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Abstract

Proteins in the fibrous amyloid state are a major hallmark of neurodegenerative disease.
Understanding the multiple conformations, or polymorphs, of amyloid proteins at the molecular
level is a challenge of amyloid research. Here, we detail the wide range of polymorphs formed by
a segment of human TAR DNA-binding protein 43 (TDP-43) as a model for the polymorphic
capabilities of pathological amyloid aggregation. Using X-ray diffraction, microelectron
diffraction (MicroED) and single-particle cryo-EM, we show that the 24’ DLIIKGISVHI2>?
segment from the second RNA-recognition motif (RRM2) forms an array of amyloid polymorphs.
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These associations include seven distinct interfaces displaying five different symmetry classes of
steric zippers. Additionally, we find that this segment can adopt three different backbone
conformations that contribute to its polymorphic capabilities. The polymorphic nature of this
segment illustrates at the molecular level how amyloid proteins can form diverse fibril structures.

The formation of elongated, unbranched fibrillar protein aggregates, termed amyloid, has
been linked to neurodegenerative diseases including Alzheimer’s diseases, Parkinson’s
disease, prion diseases and amyotrophic lateral sclerosis (ALS), among others—4. For
decades, scientists have sought molecular structures for amyloid aggregates and have
attempted to understand the range of polymorphic fibrillar structures formed by proteins in
the amyloid state>~’. These questions have been approached in recent years using diffraction
methods8-10, solid-state NMR11-15 and cryo-EM16-18, These studies have shown that
amyloid fibrils consist of packed B-sheets that run parallel or roughly parallel to the fibril
axes. Each p-sheet adheres to its neighboring sheets through the side chains that project
roughly perpendicular to the fibril axis, toward the neighboring sheet. Because the side
chains of mating sheets can interdigitate like the teeth of a zipper, this interaction has been
called a steric zipper®.

Steric zippers can form between identical or nonidentical p-sheets. A common property of
B-sheets in the amyloid state is the ability to pack in a variety of ways to form several
different fibril structures. Such polymorphic amyloid assemblies are well known. Research
on amyloid-p has demonstrated how conformational variations can lead to distinct
assemblies of amyloid aggregates®5. Different polymorphs of the same amyloid protein can
exhibit different biophysical or biomedical properties. In the case of prion protein, distinct
strains can confer different toxic effects as well as transmission capabilities on the basis of
the fibrillar structure adopted by the proteinl®. Recently, tau has also been shown to form
over a dozen different self-propagating amyloid strains?. Because polymorphs can
determine transmission and severity of disease, understanding polymorph structure has
important medical implications.

Structural studies of amyloid at the atomic level have offered evidence for two basic models
to explain the frequent observation that a single protein produces amyloid fibrils of varying
morphologies or polymorphs. In the first model, termed segmental polymorphism, the
segment forming the zipper spine differs between amyloid fibrils?1:22. Segmental
polymorphism has been observed in a number of proteins, including islet amyloid
polypeptide (IAPP), in which various six- and eleven-residue segments of IAPP are each
capable of forming zippers independently23.24. In a second model, termed packing
polymorphism, a single zipper-forming segment packs differently in different amyloid
fibrils?1:22, Qutside of amyloid research, this type of packing is commonly referred to as
modal polymorphism. We have observed this polymorphism by the amyloid-p segment,
16K LVFFA2L, in which three distinct zipper interfaces were revealed by three crystal
forms2°. Both types of polymorphism presume homotypic zipper interfaces, i.e., two mated
sheets both composed of the same segment. However, analogous polymorphisms are also
likely to exist for heterotypic zippers, in which the two mated sheets are derived from
sequentially distant segments2122, as in solid-state NMR structures of a-synuclein and

Nat Struct Mol Biol. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Guenther et al.

Results

Page 3

amyloid-g1-13, The abundance of examples of segmental and packing variations observed
between distinct fibrils raises the question of whether these same variations play a role
within a single fibril, a phenomenon termed positional polymorphism. If so, to what extent
does positional polymorphism expand the repertoire of amyloid polymorphs accessible to a
given sequence?

Aggregates of TDP-43 have been described in patients with ALS and frontotemporal lobar
degeneration (FTLD)26:27 and more recently in patients with Alzheimer’s, Parkinson’s and
Huntington’s diseases?8-31. Distinct from other amyloid and amyloid-like proteins, where
loss of function is not deadly, TDP-43 is essential for cellular homeostasis, and knockdown
of TDP-43 in mice results in embryonic lethality32-34, In addition, changes in TDP-43
expression levels lead to motor deficits and loss of body fat in mouse models32-35, This
finding has led to the hypothesis that TDP-43 aggregation can confer toxicity through a loss-
of-function mechanism. In this case, TDP-43 is redistributed from the nucleus to the
cytoplasm, as seen in neuronal cell culture experiments36:37. While the effects of the nuclear
clearance of TDP-43 are still being investigated, it has been shown that loss of TDP-43
function results in the inclusion of cryptic exons in transcripts, improper regulation of the
Microprocessor complex and dysregulation of Rho family GTPases3®:38:39, Thus,
understanding the mechanism by which TDP-43 aggregates has become an essential focus of
research in ALS and other neurodegenerative diseases. By understanding how the protein
aggregates, aggregation inhibitors can be developed, and protein function can be restored, as
demonstrated with p53 in ovarian carcinomas?0.

Here, we apply three structural methods, X-ray diffraction, MicroED, and single-particle
cryo-EM, to determine three different assemblies of a segment in RRM2 of TDP-43. We find
that the extensive positional polymorphism of this segment offers insight into the diverse
structures this peptide can form. We propose such positional polymorphism is not limited to
TDP-43, but a common phenomenon among amyloid proteins in general.

