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Abstract: The aggregation cascade of disease-related amyloidogenic proteins, terminating in insol-

uble amyloid fibrils, involves intermediate oligomeric states. The structural and biochemical details

of these oligomers have been largely unknown. Here we report crystal structures of variants of the
cytotoxic oligomer-forming segment residues 28–38 of the ALS-linked protein, SOD1. The crystal

structures reveal three different architectures: corkscrew oligomeric structure, nontwisting curved

sheet structure and a steric zipper proto-filament structure. Our work highlights the polymorphism
of the segment 28–38 of SOD1 and identifies the molecular features of amyloidogenic entities.
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Introduction

Amyloid aggregation is implicated in numerous neu-

rodegenerative and systemic diseases1 and many

proteins assemble into amyloids to perform essential

biological functions.2,3 Among the various amyloid

aggregates believed to form, fibrillar species are the

most readily studied, being both stable and having

characteristic properties including the cross-b X-ray

diffraction pattern, binding to specific dyes and bire-

fringence upon binding to Congo Red. The cross-b

diffraction pattern suggests that amyloid fibrils are

composed of packed b-sheets. Indeed, the crystal

structures of amyloid-forming short peptides have

revealed a b-sheet architecture termed steric zip-

per.4,5 Their structural and thermodynamic stability

suggests that amyloid fibrils represent the energetic

end state of the aggregation pathway.

Oligomeric species that evolve prior to fiber depo-

sition are not easily characterized. In animals, the

amyloid aggregation cascade of proteins is thought to

evolve slowly on a time scale of decades and poten-

tially has multiple intermediate states. Detailed inves-

tigation of these intermediates has been challenging,

because these states are transient and often heteroge-

neous. Further, multiple segments in any protein may

act synergistically or independently to form different

intermediate structures. Some may be precursors of

fibrils; others may be off the direct pathway to fibrils,

leading to less stable structures that reverse to mono-

mers.6 Thus, the identification of these intermediate

states and characterizations of their cytotoxic roles

have been limited.

Studies over the last two decades have pre-

sented evidence that small oligomers that form
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transiently in the aggregation pathway exacerbate

disease progression by exerting toxicity in neuronal

cells.7,8 This toxic oligomer hypothesis suggests that

small oligomers that form either on or off pathway

to mature fibrils are the cytotoxic agents.7,9 The fail-

ure of fiber-inhibiting therapeutics in clinical trials

and the low cytotoxicity of amyloid fibers in various

model systems suggest that small oligomers may be

the toxic intermediate state in at least some amyloid

diseases. It is generally accepted that amyloid

oligomers are b-sheet rich, cytotoxic, and bind con-

formational antibodies such as A11. Structural stud-

ies have revealed antiparallel, b-sheet rich

oligomeric structures of proteins such as amyloid-b,

a-B crystallin, and SOD1.6,10–12

ALS is a fatal neurodegenerative disease caused

by degeneration of motor neurons that results in

paralysis. SOD1, a ubiquitous cytosolic protein is

found in insoluble aggregates in a subset of familial

ALS patients.13 SOD1 is an exceptionally stable pro-

tein, the aggregation of which has been attributed to

structural perturbations induced by the familial

mutations or oxidative damage accumulated over

time.14–17 Recently, we discovered that SOD1 forms

cytotoxic soluble oligomers with the segment 28–38

of SOD1 as the oligomeric core.12 The crystal struc-

ture of the segment revealed a twisted b-sheet

termed corkscrew. The segment is cytotoxic to cul-

tured motor neurons and substitutions at Gly33

with bulky residues alleviate toxicity by disrupting

oligomer formation. Here we report three new crys-

tal structures of variants of this segment that reveal

possible aggregation states. Biochemical characteri-

zation of these aggregation states helps differentiate

the molecular features of oligomeric and fibrillar

structures.

Results

Segment 28–38 of SOD1 has a high aggregation

propensity
An important question raised by the discovery of

corkscrew is whether it is the only toxic conforma-

tion or if the segment forms more than one toxic

conformation. Additionally, the presence of familial

mutations in the segment led us to investigate the

effect of these mutations. Notably, the segment has

a lower frequency of familial mutations than other

segments of SOD1 and among these mutations only

three amino acid substitutions (Ala, Arg, and Val)

have been found to date (http://alsod.iop.kcl.ac.uk).

