interstrand spacings of our crystals are in general
accord with the spacings found in amyloid fibrils by X-ray fibre
diffraction”. We show this systematically for microcrystals of seg-
ments from Sup35 and amyloid-f} protein in Supplementary Fig. 1.
This figure compares X-ray fibril diffraction patterns of the full pro-
teins with simulated fibril patterns from our microcrystals, produced
by cylindrical averaging of the single microcrystal X-ray data. The
comparison shows a good fit of the principal diffraction features,
suggesting that the principal structural features of the protein fibrils
are closely similar to those within the microcrystals.

Nucleation experiments. Nucleated growth is one of the hallmarks
of amyloid fibrils®', and amyloid nucleation requires equivalence of
the molecular structures of the nucleus and the fibril*>. To study
nucleated growth, we prepared crystalline seeds from the insulin
segment LVEALYL, from which we have determined the steric-zipper
structure of VEALYL. These seeds shorten the characteristic lag time
for the growth of insulin fibrils as much as seeds prepared from fibrils
of the entire insulin molecule (Supplementary Fig. 2), whereas a

a  Amyloid-like fibrils ~ Microcrystalline clusters  Single microcrystals

VQIVYK (tau)

LYQLEN (insulin) GGVVIA (amyloid-B) NNQQ (Sup35)

Figure 1| Amyloid fibrils and microcrystals. a, Electron micrographs of
representative amyloid-like fibrils (left), and magnified images of
microcrystalline clusters (middle) and single microcrystals mounted for
X-ray diffraction (right) of four segments identified from fibril-forming
proteins: VQIVYK from tau, NNQQ from Sup35, GGVVIA from amyloid-f,
and LYQLEN from insulin. b, ¢, Microcrystals of fibril-forming segments of
amyloid-forming proteins, appearing to have fibrils growing from their tips.
Shown are negatively stained transmission electron micrographs of a
microcrystal of segment NFLVHSS from IAPP (b), and of VEALYL from
insulin (c). In both panels, the microcrystals are on the right.
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non-fibril-forming segment of insulin fails to shorten the lag time.
This is strong evidence for the involvement of LVEALYL in insulin
fibrils. We also found that full-length Sup35 accelerates GNNQQNY
peptide aggregation®. Both studies suggest a structural similarity
between peptide segments and fibrils of their parent proteins.
Mutations in fibril-forming segments affect fibril formation of
whole proteins. If the segments of our structures are in fact in the
amyloid spines of their parent proteins, we would expect that muta-
tions in the segments would diminish fibril formation, and that these
segments would show enhanced protection from proton exchange. In
fact, as detailed in Supplementary Table 2, work of others has estab-
lished that mutants within eight of these segments either slow or
diminish fibril formation. Other studies have found that three of
our segments lie in regions of fibrils that show protection to proton
exchange.

In summary, diffraction patterns show that the principal diffracting
features of protein fibrils and the corresponding microcrystals are
closely similar; the ability of the protein segments to seed fibrils of
their parent proteins shows that these segments are involved in pro-
tein fibril formation and probably have similar atomic arrangements
in microcrystals and protein fibrils; and the fact that mutant
sequences of the microcrystalline segments affect fibril formation
of their parent proteins suggests that these segments are involved
in protein fibril formation. Although none of these experiments
proves that the structure of the microcrystal is the same as that of
their corresponding protein fibrils, the evidence indicates a structural
similarity.

Eight classes of steric zippers

Although varied in sequence, all of our 11 new high-resolution
microcrystal structures (Figs 2, 3; Supplementary Table 3; and Sup-
plementary Fig. 3) resemble those of GNNQQNY and NNQQNY?* in
containing extended protein strands that are perpendicular to the
needle axes and organized into standard Pauling—Corey B-sheets.
Because every one of the structures is built around the steric zipper
that we found previously in GNNQQNY and NNQQNY?, the struc-
tures suggest that dry, steric-zipper interfaces between B-sheets are a
general principle of protein complementation in amyloid structures.
Other examples of extended protein or peptide chains forming such
steric-zipper interfaces between protein chains are essentially absent
from the PDB (Protein Data Bank) and are rare in the CSD
(Cambridge Structural Database), supporting the idea that these
interfaces are the defining molecular property of the amyloid state.

Despite their fundamental similarity, the reported structures dis-
play variations of the basic steric-zipper structure and thereby
expand our understanding of amyloid structure. The structures to
date fall into five classes (Figs 2, 3), distinguished by (1) whether
their sheets (that is, the strands in their sheets) are parallel or anti-
parallel, (2) whether sheets pack with the same (‘face-to-face’) or
different (‘face-to-back’) surfaces adjacent to one another, and (3)
whether the sheets are oriented parallel (‘up—up’) or antiparallel
(‘up—down’) with respect to one another. To distinguish this third
type of orientation from the first, we refer to the relative sheet
orientations in terms of a given sheet edge facing ‘up’ or ‘down.’
Combinations of these three structural arrangements give eight
theoretically possible classes of steric zippers, shown in Fig. 4.
Examples of classes 1, 2, 4, 7 and 8 are represented in our 13 micro-
crystal structures (Figs 2, 3).