TDP-43 RRM2 segments exhibit amyloid properties

Several studies have pointed to the C-terminal low-complexity domain (LCD) of TDP-43 as
responsible for pathological amyloid aggregation. Specifically, segment 286-331 has been
shown to form amyloid fibrils and confer neurotoxicity on primary cortical neurons*Z,
Residues 311-360 have been proposed to be the amyloid core through NMR and CD
studies#243, Finally, it has been shown that residues 341-367 can drive pathological
aggregation of TDP-43 in neuronal cell lines**, residues 342—366 transition from a random
coil to a B-sheet*®, and that deletion of residues 318-343 delays aggregation of full-length
TDP-43 (ref. 42). These findings offer strong support for the role of the C terminus in
TDP-43 aggregation.

On the other hand, two other studies have shown that segments outside the C terminus are
capable of forming fibrils. Peptide segments from the RRM2, 246-255 and 247-251, were
proven to be fibrillogenic#647. Segment 246-255 did not initiate nucleation; however, it was
shown to assist in the promotion of amyloid fibril formation*’. Additionally, when we
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threaded the TDP-43 sequence through the 3D profile method ZipperDB, which predicts
segments likely to form amyloid steric zippers, five of the top 13 hits were localized to a 13-
residue segment, 24’ DLIIKGISVHISN259, of the RRM2 (ref. 48) (Fig. 1a). This finding is
significant, as there are 408 possible six-residue zippers that the 3D profile method evaluates
for the 414-residue TDP-43. The presence of five different putative zipper-forming segments
within a short residue span indicated that this segment could form a number of different
structures or polymorphs. With the results of the ZipperDB output, and previous literature
indicating the high propensity of this region for fibril formation, we sought to structurally
characterize segment 247-259 to gain insight into polymorphic amyloid assemblies and the
aggregation of TDP-43.

We decided to biochemically characterize 11 segments within this region, ranging 6-11
residues in length, with average hydropathicity values ranging from 0.07 to 2.17 (ref. 49)
(Fig. 1a and Supplementary Table 1). To determine whether these segments exhibit amyloid
properties, we tested their propensity to aggregate, their stability under denaturing
conditions, and their fibril diffraction pattern. We found that all 11 segments formed fibrils
when shaken for one week (Fig. 1b). On the basis of previous studies demonstrating that
amyloid fibrils are stable when incubated with SDS and heat, we subjected the fibrils to a
2% SDS solution at 70 °C for 15 min®C. We found that under these extremely harsh
denaturing conditions, the fibrils exhibited moderate to high stability. Segments
24TDLIIKGISV25, 47D LIIKGISVHZ6, 248 IKGISVHI?S, and 252GISVHIZ all
exhibited the highest stability, showing almost no dissociation of fibrils (Fig. 1c and
Supplementary Fig. 1). Finally, we checked whether the dried fibril samples exhibit the
characteristic cross-p diffraction pattern indicative of amyloid fibrils®L. For the nine samples
on which we were able to study diffraction, all exhibited reflections at spacings of 4.6-4.7 A
and 8.8-11.5A, which is consistent with the presence of a steric-zipper-based amyloid fibril
(Supplementary Fig. 2).

248 |IKGI253 and 24’DLIIKGISVHIZ® form distinct steric zippers

Following biochemical characterization of peptide segments from the 13-residue range
within the RRM2, we attempted crystallization of all 11 segments. We successfully
determined the structures of two constructs, 248L11KGI253 and 247DLIIKGISVHIZ,
through the use of X-ray diffraction and MicroED, respectively.

Crystals of 248L11KG1253 were grown in hanging-drop 96-well trays and were visible by
light microscopy (Fig. 2a). The fibril diffraction pattern revealed rings at 4.6 A and 11.5 A,
which are consistent with amyloid structure (Fig. 2b). Initial processing of the diffraction
data from a microfocus X-ray beamline provided unit cell dimensions of 11.54 A, 9.59 A,
and 21.18 A, indicating an antiparallel B-sheet. Molecular replacement and refinement
revealed a face = back, up-up, in-register antiparallel class 7 steric zipper® (Table 1 and Fig.
2¢). The hydrogen bond network is such that the sheet comprises only the first four residues,
LIIK (Fig. 2d), thus leaving two-residue overhangs and a ragged appearance to the sheet
edges. Owing to its ragged edges, the buried surface area is relatively low at 117 A?;
however, the shape complementarity is high at 0.78.
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In contrast to the microcrystals formed by segment 248L11KGI2%3, crystals of

247D LIIKGISVHIZ were not visible by light microscopy, owing to their small size. The
nanocrystals of 24’DLIIKGISVHI?%7, which we term the RRMcore, were formed by shaking
in pH 8.5 buffer and, at ~100 nm in width, were visible only by electron microscopy (Fig.
2e). Fibril diffraction of the sample illustrated characteristic amyloid reflections at spacings
of 4.72 A and 10.4 A (Fig. 2f). We decided to use the cryo-EM method MicroED52:23 on the
basis of its previous success in determining key structures from three other amyloid proteins:
a-synuclein, tau and IAPP23:54-56_Wjith this technique, an electron microscope is used to
collect data in diffraction mode. The structure of 24’DLIIKGISVHI?57 was determined to be
a parallel, face-to-back class 2 steric zipper? (Table 1 and Fig. 2g,h). The steric zipper
interface is formed by the interdigitation of residues DLIIKGIS from one strand with
KGISVHI from the mating strand. The tight interface results in a buried surface area of 350
AZ and a shape complementarity of 0.67.

The structures of 248L11KGI253 and 247DLIIKGISVHI257 reveal two possible ways that
segments from the RRMcore can associate to form an amyloid spine. The heterotypic nature
of the two structures suggests that the RRMcore can form polymorphic assemblies.