Among the various familial mutations found in this

segment: Ala substitutes for V29 and V31 and Arg

and Val substitute for G37 and L38, we hypothesized

that G37R would have a potentially large effect on

the aggregation kinetics of this segment due to the

change from a small neutral side chain to a large,

charged side chain [Fig. 1(A), left]. The pathological

mutation, G37R has been previously characterized

extensively and shown to increase the aggregation

propensity of the full-length protein leading to rapid

disease onset and progression in transgenic mice

models.16 We also analyzed the fiber-forming pro-

pensity of the segment using ZipperDB,18 an algo-

rithm that predicts the propensity of six residue

segments to form amyloid fibrils [Fig. 1(A), right].

ZipperDB showed two aggregation-prone sub-seg-

ments—31-KVWGSI-36 and 33-GSIKGL-38. Thus,

we set out to characterize the G37R mutant of the

11-residue corkscrew as well as the shorter 6-

residue sub-segments.

Crystal structure of segment 28–38 with familial

mutation G37R reveals a stable corkscrew

geometry

We obtained crystals of the segment 28–38 harbor-

ing the familial mutation G37R (i.e., the tenth resi-

due in the sequence KVKVWGSIKRL). The peptide

subjected to crystallization trials has an additional

residue change of P28K needed to increase solubility

of the segment. This substitution has been shown

previously to contribute minimally to the structure

and cytotoxic properties.12 The structure was deter-

mined by molecular replacement using the native

corkscrew as a search model (sequence KVKV

WGSIKGL and PDB ID 5DLI) (Table 1). The struc-

ture reveals a twisted b-sheet with the same anti-

parallel, out-of-register b-strand construction as the

wild-type corkscrew [Fig. 1(B)]; however, G37R has

more strands per full turn of the corkscrew (20 vs.

16), a shorter pitch (59 vs. 71 Å) and larger diameter

(38 vs. 25 Å). The shorter pitch is primarily due to

R37. The charged side chain of R37 forms hydrogen

bonds with the C-terminal carboxylate (L38) of alter-

nate strands or of the same strand; adding 18 new

hydrogen bonds per turn [Fig. 1(C)]. These interac-

tions are not possible with the native Gly residue

and support the shorter pitch. An overlay of a single

b-strand of the mutant structure determined here

and the corkscrew confirms that the peptide back-

bone is similar except for deviations near the

C-terminus (Fig. S1, Supporting Information). The

overall similarity of the mutant structure to the

corkscrew suggests that the segment has a high pro-

pensity to form antiparallel, out-of-register assem-

blies although single point substitutions can induce

subtle changes in the overall architecture.

Untwisting of the corkscrew segment 28–38

with familial mutation G37R in the presence of

orange G

In our efforts to obtain phases for the mutant seg-

ment; we crystallized a derivative with a bromo-allyl

valine (B) at position 2 (sequence KBKVWGSIKRL).

We obtained crystals in the presence of orange G, a
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small aromatic dye previously shown to modulate

amyloid formation of Alzheimer’s disease-associated

proteins like amyloid-b.19,20 The crystals displayed a

needle-like morphology distinctly different from the

crystals of the mutant peptide KVKVWGSIKRL that

had thin plate-like morphology. The crystals dif-

fracted to 1.8 Å and phases were obtained by molec-

ular replacement using the corkscrew structure as a

search model. The structure revealed a curved

b-sheet with the same antiparallel, out-of-register b-

sheet construction as the wild-type and G37R cork-

screws, but surprisingly no twist [Fig. 2(A)].

