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B,-microglobulin forms three-dimensional
domain-swapped amyloid fibrils with disulfide linkages

Cong Liu!'~?, Michael R Sawaya!~3 & David Eisenberg!~3

B,-microglobulin (8,m) is the light chain of the type I major histocompatibility complex. It deposits as amyloid fibrils within
joints during long-term hemodialysis treatment. Despite the devastating effects of dialysis-related amyloidosis, full understanding of
how fibrils form from soluble B,m remains elusive. Here we show that B,m can oligomerize and fibrillize via three-dimensional
domain swapping. Isolating a covalently bound, domain-swapped dimer from 3,m oligomers on the pathway to fibrils, we

were able to determine its crystal structure. The hinge loop that connects the swapped domain to the core domain includes the
fibrillizing segment LSFSKD, whose atomic structure we also determined. The LSFSKD structure reveals a class 5 steric zipper,
akin to other amyloid spines. The structures of the dimer and the zipper spine fit well into an atomic model for this fibrillar form

of B,m, which assembles slowly under physiological conditions.

A wide range of human pathologies are associated with the forma-
tion of amyloid fibrils from diverse polypeptide chains. More than
25 protein sequences have been found to be involved in protein
deposition diseases, including Alzheimer’s disease, dialysis-related
amyloidosis and type 2 diabetes!2. Despite the distinctly different
sequences and tertiary structures of their precursor proteins, fibrils
have extended B-sheet structures that show a common cross-f X-ray
diffraction pattern3. In spite of recent insights into the atomic struc-
ture of amyloid-like fibrils revealed by crystallography*>, solid state
NMR®, EPR’ and other methods, we lack full understanding of the
molecular mechanisms that determine how soluble proteins assemble
into well-organized fibrillar aggregates.

Oligomerization is regarded as a crucial step toward self-association
of proteins into amyloid fibrils. In fact, oligomeric species as inter-
mediates in fibrillogenesis are believed to be toxic in several types
of amyloid-related neurodegenerative diseases®. Discovering the
structures and molecular mechanisms of formation of these oligo-
mers is crucial for identifying the fibrillation pathways and developing
strategies to suppress amyloid-related diseases.

Recently, structural and biochemical studies of several amyloido-
genic proteins have indicated that three-dimensional (3D) domain
swapping is one of the common mechanisms for oligomerization!-13,
3D domain swapping is a general mechanism for protein oligo-
merization that works by converting an intramolecular interface
in the monomer to an intermolecular interface between subunits
in the oligomer!4. More than 60 domain-swapped proteins have
been structurally characterized. Growing evidence supports the
hypothesis that domain swapping has diverse biological functions
in oligomerization, fibril formation, conformational switching and
allosteric regulation!®.

B,-microglobulin (B,m) is the light chain of the major histocom-
patibility class I (MHC I) complex. It contains 99 residues with one
intramolecular disulfide bond!®. Aggregation and deposition of wild-
type B,m occur in patients suffering from dialysis-related amyloido-
sis!”. Under acidic conditions, B,m self-assembles into amyloid-like
fibrils spontaneously!®1°. In contrast, under physiological conditions,
additional factors such as copper?’, trifluoroethanol (TFE)?! and col-
lagen?? are necessary for 3,m fibril formation?3. A cis-trans isomeriza-
tion of Pro32 or truncation of six N-terminal residues can facilitate
the formation of B,m fibrils*#2°. The existence of several polymeric
fibrillar forms of B,m is suggested by observations that three differ-
ent segments are involved in $,m fibrillation: the aromatic-rich seg-
ment (residues 60-70)2, the K3 segment (residues 20-41)?7 and the
C-terminal segment (residues 83-89)?%. Several B,m oligomeric species
have also been characterized?%2*:30, yet the linkage between oligomers
and fibrils is unknown. Studies on the role of the disulfide bond in
the fibrillation of B,m indicate that §,m does not form typical long-
straight fibrils in the absence of the native intramolecular disulfide
bond3!32, However, the propensity for f,m fibrillation has not been
reported under conditions in which disulfide exchange is possible.

In our research, we found that under physiological conditions, ,m
slowly condensed into covalently linked oligomers and eventually
into worm-like protofilaments, and that the presence of reductants
accelerated this process. We isolated a covalently linked dimer via the
oligomeric mix and crystallized it. Its structure reveals a relatively
rare but increasingly observed covalent domain swap, suggesting that
the higher oligomers form via a runaway domain swap. Notably, the
hinge loop connecting the swapped domain to the core domain turns
out to be a segment predicted to be fiber forming. We were able to
crystallize this segment and discovered that it indeed formed a steric
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Figure 1 Characterization of f,m oligomers. a
(a) SDS-PAGE of B,m oligomerization under non-
reducing and reducing conditions. Oligomerization
started from monomeric B,m with or without DTT
agitated at 37 °C for various times. After 5 d,
without DTT, oligomer ladders still formed (lane 1),
but much slower than with DTT (lane 3). Over time,
the disulfide-bridged oligomer ladders were observed
(lane 6, 8, 10 and 12). After 10 d, even higher
oligomers formed and remained at the boundary
between the stacking gel and running gel (lanes