Cryo-EM structure of 24’DLIIKGISVHIZ fibril

During biochemical characterization of segments within the RRMcore, we noticed that
aggregates of 24’DLIIKGISVHI?57 grown at pH 8.5 differed in morphology from those
grown at pH 7.5 or in water, of which the sample pH is 4. The crystals formed at pH 8.5
revealed the parallel class 2 zipper described above, whereas the aggregates grown at pH 7.5
and in water displayed fibrillar morphology, but not crystalline. By electron microscopy, the
fibrils exhibited a regular helical twist (Fig. 3a and Supplementary Fig. 3). Fibril diffraction
of this sample revealed cross-p diffraction at 4.65 A and 10.5 A, indicating the presence of
steric zipper interfaces formed by parallel B-sheets (Fig. 3b). Following studies that used
cryo-EM to determine structures of helical fibrils of amyloid-p and light chain amyloid16:17,
we applied this method to our fibrils.

High-contrast images of the 24’DLIIKGISVHI?57 sample obtained by cryo-EM movie
recording with a direct electron detector revealed eight classes of fibrils, including cylinders,
twists, sheets and a three-start helix (Supplementary Fig. 3). The most dominant species,
comprising ~60% of the sample, was the three-start helix, a common organization pattern of
biological fibrils®’. Subsequent 2D image classification of the three-start-helix produced 2D
class averages that showed multiple faces of the fibril, generating enough data for single-
particle 3D reconstruction (Supplementary Fig. 4).

We obtained a 3D structure at 3.7-A resolution (Table 2, Fig. 3¢ and Supplementary Figs. 5
and 6) by single-particle 3D reconstruction, with helical parameters determined from the 2D
class averages (Methods). The 24/DLIIKGISVHIZ?® three-start helix appeared as a many-
filament parallel B-sheet fibril, exhibiting three-fold screw symmetry (Supplementary Video
1). A single-layer cross-section of the fibril showed 27 peptide strands, with nine strands in
the asymmetric unit (Fig. 3d and Supplementary Video 2). Each of the nine strands displays
either a kinked, straight, or curved conformation, thereby contributing to the complex
polymorphism of the structure (Supplementary Fig. 7). The asymmetric units are related by
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a left-handed three-fold screw with a rise of 1.60 A and a rotation of 120.4° per layer. The
individual protofilament B-sheets, 27 in total, exhibit a left-handed twist, as is common for
B-sheets. The density map indicates that the p-sheets at the center and outer perimeter of the
fibril have disordered termini (Fig. 3e,f). Thus, we modeled only the six ordered residues for
these innermost and outermost B-sheets (displayed in yellow in Fig. 3d). At the center of the
structure, the five disordered residues will occupy the apparently empty space, making it
unlikely that this is a water channel.

This complex helical fibril structure illustrates a tight packing of the 24’DLIIKGISVHI257
segment into a polymorphic structure, the first amyloid molecular structure of its kind.
Although this structure could not form with full-length TDP-43, the packing shows how the
RRMcore of TDP-43, and amyloid proteins in general, can use the flexibility of their peptide
backbones to adopt multiple conformations and form diverse steric-zipper interfaces, even in
a single protofibril. This expanded repertoire of geometric shapes reveals the diverse
mechanisms by which protofilaments can fit together to fill space, exclude water, and bury
hydrophobic surfaces, as discussed below (Supplementary Fig. 8). Because of this
complexity, the structure provides some of the first direct evidence for the ability of amyloid
fibers to display positional polymorphism.

RRMcore structures and amyloid polymorphism

One of the interesting findings in determining these structures is that the same segment,
RRMcore, does not form the same structure under two different conditions. Fibrils grown in
water at pH 4 exhibited much stronger electrostatic interactions than the crystals grown at
pH 8.5. At pH 4, both the histidine and N termini are protonated, allowing favorable
electrostatic interactions between the histidine and aspartate residues as well as the N and C
termini in the single-particle cryo-EM fibril structure (Supplementary Fig. 8). In the case of
the crystals of RRMcore formed at pH 8.5, we did not observe strong electrostatic
interactions, but rather, the stability of the structure appears to be generated by burying
hydrophobic or apolar side chains. The difference in these two structures offered us our first
insight into the polymorphic nature of this segment.

Our detailed analysis of the RRMcore polymorphs reveals that there are seven distinct
interfaces that are formed among the three structures (Fig. 4 and Supplementary Table 2).
For our analysis of the single-particle cryo-EM structure, we considered only interfaces with
at least three interdigitating side chains. Each distinct steric zipper interface features
different interacting amino acid side chains. Some of the interfaces feature homotypic
interactions, whereas others feature heterotypic interactions, thus creating interfaces that
have varying values of buried surface area and shape complementarity as well as different
symmetries. These seven interfaces belong to five symmetry classes of steric zippers
(Supplementary Fig. 9). Two of these classes were revealed by the X-ray and electron-
diffraction structures. The 248LIIKG1253 X-ray structure is an antiparallel class 7 zipper (the
two outer faces of the pair of the B-sheet are equivalent, and both B-sheets have the same
strand edge facing up) (Fig. 4a). Here, up and down refer to opposite directions along the
fibril axis. The 247DLIIKGISVHI?57 MicroED structure is a parallel class 2 zipper (the two
[B-sheets are face to back, again with the same strand edge facing up) (Fig. 4b). This steric
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zipper has the greatest buried surface area of 350 A2 (Fig. 4b). The cryo-EM structure
accounts for the other five distinct interfaces that belong to three classes of zippers: classes
1, 3 and 4 (Fig. 4c—e). Class 3 zippers had been postulated (sheets face-to-face, with the
strand edge facing up in one sheet and down in its mate), but not previously observed; we
found class 3 zippers in our cryo-EM structure at the interfaces of ISVHI-LIIKGIS and
DLIIKG-KGISVH (Fig. 4c). These various distinct interfaces are achieved because of the
varied conformations adopted by the RRMcore backbone (conformations displayed as an
overlay in Fig. 4f).