As with both twisted corkscrews, the curvature

of the sheet is stabilized by short hydrophobic side

chains (valine and isoleucine) pointing into the con-

cave interior and charged and bulky residues point-

ing outward from the convex exterior; however, all

twist is eliminated apparently due to orange G-

Figure 1. Crystal structure of SOD1 segment harboring a familial mutation, G37R. (A) (Left) Frequency of ALS-associated muta-

tions in SOD-1 residues 28–38. Data from http://alsod.iop.kcl.ac.uk. (Right) Computed energies of steric zippers formed by six-

residue segments within segment 28–38 by ZipperDB.18 Segments KVWGSI and GSIKGL have energies of 223 kcal/mol or

lower and are predicted to form fibrils. (B) 2.9 Å crystal structure of the toxic oligomeric core of SOD1, residues 28–38 with the

familial mutation G37R, reveals a corkscrew assembly of antiparallel b-strands with a hydrophobic cleft composed of valine

and isoleucine residues. Twenty strands form one complete turn with a pitch length of 59 Å and diameter of 38 Å. (C) Arg37

forms multiple inter- and intra-chain interactions that increase the stability of the assembly. (Top) Shown here Arg37 of b7 forms

an intra-chain hydrogen bond with Leu38 and an inter-chain hydrogen bond with Leu38 of b9. (Bottom) Arg37 also forms inter-

chain hydrogen bonds. Shown here Arg37 of b14 is engaged in hydrogen bonds with Leu38 of b12 and Arg37 of b16. Together

these interactions lead to 18 additional hydrogen bonds per turn.
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mediated contacts between neighboring sheets.

Stacked aromatic side chains of W32 intercalate

with the aromatic rings of orange G [Fig. 2(B)]. The

aromatic rings of orange G stack against the W32

aromatic side chains and the sulfate moieties of

orange G form salt bridges with K30 of both sheets

[Fig. 2(C, D)]. Together, these interactions result in

high values for both computed orange G binding

energy (–12.4 kcal/mol) and shape complementarity

(0.82). Previously, orange G had been observed

bound to a steric zipper composed of a 6-residue

segment of amyloid-b.21 In that structure aromatic

rings of orange G stacked with similar aromatic side

chains but the molecule wedged in between the mat-

ing b-sheets. In the structure determined here,

orange G fills the cavities in the sides providing

additional support to the mating sheets.

Crystal structure of the segment 30-KVWGSI-35

reveals a steric zipper
We also obtained diffraction quality crystals of the

sub-segment, 30-KVWGSI-35, predicted by ZipperDB

Figure 2. Out-of-register mating sheet architecture formed by the segment SOD1 28–38 with the familial mutation G37R. (A)

Crystal structure of the segment 28–38 with familial mutation G37R at 1.8 Å resolution reveals a novel architecture of highly

curved sheets mating via stacking of aromatic side chains of W32 residue. The curved architecture enables both faces of the

sheets to exclude water molecules as shown here in views perpendicular (left) and parallel (right) to the fibril axis. (B) The weak

interface composed of W32 stacking forms a pocket in which small molecules can bind. Orange G (shown in orange sticks)

was cocrystallized and found to bind in the pocket. (C) Electron density map contoured at 1.0 r showing clear density for

orange G. (D) Orange G stabilizes the assembly by forming a network of hydrogen bonds with K30 and W32 of one sheet and

K30 of the opposing sheet. Water molecules are colored red.
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to form a steric zipper [Fig 1(A), right]. The 6-

residue segment forms a steric zipper composed of

in-register, antiparallel b-sheets that are arranged

face-to-back. It is a Class 7 zipper.22 Notably, the

side chains of neighboring sheets do not pack as

tightly as most pathogenic steric zippers, due to the

conflicting sizes and properties of the side chains in

the interface (shape complementarity 5 0.64) (Table

2); a void between sheets is filled adventitiously by a

trifluoroacetic acid (TFA) molecule. The side chain of

W32 extends along the zipper axis and stacks

against the backbone of G33 of the strand above it

in the sheet [Fig. 3(B)] and results in staggering of

the sheets relative to each other [Fig. 3(C)]. Each b-

strand forms six main chain hydrogen bonds with

the b-strands above and below resulting in a uni-

form pattern of hydrogen bonds.