The steric zippers of class 1 share a basic unit of two parallel, in-
register B-sheets with their same sides facing each other (‘face-to-
face’) and both sheet edges facing ‘up’. Each sheet is related to its mate
by a 2, axis parallel to the needle axis of the crystal, which rotates a
sheet by 180° about the axis and moves it along the axis by half the
spacing between two B-strands (Fig. 3, far left). This symmetry allows
the side chains of one sheet to nestle between layers of side chains on
the mating sheet, forming the steric zipper. In class 2, the symmetry is
a simple translation of one sheet onto its neighbour, resulting in a
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‘face-to-back, up—up’ packing. SNQNNF, from the human prion
protein, is thus far the only example of a class 2 zipper. In class 4,
like class 2, the apposed, interdigitating faces of the sheets differ from
each other (‘face-to-back’). However, neighbouring sheets of class 4
are oriented with one sheet’s edge facing ‘up’ and its neighbours’
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Figure 2 | Thirteen atomic-resolution structures for peptide segments of
fibril-forming proteins. See text for details of nomenclature. A two-sheet
motif of each structure is depicted in projection down the needle crystal axis,
showing only the top members of ~10° stacked segments in each crystalline
sheet. A dry, steric-zipper interaction is evidenced by the interdigitation of
side chains between sheets. Carbon atoms are shown as purple or white,
nitrogen as blue, and oxygen as red. Water molecules are shown as yellow
spheres. NNQQNY also contains zinc acetate. Zippers are grouped by class
(1,2,4,7, 8); see text for details. Previously reported Sup35 zippers* belong
to class 1. The three pairs of structures related by blue double-headed arrows
are polymorphic pairs (forms 1 and 2; see text for details). The red arrows
point to the 90° bend in the upper sheet of MVGGVV form 2.
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Class 1
VQIVYK (tau)

Class 2 Class 4 Class 7
SNQNNF (prion) GGWVIA (amyloid-B) VEALYL (insulin)

Figure 3 | 3D views of representative steric zipper structures of classes 1,
2, 4 and 7, showing the front sheet in silver and the rear sheet in purple.
Oxygen atoms are red; nitrogen atoms are blue. Black lines show
crystallographic 2, symmetry axes, and the yellow arrows show translational
symmetry. The value of the shape complementarity parameter*, Sc, for
GGVVIA (Sc = 0.92) is the largest value we have found for any protein
interface, consistent with the higher toxicity and lower solubility of amyloid-
B(1—42) than (1-40).

edges ‘down’. GGVVIA, from the carboxy terminus of amyloid-p,
adopts this orientation. The sheets of classes 7 and 8, like those of the
‘parallel’ classes 1-4, contain B-strands in register, but within each
sheet, adjacent strands run in opposite directions. Antiparallel
B-sheets in amyloid-like fibrils have been anticipated from previous

Parallel

I Face-to-face Face-to-back !

_ ! Class 1 i

Class 2

Up-up

GNNQQNY (forms 1 and 2), NNQQNY,

SNQNNF
L SSTSAA, VQIVYK, NNQQ (form 2)
~ Class 3 Class 4

Up-down

Not observed yet GGVVIA, NNQQ (form 1)

Antiparallel

I Face-to-face Face-to-back L

Up = down

Not observed yet

Up-up
— Class 7 b

Up-down
Class 8 !

Face = back

MVGGVV (forms 1 and 2)

Figure 4 | The eight classes of steric zippers. Two identical sheets can be
classified by: the orientation of their faces (either ‘face-to-face’ or ‘face-to-
back’), the orientation of their strands (with both sheets having the same
edge of the strand ‘up’, or one ‘up’ and the other ‘down’), and whether the
strands within the sheets are parallel or antiparallel. Both side views (left)
and top views (right) show which of the six residues of the segment point into
the zipper and which point outward. Green arrows show two-fold screw axes,
and yellow arrows show translational symmetry. Below each class are listed
protein segments that belong to that class.
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X-ray diffraction studies®. ‘Face-to-back’ and ‘Face=back’

arrangements (classes 2, 4, 6 and 8) lead naturally to adhesion of
further [-sheets, favouring macroscopic tubes and sheets (for
example, LYQLEN, Fig. 1a), as well as the fibrils usually seen with
the pair-of-sheets motif of class 1 (Fig. la). To date, we have not
encountered microcrystals with steric zippers of classes 3, 5 or 6.

Multiple segments and prion strains

In identifying fibril-forming segments within known fibril-forming
proteins (Supplementary Table 1), we found that several proteins
contain more than one fibril-forming segment. Examples are Sup35,
tau, amyloid-f, B,-microglobulin, insulin, IAPP, a-synuclein and
PrP. To date, we have determined structures of different segments
of both insulin and amyloid-f, finding significantly different struc-
tures for segments from the same protein. For example, GGVVIA
from amyloid-P forms parallel sheets, whereas the overlapping seg-
ment MVGGVYV forms antiparallel sheets. Thus fibrils formed from
entire proteins could conceivably contain more than a single type of
paired sheets, requiring more elaborate models (see, for example, refs
37, 38). Alternatively, protein fibrils may contain sheets built from
more than a single type of protein segment. Yet another possibility is
polymorphic fibrils of the same protein, each with its own steric-
zipper structure. Full understanding of the organization of such fibrils
will require structural studies of these more complex sheet structures.