Within the single-particle cryo-EM structure, we see that the B-sheet interfaces exhibit both
up-up and up-down backbone directionality®®. This diversity is achieved by a kink that
sharply reverses the up-down directionality of the backbone at the central isoleucine, the
eighth amino acid of the 11-residue segment (Supplementary Fig. 10). That is, the carbonyl
of the glycine residue faces down, and, at the kink, the carbonyl of the adjacent isoleucine
also faces down, thereby creating a strand in which half of the segment exhibits ‘up’
directionality and the other half exhibits ‘down’ directionality. Here, the

247D LIIKGISVHIZ7 strand can have both an up-up interface on the first half of its sequence
and an up-down interface on the last half. Because the RRMcore can switch directionality,
the interactions of strands 6, 2 and 5 show how only three copies of the peptide segment are
needed to create two entirely distinct interfaces with different directionalities of the
backbone (Fig. 5a,b). This enables polymorphic lateral growth of the fibril perpendicular to
the fibril axis and suggests how a propagating fibril could be composed of two directionally
distinct steric zipper cores within a localized region.

We also analyzed the flexibility of the 24’DLIIKGISVHIZ>7 backbone. To do this, we
applied the LSQ superimposition feature from the program COOT on eight distinct p-strands
of RRMcore in two of our structures®®. We compared the backbone conformations of the
seven full-length strands from the cryo-EM structure, strands 1-7, and the backbone of the
MicroED structure, strand 10 (Fig. 4f). Comparison of r.m.s. deviation values reveal that the
eight strands are divided into three subclasses, kinked, straight, and curved, with small but
significant variations within each subclass (Supplementary Table 3). The cryo-EM structure
contains four kinked segments in the asymmetric unit, with r.m.s. deviation values ranging
from 0.41 to 0.72 A. The other four strands of 24’DLIIKGISVHI257 are more linear in
conformation, with r.m.s. deviation values ranging from 0.59 to 2.34 A. The structural
relationships among the eight strand backbones are represented by a pseudo-phylogenic tree
in Fig. 5a.

Finally, we investigated the possible modes of formation of this complex fibril from 27
distinct sheets. We noticed that a pseudo-two-fold axis runs between strands 1, 2, 5 and 8
and 3, 4, 6 and 9 (Supplementary Fig. 10). To visualize this, we have displayed all kinked
strands as red, straight strands as blue, partial strands as yellow and curved strands as green
in Fig. 5b. In this representation, one can see how two red strands associate with a blue and a
yellow strand to form a core component of the asymmetric unit that is then repeated through
two-fold symmetry. The green, curved strands serve to stabilize the asymmetric unit or
protofibril, resulting in three-fold symmetry of the mature fibril.
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Thus, the three structures provide us with information on how the RRMcore can form fibrils
through polymorphic assemblies. The 247DLIIKGISVHI257 backbone can adopt at least
eight different conformations, allowing the segment to associate with seven unique
interfaces comprising five different classes of steric zippers. The polymorphic features of
this region offer the first example of how an amyloid-forming segment can adopt multiple
conformations and possibly contribute to unique fibril strains.

Discussion

Role of RRMcore in TDP-43 pathological aggregation

As described previously, the C terminus is widely believed to be responsible for nucleation
of TDP-43 fibrils**. Recent findings have shown that the dimerization of TDP-43 through
the N-terminal domain helps block TDP-43 aggregation by separating the LCD from
neighboring copies of the protein, thus preventing amyloid formation%-62, Additionally, the
structure of the mouse RRM2 domain, which shares 88% sequence identity with the human
RRM2, is folded and highly stable. Within this RRM2 structure, the RRMcore forms two (-
sheets, limiting the likelihood that it would randomly initiate aggregation®3. This therefore
elicits the question of the relevance of the RRMcore to TDP-43 pathological aggregation.

It is well supported that a segment from the RRMZ2 is unlikely to play a role in seeding
pathological aggregation with full-length, folded TDP-43. However, patients with ALS and
FTLD have aggregates in the brain and spinal cord that are primarily composed of C-
terminal fragments ranging in size from 15 to 35 kDa37:64.65. The shorter segments include
only part of the RRM2 and the C-terminal tail. Two of these C-terminal fragments from
patients with ALS and FTLD result from cleavage of the RRM2 at residues 208 and 220
(refs 37:66)_ On the basis of RRM2 structure, cleavage at residue 208 would eliminate one a-
helix and one B-sheet, and cleavage at residue 220 would eliminate an additional B-sheet,
features that probably contribute to the folding and secondary structure of the RRM2. These
cleavage products could result in destabilization of the RRM2 and partial, if not complete
unfolding of the domain. In other amyloid proteins, such as superoxide dismutase 1, partial
unfolding of the protein has already been shown to result in fibrillary amyloid aggregation.
This unfolding could expose the RRMcore and thus allow it to contribute to TDP-43
aggregation. With a segment so polymorphic and capable of adopting many backbone
conformations, it is possible it could form heterotypic interactions characteristic of mature
amyloid fibrils and stabilize other fibril-forming segments of the C terminus. However, it is
important to note that these assumptions are speculative and require further studies to
validate the role of the RRM2 in TDP-43 C-terminal fragment aggregation.

Relevance of peptides for amyloid fibril studies

One of the caveats of studying small 6-11-residue segments of amyloid proteins is that their
structural characterization results in homotypic interactions. However, recent studies using
cryo-EM and solid-state NMR have revealed that the structures of full-length amyloid fibrils
of a-synuclein, tau and amyloid-p are composed of much longer (~25-70 residues)
heterotypic interactions®11.67, In the case of tau, a key segment, VQIVYK, forms a
staggered homotypic zipper as a short peptide but was revealed to form a non-staggered
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heterotypic zipper in the context of the longer protein by cryo-EM%87. In the case of a-
synuclein, the differences between peptide structure and fibril structure are even more
pronounced. Here, a key 11-residue segment termed NACore forms a relatively linear
homotypic steric zipper as a peptide; however, in the full-length protein, this segment bends
twice, forming an S shape and a heterotypic zipper!1:56. These findings bring into question
the relevance of studying these small segments as they probably do not represent the full-
length mature fibril structure.