Variant peptides show distinct fiber diffraction

patterns
We performed diffraction experiments on aligned,

insoluble species of native corkscrew-forming peptide

(KVKVWGSIKGL and PDB ID 5DLI) as well as the

familial mutant crystallized here (KVKVWGSIKRL

and KBKVWGSIKRL). Residues 28–38 and G37R

mutant peptides produce a distinct diffraction ring

at 4.6 Å (Fig. 5). As shown in the radial profiles, no

strong reflections are observed at 10 Å indicating a

b-sheet rich structure that is devoid of mated pairs

of sheets. Interestingly, the segment forming

untwisted structure (KBKVWGSIKRL) gives a dis-

tinct different diffraction pattern with multiple rings

notably at 4.75 and 9.5 Å. We confirmed that the 9.5

Å reflection is not due to the tris salt by collecting

diffraction patterns of the salt (Fig. S2, Supporting

Figure 3. Segment 30-KVWGSI-35 of SOD1 forms a steric zipper assembly. (A) The 1.45 Å resolution structure of segment

KVWGSI shows two b-sheets composed of antiparallel b-strands forming a class 7 steric zipper via face to back stacking.

Shown here in views parallel (left) and perpendicular (right) to the fibril axis. Trifluoroacetic acid (TFA) is colored orange. (B) The

two sheets do not pack tightly due to the bulky tryptophan side chain in the inner interface. (C) In most steric zippers, side

chains are perpendicular to the protofilament axis but here, the W32 side chain protrudes along the fiber axis and aligns with

the G33 of the b strand above it as shown in sphere representation. This results in staggering of the sheets relative to each

other.
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Information). However, it is possible that the 9.5 Å

reflection is due to an unidentified contaminant. We

also collected the diffraction patterns after shaking

(which presumably creates fibrils) and found that

the native 28–38 segment shows rings at 4.6 and

11.9 Å. The segment KBKVWGSIKRL shows diffrac-

tion at 4.75, 9.5, and 13.1 Å indicative of a mixture

of different b-sheet structures. The absence of reflec-

tions near at 10 Å in the diffraction pattern of cork-

screw suggests that it is the predominant oligomeric

intermediate state.

Discussion

Building on our discovery of segment 28–38 as the

toxic oligomeric core of SOD1, here we further char-

acterize the segment by determining three atomic

structures of its variants and characterizing their

biochemical properties. The new structures we

determined reveal three additional aggregation

states: in addition to the original corkscrew, we find

(1) a soluble corkscrew oligomer stabilized by addi-

tional hydrogen bonds and altered pitch, constructed

from an antiparallel, out-of-register b-sheet; (2) an

Figure 4. Structural comparison of SOD1 segment 28–38 and its variants. (A) The native 28–38 segment (PDB ID: 5DLI) forms a

left-handed corkscrew-like assembly of antiparallel, out-of-register b-strands. Sixteen strands form one complete turn with 71 Å pitch

and 25 Å diameter. (B) The mutant segment with a familial mutation, G37R forms a corkscrew-like assembly but with a smaller pitch

and larger diameter. Twenty strands form one complete turn with 59 Å pitch and 38 Å diameter. (C) A second form of the variant

segment reveals a novel architecture of curved out-of-register sheets. The b-strands are not perpendicular to fibril axis and instead

are tilted with a crossing angle of �908. (D) A shorter (6-residue) segment within 28–38 forms a steric zipper composed of pairs of

b-sheets. The b-strands are perpendicular to the fibril axis with a 1808 crossing angle. (E) Docking simulations of the different struc-

tures determined here and the small molecule dye orange G. Computed binding energy is reported in Rosetta Energy Units (REU).

Notice that orange G has lower binding energy to curved b-sheet than to corkscrew single sheet.
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untwisted antiparallel, out-of-register mating b-

sheet; and (3) a steric zipper representing the fibril-

lar b-sheet state (Figure 4).

The crystal structure of the G37R mutant segment

provides a molecular explanation for the enhanced tox-

icity associated with this pathological mutant. G37R

was one of the first mutations found in familial ALS

patients.13 In transgenic mouse models, overexpression

of the G37R mutant protein leads to rapid disease

onset and progression16 and in cell culture models it

has been shown to increase oligomer formation and

toxicity.23 The atomic structure of the 28–38 segment

with the mutation G37R forms a corkscrew assembly

composed of antiparallel out-of-register b-strands. The

change from a small glycine residue to a large arginine

residue causes 18 new hydrogen bonds per turn stabi-

lizing the corkscrew assembly. This stabilization of the

corkscrew oligomers could explain the increased toxic-

ity of the G37R mutant protein in animal and cell cul-

ture model systems.