Three of the segments shown in Fig. 2 each form two polymorphs,
offering a glimpse of the possible molecular basis of the phenomena
of prion strains and amyloid polymorphism®***. In prion strains, a
single protein sequence encodes different phenotypes, attributed
recently to ‘distinguishable, self-propagating structural features™*
or different ‘prion conformations’. A possible molecular explana-
tion for these effects is alternative steric zippers formed by the same
sequence segment. For example, in Fig. 2, there are two polymorphic
structures of NNQQ. In form 2 (class 1), the sheets are ‘face-to-face’,
whereas they are ‘face-to-back’ in form 1 (class 4). We suggest that
fibrils built on these two arrangements would be distinctly different
in structure, and probably different in properties. Notice that the
two polymorphs of GNNQQNY show essentially identical steric zip-
pers, but the packing of the steric zippers within their crystals (Sup-
plementary Fig. 3) differ. This suggests that crystal-packing forces do
not substantially distort the basic structure of the steric zipper,
although it is likely that the flatness of the sheets is influenced by
packing forces.

In several of these crystal structures (as shown in Supplementary
Fig. 3), sheet-to-sheet interactions involve more than just one zipper,
which offers further possibilities for polymorphic structures. This is
in contrast to the structures of GNNQQNY form 1, NNQQNY and
VQIVYK, in which a single type of steric-zipper interaction accounts
for the majority of the buried surface area between sheets (Sup-
plementary Fig. 3). In the cases of MVGGVYV form 1, LYQLEN and
SSTSAA, the amount of buried surface area on a given 3-sheet face is
split roughly equally between two interfaces. In the example of
NNQQ form 2, there are two different ‘face-to-face’ steric zippers.
Such structures show multiple choices for tight packing of two sheets
together, suggesting that sheets of the full-length protein could pack
together in multiple ways to form polymorphic fibrils.

Discussion

When the 30 fibril-forming segments given in Supplementary Table 1
and the 13 microcrystal structures in Fig. 2 are considered together,
they reinforce the hypothesis that microcrystal structures reveal fun-
damental structural features of amyloid fibrils. First, within each
fibril-forming protein that we have examined, we can identify at least
one segment of 4-12 residues which itself forms fibrils in isolation
from the rest of the protein chain. That every fibril-forming protein
contains a fibril-forming segment suggests that this segment may
drive fibril formation of the protein. Second, as related above, the
fibril-forming peptide segments are linked to fibrils of their parent
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proteins by structural, nucleation or mutational data, suggesting that
the crystal structures reveal essential features of fibril structure,
although there is no definitive proof that the atomic interactions
are identical.

On the basis of the crystal structures reported here, as well as of
earlier work by others, we summarize our observations of amyloid
fibrils. (1) A 4-7-residue segment of sequence is sufficient to form a
fibril in at least a dozen disease-related proteins. (2) The fundamental
unit of amyloid-like fibrils is a steric zipper, formed by two tightly
interdigitated B-sheets, with the possibility of more complicated geo-
metries with multiple steric zippers. That is, the ~30 microcrystal-
line, fibril-forming segments of Supplementary Table 1 and the dry
steric-zipper structures of Fig. 2 together suggest that amyloid dis-
eases are similar not only on the fibril level, but also on the molecular
level. (3) On the basis of the discovery of steric zippers in several
disease-associated proteins, it seems likely that the process of fibril
formation starts by the unmasking of zipper-forming segments in
several identical protein molecules, permitting them to stack into
B-sheets and the sheets to interdigitate. Recruitment of monomers
into pre-formed fibrils is expected to be more rapid than nucleation,
because recruitment requires only one molecule at a time to unmask
its fibril-forming sequence, but formation of the steric-zipper nuc-
leus requires several molecules to unmask their zipper-forming
segments simultaneously. That is, the common feature of all these
structures—the dry steric zipper—is compatible with slow fibril nuc-
leation and faster fibril growth, the commonly observed kinetic char-
acteristics of fibril formation®'. (4) The finding of distinct crystalline
polymorphs of the same zipper-forming segments offers a molecular-
level hypothesis for amyloid polymorphism and prion strains, which
awaits verification or disproof. (5) There are potentially eight classes
of steric zippers, five of which have been experimentally confirmed.

METHODS

A full description of methods is given in Supplementary Information. Briefly,
fibrils and microcrystals of the peptides were grown through the dissolution of
lyophilized, synthetic peptide in water or buffers. Crystals were generally grown
by the hanging drop method using standard crystallization screens. X-ray data
were collected at ESRF beamline ID13, processed and scaled using standard
software, and phased by molecular replacement with idealized B-strands.
Thioflavin T fluorescence at 482 nm wavelength was used to monitor insulin
fibril formation. Equal volumes of the various seeds were added to identical
reactions, and each experiment was recorded for six replicates.
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