Nevertheless, the information garnered from these homotypic structures of peptides has
proven to be valuable. Previous work from our lab has shown that inhibitors rationally
designed to block homo-typic amyloid structures of p53, transthyretin, and tau are effective
at inhibiting fibril formation of the full-length protein, in some cases alleviating
toxicity40:68.69, Specifically, an inhibitor rationally designed from the homotypic VQIVYK
structure inhibits aggregation of the K12 tau construct®8. This finding indicates that although
the homotypic peptide structure does not fully describe the mature full-length fibril, some of
the features of the segment structure, such as backbone conformation and side chain
interdigitation, are present in the full-length protein. For the goal of designing inhibitors to
block aggregation and alleviate toxicity of the full-length protein, structures of short peptide
segments help achieve this goal through rational structure-based design, as demonstrated
through our work with p53 (ref. 49).

Packing polymorphism of RRMcore

Understanding how amyloid proteins form polymorphic assemblies is a critical aspect of
therapeutic development in neurodegenerative research. Here, we present evidence that an
amyloid-forming segment can display two distinct types of packing polymorphism,
positional and modal, concepts introduced by Caspar and Cohen’®. Positional polymorphism
is defined as the different disposition of identical parts within a single assembly. To date, this
has been observed only once: a segment from amyloid-p, MVGGVYV, formed a steric zipper
with two different backbone conformations®. In contrast, modal polymorphism is defined as
the different dispositions of identical parts in different modes of assembly, the customary
usage of the term packing polymorphism in amyloid structures. The structures of RRMcore
reported here show both positional and modal polymorphism. Positional polymorphism,
which we report for the first time on such a vast scale for amyloid, is evident in the 27-f-
sheet fibril, in which the seven B-sheets composed of RRMcore assume several distinctly
different structures, as discussed above. Another different RRMcore B-sheet is the straight
polymorph of the MicroED structure, which qualifies RRMcore as also exhibiting modal
polymorphism. This remarkable variation in conformation of the B-sheets formed by
RRMcore leads to prodigious packing polymorphism.

Although the entire TDP-43 protein cannot be modeled into the 27-p-sheet fibril determined
here by single-particle cryo-EM, the structure offers an example at the molecular scale of the
prodigious polymorphism of which amyloid assemblies are capable, and the great range of
structures that amyloid fibrils can form, with implications for research in neurodegeneration.
Distinct amyloid polymorphs may seed distinct “strains’ of amyloid, which can lead to
different clinical conditions, as has been observed with both prion and tau protein, although
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the degree of polymorphism in those strains of full-length protein remains to be
determined®20, Each polymorph may require its own drug inhibitor. In cases in which
multiple polymorphs form, inhibiting one structure may not be sufficient to block disease
formation or progression. Thus, understanding amyloid polymorphism is likely to be
important for drug development against amyloid diseases. We suggest that the structures
presented in this paper offer insight not only about TDP-43 aggregation, but also about the
challenges presented by amyloid aggregation in general.

Selection and generation of TDP-43 peptide targets

All targeted peptide segments were chosen based on the Rosetta Energy 3D Profile Method
Zipper DB*8. After the selection of peptide targets ranging in size from 6-11 residues, all
peptides were purchased from Genscript at a purity of 95% or higher.

Peptide fibril formation

For initial biochemical characterization, all peptide segments were dissolved in PBS at pH
7.5. Peptide segments 247DLIIKG2%2, 247DLIIKGISV?255, 247D LIIKGISVHZ6,

298| |IKGISVHZ6, 248|_|IKGISVHI257, 250K GISVHISNZ9, 252G|SVHI% and
2521S\VHISN259 were dissolved to a final concentration of 20 mM. Peptide segments
248_11K G253 and 253SVHISN2%9 were dissolved to a final concentration of 40 mM because
of their high solubility. The last peptide segment, 24/DLIIKGISVHIZ>7, was dissolved to a
final concentration of 1 mM because of its low solubility. All peptides were then incubated
at 37 °C in a Torrey Pine Scientific shaker at level 9 for 1 week. Samples were examined by
TEM following fibril formation.

Negative-stain transmission electron microscopy (TEM)

Negatively stained samples for TEM were prepared by applying 5 uL of sample on
hydrophilic 400 mesh carbon-coated formvar support films mounted on copper grids (Ted
Pella, Inc.). The fibrils were allowed to adhere for 4 min and washed once with 2% urany!l
acetate. The samples were then stained for 2 min with 2% uranyl acetate, leaving a few
nanoliters of stain on the grid. Grids were allowed to dry for 5 min before storage. Each grid
was inspected on a T12 (FEI) microscope. Each fibril sample was replicated at least two
times.

Fibril denaturation studies

Peptide fibrils were generated as described above. Untreated and treated samples were then
prepared. For untreated samples, 6 ul of water was added to 54 pl of fibril preparation. For
treated samples, 6 pl of 20% SDS solution was added to 54 pl of fibril preparation for a final
2% SDS concentration. The treated samples were then quiescently incubated at 70 °C for 15
min. Turbidity experiments were subsequently performed as untreated and treated samples
were aliquoted into black 384-well plates (Nunc) covered with optical tape. Values were
recorded at a wavelength of 340 nm in a Spectramax M5 (Molecular Devices). Experiments
reported here were performed in triplicate. Data were normalized against untreated fibril
samples so that the starting value was 1.00. Error bars represent s.d. Of note, final fibril load
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and stability can vary depending on shaking time and relative speed of shaker, which itself
can vary based on frequency of shaker use. Here, we display samples that were shaken in the
same Torrey Pines shaker for the same amount of time, 7 d.