The formation of corkscrew by the wild-type and

G37R mutant SOD1 segment 28–38 suggests that

Figure 5. Comparison of diffraction patterns of the different variant segments. (A) Top: 28–38 and G37R mutant segments

show diffuse diffraction rings at 4.6 Å. The G37R segment forming out-of-register pairs of sheets reveals sharp diffraction rings

at 4.75 and 9.5 Å. Bottom: The segment 28–38 under shaking conditions reveals diffraction rings consistent with cross-b struc-

ture, indicative of pairs of sheets. (B) Radial profiles of the diffraction patterns with peaks at or around 4 and 11 Å labeled.
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the corkscrew architecture is robust and may accom-

modate a range of other sequences with the same

pattern. That is, structural homologs might alter-

nate small hydrophobic residues with bulky or like-

charged residues, forming the concave and convex

surfaces of the corkscrew. There is evidence for anti-

parallel b-sheet rich oligomers by other amyloid pro-

teins although the structures of these toxic

oligomers are not known.24,25 It is possible that the

corkscrew architecture is a common oligomeric state

of amyloid proteins and may be involved in pathol-

ogy of other neurological amyloid diseases. The so-

far undefined stoichiometry of corkscrew oligomers

may be consistent with a variety of corkscrew-like

oligomers.

The structure of the G37R variant segment,

KBKVWGSIKRL suggests out-of-register b-sheets

may be a common architecture of amyloid proteins.

Instead of the extended b-sheet conformation seen

in steric zippers and corkscrew, here the strands are

curved forming a dry interface on both faces of the

strands. This structure belongs to the growing class

of out-of-register steric zippers.6,10,26 KDWSFY, a

short segment of b2-microglobulin and NFGAILS, a

short segment of islet amyloid polypeptide (IAPP)

were previously reported to form out-of-register

sheet structures.6,26 An out-of-register sheet struc-

ture of a 11-residue segment of IAPP was recently

determined.27 Notably, the IAPP structure was com-

posed of a single sheet and is nontoxic. The structure

was found to be labile to thermal denaturation sug-

gesting that it is the mating of pairs of sheets that

imparts stability to amyloid. The 11-residue structure

reported here is composed of pairs of sheets and is to

date the longest segment crystallized in an out-of-

register mating sheet conformation. Similar to the

Table I. Data Collection and Refinement Statistics

KVKVWGSIKRL (Form 1) KBKVWGSIKRL (Form 2) KVWGSI

Beam line APS 24-ID-E APS 24-ID-E APS 24-ID-E
Resolution (Å) 2.9 1.80 1.45
Total unique reflections 5444 2330 1738
Total reflections observed 27,350 7194 11,632
Space group P3121 C2 P212121

Rsym 18.3% (90.7%) 21.1% (197.9%) 16.6% (55.0%)
I/r 8.9 (1.0) 4.06 (0.48) 8.6 (1.6)
Completeness 98.9% 96.6% 89.6%
Wavelength (Å) 0.9791 0.9791 0.9791
Unit cell dimensions
a b c (Å) 59.61 59.61 98.92 56.94 11.64 44.93 9.51 20.28 44.24
a b g (8) 90.0 90.0 120.0 90.0 127.3 90.0 90.0 90.0 90.0
Refinement
Resolution (Å) 45.8–2.8 35.7–1.8 22.1–1.4
Reflections for refinement 5422 2327 1564
Rfree/Rwork (%) 25.0/21.3 26.7/23.0 17.0/17.1
Molecules in the asymmetric unit 10 2 2
Solvent content (%) 71 50 24
Matthews coefficient 4.19 2.45 1.61
Total water molecules 14 16 6
Glycerol molecule 1 0 0
Malonate molecules 3 0 0
TFA molecule 0 0 1
Orange G 0 1 0
Rmsd bond length (Å) 0.010 0.010 0.020
Rmsd angles (8) 1.18 1.25 2.00
Ramachandran plot
Allowed 96 94 100
Generous (%) 4.44 5.56 0
Disallowed (%) 0 0 0

Table II. Comparison of Shape Complementarity (Sc) and Buried Surface Area (Ab) of Oligomers of SOD1
Segments