Fibril diffraction

Fibrils prepared in PBS were spun down at 15,000 r.p.m. for 30 min in a tabletop
microcentrifuge and washed with water a total of three times. Fibrils of
24TDLIIKGISVHIZ7 prepared in water did not undergo this step. Concentrated fibrils were
diluted in 20 pl of water. 3 pl of fibril sample was applied to the middle of two glass
capillaries for alignment and allowed to dry overnight. For data collection, the glass
capillaries, with fibril sample, were mounted on brass pins. Diffraction was collected at
beamline 24-1D-E of the Advanced Photon Source, Argonne National Laboratory, Argonne,
IL, USA, with a wavelength of 0.9792 A. All patterns were collected at a distance of 300
mm at 100 K and analyzed using the Adxv software package’L. Fibril diffraction patterns
were tested once at the APS.

Crystallization

248 11K G253 was dissolved in 10 mM LiOH to a final concentration of 18.7 mg/mL.
Crystals were grown by 24-well hanging-drop vapor diffusion over a reservoir containing
0.1 M CHES, pH 9.5, and 17.5% w/v PEG 8000. Each hanging drop contained 1.5 pl of
peptide solution mixed with 1.5 pl of reservoir solution. Crystals were mounted in loops and
stored in liquid nitrogen before data collection.

24TDLIIKGISVHIZ7 was dissolved in CHES buffer at pH 8.5 to a final concentration of 1
mM. Crystals were formed by shaking the peptide at 37 °C for 1 week in a Torrey Pines
Scientific Shaker at level 9.

X-ray data collection and structure determination

The X-ray diffraction data for segment 248L11KGI2%3 was collected at beamline 24-1D-E of
the Advanced Photon Source, Argonne National Laboratory, Argonne, IL, USA. Detector
ADSC HF -4M was used. Data were collected at a wavelength of 0.9792 A, temperature of
100 K, at 5° oscillations and 175 mm detector distance. Indexing was done using XDS,
integration was done with DENZO and datasets from two crystals were merged in P1 and
scaled with SCALEPACK to 1.4-A resolution’2. The data were imported using the CCP4
suite’3. Molecular replacement was done using Phaser’4. Initial models of different idealized
polyalanine p-strands did not pack correctly in the cell. The final model used was a sheet
composed of two antiparallel strands with the sequence AlIAGI, based on the structure of
VEAVYL. The model was manually adjusted over 13 cycles to the correct sequence and
rotamer orientation in Coot®. The atomic model was refined by Refmac with a final
Rtactor! Riree Of 20.7/22.6 (ref. 7°) and 100% of Ramachandran angles favored.

MicroED data collection and structure determination

The MicroED data for segment 24’DLIIKGISVHI27 were collected using the same protocol
as Rodriguez et al.%8 with minor differences detailed below®6:76.77 Data were collected at
the HHMI Janelia Research Campus using the Tecnai F20 TEM operating at 200 kV and
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recorded using a bottom-mount TVIPS F416 CMOS camera. Individual image frames were
exposed for 3 s per image. Diffraction data were collected in rolling-shutter mode. During
each exposure, crystals were continuously rotated unidirectionally within the beam at a rate
of 0.3° per second. Indexing and integration was done using XDS, and datasets from 13
crystals were merged in P1 and scaled with SCALEPACK to 1.4-A resolution’8. The data
were imported using the CCP4 suite’3. Molecular replacement was done using Phaser’3. An
idealized 11-residue B-strand model of DLIIKGISVHI was used for molecular replacement.
The model was further refined in Refmac, accounting for twinning operations and adjusting
rotamer orientations in Coot>%75, The twinning operator is —H, K, K-L with a fraction of
0.5. The final model had an Rractor/ Ffree OF 26.2/30.6 and 100% of Ramachandran angles
favored.

Cryo-EM and reconstruction

247D LIIKGISVHIZ7 peptide was dissolved in water to a final concentration of 1 mM at pH
4. The sample was shaken for 1 week at 37 °C in a Torrey Pine shaker on level 9. The fibril
sample was subsequently spun down at 15,000 r.p.m. for 30 min. The supernatant, with
contaminant monomer, was disposed of, and the fibril sample was resuspended in 20 pl of
water.

Each aliquot of 2.5 pl of the fibril sample was applied onto a “baked”’® Quantifoil 1.2/1.3
um, 200 mesh grid, blotted for 4 s at force 1, then vitrified in liquid ethane at liquid nitrogen
temperature in a Vitrobot Mark 1V (FEI). Cryo-EM data were collected in an FEI Titan
Krios microscope equipped with a Gatan Quantum LS/K2 Summit direct electron detection
camera (operated with a 300 kV acceleration voltage and a slit width 20 eV). Data collection
was in counting mode driven by Leginon automation software package®. Defocus values
were controlled with Leginon by applying a single 3.0-um target defocus. Dose-fractionation
movies were recorded at a frame duration of 200 ms and total duration of 10 s. The total
dosage was 60 /A2, with each frame 1.2 e7/A2 (6 e7/AZ per second) (measured on Digital
Micrograph (Gatan) software).

Frames were aligned as described®!, except that an iterative alignment scheme as previously
described82 was implemented after the original alignment method. We used the summary of
all frames to determine defocus and particle locations, and frames 3—-20 for data processing.
The focal parameters of the data were determined by CTFFINDA4 (ref. 83). We selectively
included images within a defocus range of 2.5-4 um.

D111 fibrils were manually marked in EMANS4 sie/ixboxer. A total of 1,904 individual
filaments were selected. These filaments were segmented by 90% overlap scheme into
33,758 boxes of 288 x 288 pixels. A series of Relion8® 2D classifications were done to the
dataset: (1) all boxes were subjected to a general (tau_fudge =2) 2D classification to
eliminate bad particles and to separate different morphologies (morphological distributions
described in main text); (2) we chose the group of fibrils with the most abundant
morphology (20,138 boxes) for the next run (2. tau_fudge = 4) to further eliminate bad
particles and misclassified particles. The second 2D classification resulted in 18,887 boxes;
(3) we used a last 2D classification with a very high tau_fudge factor (16) to extend the
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working resolution to beyond 4.8 A, making it possible to catch the layer line corresponding
to the helical arrangement of B-strands.

A total of 18,818 boxes were included in the 3D analyses. We used EMAN-based IHRSR86
to reconstruct the 3D structure of the fibril. The resolution was slightly better than 4 A,
making it possible to trace the backbone and register the 11-peptide sequence. We built an
atomic model for an asymmetric unit (with nine strands) with Coot®. We built 18 helically
related copies of the asymmetric unit to account for the helix. We did a preliminary Fourier
space pseudo-crystallographic model refinement®. We then carried out another model
refinement with the phenix.real_space_refine command of the Phenix package8” using
default settings.

We further refined the 3D model of the fibril in Relion with IHRSR implementation®8 by
Class3D with one class (owing to the fine feature of the p-strands, Refine3D was unable to
adequately regulate working resolution to refine with high enough resolution factors). We
tested the resolution by even-odd division of the dataset according to movie numbers. The
FSC crosses 0.5 at 3.8 A and 0.143 at 3.2 A. The local resolution was also assessed by
ResMap®° to be 3.5 A. The side chain features of the map are consistent with a resolution of
3.5-3.6 A. We further refined the atomic model in Phenix with phenix.real_space_ refine
command with 30 asymmetric units.

Analysis of structural features

All images displaying the interfaces of the RRM2 structures were created in Pymol®. Area
buried and shape complementarity were calculated based on established protocols®1:92,
Backbone r.m.s. deviation values were determined using the LSQ superimpose feature in
COOT. The pseudo-phylogeny tree comparing these r.m.s. deviation values was generated
using the T-REX interface93 at http://www.trex.ugam.ca/.

Life Sciences Reporting Summary

Further information on experimental design is available in the Life Sciences Reporting
Summary.

Data availability

All structural data have been deposited into the Worldwide Protein Data Bank (wwPDB) and
the Electron Microscopy Data Bank (EMDB) with the following accession codes: LIIKGI
(PDB 5W50), DLIIKGISVHI MicroED (PDB 5W52, EMD-8765) and DLIIKGISVHI Cryo-
EM (EMD-8781, PDB 5W7V). All other data are available from the authors upon
reasonable request.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Segments from the RRM 2 domain of TDP-43 exhibit characteristic amyloid properties
a, Schematic of TDP-43 domains (top) showing the sequence of RRM2 (middle) and

ZipperDB predictions (histogram); predicted amyloid-promoting segments are shown as red
bars)*8. Four of the top ten potential zipper-forming peptide segments lie between residues
247 and 259, the RRMcore. The 11 segments chosen for further characterization are
displayed below. b, Negatively stained EM images of 5 mM fibril samples of segments in
the 247DLIIKGISVHISNZ59 region grown in PBS. Segments range 6-11 residues in length
and span the entire 13-residue RRMcore. Fibril morphology differs for many of the
segments, indicating the potential for polymorphic assembly in this region. Scale bars, 200
nm. ¢, Segments from the RRM2 exhibit moderate to high stability under heat and SDS
denaturation. Fibril samples were grown then treated with 2% SDS and heated to 70 °C for
15 min. Data were normalized with untreated samples at an initial value of 1. Graph shows
mean + s.d. for experiments done in triplicate for distinct samples; individual data points are
shown as circles. Samples that did not yield a high enough load for turbidity assays were not
used. Additionally, some peptide segments exhibit greater stability when shaken for different
time points or in higher-speed shakers. Data reported here are for samples prepared in the
same shaker for the same duration of time.
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Fig. 2. Atomic structures of 248 11K G1253 and 247DLIIK GISVHI 2, determined by diffraction
methods, illustrate different steric zipper interfaces

a, Microcrystals of 248L11KG12%3 were grown in hanging-drop experiments at pH 8.5.
Crystals were visible by light microscopy. b, Fibril diffraction of the 248LIIKG1223 sample
exhibits reflections consistent with the characteristic cross-p pattern, showing 4.6-A and
11.5-A diffraction rings. ¢, The structure of 248L11IKGI12%3 was determined from X-ray
diffraction data. The segment forms an antiparallel, face = back (class 7) steric zipper
interface®, viewed here down the fibril axis. d, View of 248LIIKGI2°3, perpendicular to the
fibril axis, illustrates the antiparallel stacking of the strands. e, Nanocrystals of the

247D LIIKGISVHIZ were grown in a shaker at 37 °C at a pH of 8.5. Crystals were invisible
by light microscopy and successfully visualized using an electron microscope. f, Fibril
diffraction of the 24’DLIIKGISVHI257 segment exhibits reflections consistent with the
characteristic cross-p pattern with 4.7-A and 10.4-A diffraction rings. g, The structure of
247D LIIKGISVHIZ7 was determined by MicroED. The segments form a parallel face-to-
back class 2 steric zipper interface, viewed here down the fibril axis. h, Orthogonal view of
the 247DLIIKGISVHIZ7 structure illustrates the stacking of B-strands.
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Fig. 3. Single-particle cryo-EM structure of the 24TDL1IK GISVHIZ fibril illustrates a 27-
filament, polymorphic three-start helix