KVKVWGSIKRL Form 1 KBKVWGSIKRL Form 2 KVWGSI

Sc 0.76 0.76 0.64
Ab (Å2) 1195 1047 621
Ab/Residue (Å2) 109 95 104

For the Sc calculation, we examined the interface between one chain and the remaining chains of the assembly.
Ab values were calculated using AREAIMOL. The area buried was calculated by subtracting the solvent accessible surface
area of one chain of the assembly from the total solvent accessible surface area of an isolated chain.
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structure of KDWSFY, the strands of the two mating

sheets of the zipper are not parallel to each other but

form a crossing angle of �908 and each b-strand

forms nine hydrogen bonds with one b-strand and

seven with another. This network of alternating weak

and strong interfaces has been seen with all out-of-

register structures determined thus far. Previously,

we suggested that out-of-register assemblies are off

pathway to in-register fibrils.6,10 The out-of-register

KBKVWGSIKRL fibril structure presumably repre-

sents the end of a pathway distinct from that leading

to in-register fibrils.

Steric zipper structure of the segment KVWGSI

suggests a weak role of this segment in full-length

SOD1 fibrillation. Structural studies of SOD1 aggre-

gates have been limited to structures of full-length

mutants with or without metals bound,28–31 which

suggest that most mutations destabilize the native

structure. However, these studies do not illustrate

the structure of pathogenic SOD1 aggregates. Previ-

ously, we obtained crystal structures of short seg-

ments from the C-terminus of the protein.32 We also

showed that mutations in the segment 28–38 (G33

or I35) do not disrupt fiber formation although G33

substitutions alleviate toxicity by disrupting oligo-

mer formation.12,32 The structure of KVWGSI deter-

mined here shows a steric zipper with poor shape

complementarity (Sc 5 0.64) compared to segments

in the C-terminus; GVIGIAQ (Sc 5 0.84) and

DSVISLS (Sc 5 0.77). Taken together, our work sug-

gests that the C-terminus forms the fibril spine of

SOD1 aggregates while the segment 28–38 forms

the toxic oligomeric core.

Our fiber diffraction studies provide clues of the

molecular architecture of the oligomer and fiber con-

formations in solution. Diffraction of the native cork-

screw forming segment KVKVWGSIKGL and the

G37R mutant KVKVWGSIKRL showed similar fiber

diffraction patterns with a diffuse ring at 4.6 Å. The

absence of strong reflections at 10 Å suggests single

sheet architecture of the oligomer, different from the

classical amyloid cross-b diffraction, which shows

reflections at 4.8 and 10.4 Å. Indeed, under shaking

conditions (which would promote robust fibril

growth) the diffraction pattern of KVKVWGSIKGL

showed diffraction at 4.6 and 11.9 Å indicative of

pairs of b-sheets.

Knowledge of the atomic structures of amyloid

oligomers offers the possibility of designed inhibitors

of toxicity. To date rational design of small molecule

modulators of aggregation have been limited.33–35

Congo-red, thioflavin T, curcumin, and EGCG and

their derivatives have been shown to modulate both

fibril and oligomer formation and can be used as

probes for detecting amyloid deposits,36–39 but the

exact mechanism of action of these small molecules

has not been discovered. Cocrystal structures of

orange G with amyloid-forming segments of

amyloid-b and tau and of curcumin with a segment

from Tau have been obtained.21 In all these struc-

tures, the small molecules are arranged in a similar

orientation; their long axes parallel to the fiber axis,

charged groups engaged in multiple hydrogen bonds

with charged side chains such as lysine and aro-

matic rings forming pi stacking with aromatic side

chains.

The structure of out-of-register fibril of SOD1

determined here provides the atomic information for

developing small molecule modulators of SOD1

aggregation. Docking simulations suggest that

orange G has a high propensity to bind the mating

sheet interface (binding energy 5 212.4 REU) com-

pared to the twisted single sheet corkscrew struc-

ture (binding energy 5 28.7 REU). Based on the

structure and our computational energy predictions,

we hypothesize that binding of orange G stabilizes

the curved mating sheet architecture and may drive

the equilibrium from cytotoxic corkscrew oligomers.