a, Cryo-EM image of 247DLIIKGISVHIZ fibrils. Scale bar, 60 nm. b, X-ray fibril
diffraction of the 24’DLIIKGISVHIZ57 sample grown in water exhibits a characteristic cross-
B pattern with 4.65-A and 10.9-A reflections. ¢, The structure of 24’DLIIKGISVHIZ?® fibrils
is described as a three-start helix with a left-handed twist. The fibril is composed of 27 -
sheets running the full length of the fibril, with nine B-sheets per asymmetric unit, related by
three-fold screw symmetry; view shown is down the fibril axis, through the center pore of
the helical fibril. The three asymmetric units are colored gray, blue and red. The three-fold
screw axis is represented by a triangle. d, The asymmetric unit of this structure is composed
of nine B-sheets, each exhibiting a left-handed twist moving down the fibril axis. Each sheet
is labeled 1-9. The B-sheets are classified by their relative conformation: kinked, red;
straight, blue; curved, green and partial, yellow. Each strand is represented by a unique color
within its designated family, with the first and last amino acid residues indicated by number
in corresponding color. Two of the B-sheets, at the center and on the periphery of the helix,
show density for only the first six residues: 24’DLIIKG2%2. e, Top view of the density of the
three-start helix viewed down the fibril axis. Density for each chain is color ramped blue to
red from N terminus to C terminus. f, Density of the fibril viewed perpendicular to the fibril
axis. Density color scheme is the same as that in e.
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Fig. 4. Seven unique sheet-to-sheet interfaces, seen in the three structures presented
These interfaces represent five classes of amyloid steric zippers®. The buried solvent-

accessible surface area (Ab) and steric complementarity (Sc) are shown for each sheet-to-
sheet interface. a, The 248LIIKGI253 structure, determined by X-ray diffraction, is the only
example from all seven interfaces of an antiparallel zipper. This class 7 structure exhibits the
highest shape complementarity at 0.78. b, The 24/DLIIKGISVHIZ?®7 electron diffraction
structure illustrates a class 2 steric zipper interface. This structure exhibits the tightest
packing of all DLIIKGISSVHI interfaces, with a buried surface area of 350 A2, ¢, Two
interfaces from the 247DLIIKGISVHI?57 cryo-EM structure exhibit class 3 morphology.
These interfaces are the first two examples of class 3 zippers determined at molecular
resolution. d, The third interface in the 24/DLIIKGISVHIZ®7 cryo-EM structure is a class 4
steric zipper formed at the periphery of the three-start helix. e, Two interfaces from the

247D LIIKGISVHIZ cryo-EM structure exhibit class 1 morphology. The kinked interface is
one of the most distorted interfaces found to date for amyloid steric zippers. The segment p-
strand appears to pack against itself as well as against a mating sheet. The DLIIKG-DLIIKG
interface represents the weakest interface with the smallest area buried, 85 A2, and the
poorest shape complementarity at 0.24. f, The backbones of all full RRMcore strands have
been superimposed for residues LIIK to illustrate their differences. Only the seven sheets
formed from full-length 24’DLIIKGISVHI257 strands of the cryo-EM structure are assigned
numbers. Strand 10 is from the MicroED structure.
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Fig. 5. The conformational flexibility of the 247DL11K GI SVHI 5 backbone providesinsight into
amyloid fibril formation and polymorphism

a, Structural relationships among the eight distinct p-sheet backbones illustrated by a
pseudo-phylogenetic tree. The lengths of the branches correspond to r.m.s. deviation values
between pairs of backbones. The two principal branches correspond to kinked and straight
sheets. The straight branch forks into two sub-branches: straight and curve. b, A view down
the fibril axis of one layer of the fibril represented by sticks and spheres. The strands are
colored by relative conformation: kinked, red; straight, blue; curved, green; partial, yellow.
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Table 1

Data collection and refinement statistics

LIIKGI (PDB 5W50)

DLIIKGISVHI (EMD-8765, PDB 5W52)

Data collection
Space group
Cell dimensions

a b cA)

a, B,y ()
Resolution (A)
Reym
Rmerge
lo(1)

CCyp
Completeness (%)
Redundancy
Refinement
Resolution (A)
No. reflections
Ruork! Frree

No. atoms

Protein

Water
B factors

Protein

Water
R.m.s. deviations

Bond lengths (A)

Bond angles (°)

11.54,9.59, 21.18
905.63, 98.21, 76.50

20.91-1.40 (1.45-1.40)4
12.7 (36.1)

11.5 (5.05)
0.979 (0.879)
94.5 (94.6)
4.6 (4.5)

20.91-1.40
1,401
16.8/20.8
92

797

19.52

0.013
1.643

24.81,4.73,15.83
80.88, 86.37, 89.78
15.60-1.40 (1.43-1.40)

20.3 (145.1)0
3.34(0.92)
0.992 (0.333)
73.4 (62.1)
9.0(6.7)

15.60-1.40
1,036

26.2/30.6

84

33.41

0.009
1.211

a\/alues in parentheses are for highest-resolution shell.

bData are from 13 crystals.
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Cryo-EM data collection, refinement and validation statistics

Table 2

DLIIKGISVHI (EMD-8781, PDB 5W7V)

Data collection and processing
Magnification
\Woltage (kV)
Electron exposure (e7/A2)
Defocus range (um)
Pixel size (A)
Symmetry imposed
Initial particle images (no.)
Final particle images (no.)
Map resolution (A)
FSC threshold
Map resolution range (A)
Refinement
Initial model used
Model resolution (A)
FSC threshold
Model resolution range (A)
Map-sharpening B factor (A2)
Model composition
Nonhydrogen atoms
Protein residues
Bfactors (A2?)
Protein
R.m.s. deviations
Bond lengths (A)
Bond angles (°)
Validation
MolProbity score
Clashscore
Poor rotamers (%)
Ramachandran plot
Favored (%)
Allowed (%)

Disallowed (%)

130,000x
300

30

2.5-4
1.07
Helical, 120.44° turn/ 1.60 A rise
33,800
18,800
3.8

(0.5)
200-3.8

De novo
36
(0.5)
200-3.6
-120

20,434
2,640

107.2

0.01
0.77

1.62
12.75

97.22
2.78
0
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