Although we cannot rule out if orange G stabilizes

other nontoxic intermediates, this structure suggests

a potential mechanism of rescue of cytotoxicity by

small molecules. We speculate that small molecules

designed to stabilize fibrillar mating sheet architec-

tures can alleviate cytotoxicity of aggregated pro-

teins. Our lab has used this strategy to reduce the

toxicity of amyloid-b, a protein associated with Alz-

heimer’s disease.33 Our work here offers the possibil-

ity of designing similar molecules against SOD1

cytotoxicity.

In summary, our structural studies of the SOD1

segment of residues 28–38 suggest that oligomers of

amyloid proteins are composed of single twisted

sheets whereas fibrillar species are composed of

mated b-sheets.

Materials and Methods

Crystallization
All peptides were commercially obtained from Gen-

script with more than 98% purity. All data were col-

lected at the Advanced Photon Source (Chicago, IL)

on beamline 24-ID-E and data were processed using

DENZO and SCALEPACK or XDS.40 Structures

were built using COOT.41 Model refinement was per-

formed using REFMAC42 and BUSTER.43 Figures

were generated using PyMOL.44

28-KVKVWGSIKRL38: Crystals of seg-
ment 28–38 with P28K and G37R substitu-
tion were grown by hanging drop vapor
diffusion using VDX plates (Hampton
Research, Aliso, Viejo, CA). Lyophilized pep-
tide was dissolved to 50 mg/mL in 50 mM
Tris-base buffer, 1 mM Orange G. The reser-
voir solution contained 0.3M sodium malo-
nate and 15% PEG 3350. Crystallization
drops were prepared by mixing peptide with

Sangwan et al. PROTEIN SCIENCE VOL 00:00—00 9



reservoir in a 3:1 ratio, in a total volume of 4
lL. The crystals were subsequently mounted
with CrystalCap HT Cryoloops (Hampton
Research, Aliso Viejo, CA) and flash frozen in
liquid nitrogen. Four strands composed of
the core of the corkscrew structure PDB ID:
5DLI, residues VKVWGSI were used as the
initial model for molecular replacement.

28-KBKVWGSIKRL-38: Lyophilized pep-
tide (KBKVWGSIKRL, B represents the non-
natural amino acid bromo-allyl valine) was
dissolved to 50 mg/mL in 50 mM Tris-base
buffer with 1 mM Orange G. The reservoir
solution contained 0.1M HEPES pH 7.5,
0.2M sodium citrate and 15% MPD. Needle-
like crystals appeared overnight and were
directly flash frozen from the original screen-
ing plate.

30-KVWGSI-35: Lyophilized peptide was
dissolved to 50 mg/mL in water and filtered
by 0.1 lm filter. Crystals were grown by
hanging drop vapor diffusion using VDX
plates (Hampton Research, Aliso, Viejo, CA).
Crystallization drops were prepared by mix-
ing peptide with reservoir in a 2:1 ratio, in a
total volume of 3 lL. The reservoir solution
contained 4M sodium formate. Crystals were
mounted on pulled glass capillaries without
any cryoprotectant. A pair of antiparallel b-
strands was used as an initial model for
molecular replacement.

Fiber diffraction

Peptide segments were dissolved in 50 mM tris-base

buffer at 25 mg/mL and incubated at 378C without

agitation to form oligomers for four days. For fibril

preparations, the peptide segments were incubated

at 378C in Torrey Pine shakers for four days. Sam-

ples were mounted by pipetting 2 lL drops between

glass rods and dried overnight. Diffraction data was

collected on a Rigaku FR-E generator with Raxis

imaging plate. The crystal to specimen distance was

200 mm.

Ligand docking

Three-dimensional structures of the ligands used for

docking simulation were downloaded from the Pub-

Chem Compound Database (CID 5 24181578).45 We

generated the ligand perturbation ensemble using

the method described previously.33 A torsion angle

deviation of 658 for each rotatable bond of the

ligand was applied to generate 100 conformations

for each ligand. Ligand docking was performed using

the HighResDocker protocol in Rosetta version 3.5,

using the talaris2014 energy function.46 Docking

poses were sampled in a 7 Å box centered at the

known binding site of Orange G to the variant form

1, or to the corresponding residues in the corkscrew

structure. Small ligand perturbations were coupled

with cycles of side chain repacking, in which

rotamers of side chains around the ligand are opti-

mized in a Monte-Carlo minimization algorithm.

Ligand poses were ranked based on lowest binding

energy.
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