10 and 12, open arrows). After 30 d, protofilaments
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oligomeric species. It is composed of B,m, as found by amino acid sequencing, but the mechanism of its formation remains to be determined. (b) Electron micrograph
showing the protofilaments formed in a. The scale bar is 200 nm. (c) Experimental fibril X-ray diffraction pattern of protofilaments visualized in b.

zipper, amyloid-like spine. The two atomic structures of the cova-
lent, domain-swapped dimer and the steric zipper fit well into a fibril
model, which is consistent with all of our biochemical and biophysical
findings. Taking this rather complete picture of the formation of a
,m protofibril together with the results of studies from other labs,
we conclude that B,m amyloid is a polymorphic mixture.

RESULTS

B,m oligomers and protofilaments: formation and analysis
Recent studies indicate that Cu?* is efficient in triggering B,m oligo-
merization®3. Dimers, tetramers and hexamers induced by Cu?* have
been well characterized, providing insights into early steps of f,m
aggregation?%2%30_ In our work, we found that under physiological
conditions, B,m slowly condensed into covalently linked oligo-
mers. By adding a reducing agent, we can accelerate the growth of
the oligomers (Fig. 1a). The near-UV CD spectrum of oligomers
showed a profile similar to that of the monomer, and the far-UV
CD spectrum showed a B-rich structure, indicating that oligomers
maintained a native-like structure rather than amorphous aggregates
(Supplementary Fig. 1). After incubation with DTT at 37 °C for 2 d,
the oligomers presented an ordered ladder on SDS-PAGE (Fig. 1a).
With time, the sizes of the oligomers grew continuously. Higher oligo-
mers that accumulated at the edge of the stacking gel formed after
10 d (Fig. 1a) and had no distinguishing morphology in EM images
(data not shown). After 30 d, worm-like protofilaments appeared, as
visualized by electron microscopy (Fig. 1b), and gave an X-ray dif-
fraction pattern with ~4.8 A and ~10 A diffraction rings, characteris-
tic of amyloid (Fig. 1c). On SDS-PAGE, the protofilaments remained
in the loading well (Fig. 1a). These oligomers and protofilaments
were resistant to SDS but dissociated to monomers in the presence of

DTT in the loading buffer (Fig. 1a), indicating that their assembly is
covalently mediated by intermolecular disulfide bonds.

Isolation and characterization of the B,m dimer

B,m was expressed in Escherichia coli and refolded to soluble protein.
Addition of B-mercaptoethanol (BME) to 3,m in the dialysis buffer promoted
the yield of dimer; trimer and tetramer, as identified by analytic size-exclusion
chromatography (SEC) (Fig. 2a). After a few cycles of size exclusion, we could
separate the dimer from the monomer and higher oligomers to high purity
(Fig. 2b), but we failed to purify higher oligomeric species, owing to the
minuscule amounts present. The purified dimer was SDS resistant and DTT
sensitive on SDS-PAGE (Fig. 2b). CD spectra showed that the dimer has
almost the same secondary structure as that of the monomer. Incubating the
dimer with or without DTT resulted in the formation of the same oligomer
ladders as were formed from monomeric 3,m (data not shown).

Crystal structure of the domain-swapped 3,m dimer

Crystallization and structure determination of monomeric, dimeric
and hexameric species of B,m have been reported?®3%34. The crystallo-
graphic structure of the reductant-triggered 3,m dimer we report here is
strikingly different from the dimer and hexamer triggered by copper?%3°,
indicating that different reagents can trigger different oligomerization
pathways. In our structure, dimerization occurs via a relatively rare
domain swap with covalent linkages. Identical ‘domains’'—f-strands E, F
and G—are exchanged between the two subunits (Fig. 3a,b). Two inter-
faces between pairs of domains are created by this domain-swapping
arrangement (Fig. 3¢c). One is termed the closed interface and is iden-
tical to the interface between domains in the monomer. The other is
called the open interface and is a new B-sheet, formed by a hinge loop,
that corresponds in sequence to loop L4 in monomeric 3,m (Fig. 3a,c
and Supplementary Fig. 2a). The newly formed f-sheet links the two
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Figure 3 Structure of the domain-swapped B,m dimer. (a) Ribbon diagram
of the crystal structure of monomeric B,m (PDB entry 1L.DS34). (b) Topology
diagrams of B,m monomer and dimer. Intra- and intermolecular disulfide
bonds are highlighted in the same color as the backbones. (c) Ribbon
diagram of the crystal structure of B,m domain-swapped dimer.

dimer is the rearrangement of the disulfide bonds. The intramolecular
disulfide bond of B,m re-forms as an intermolecular disulfide bond,
thus covalently stabilizing the domain-swapped dimer (Fig. 3b and
Supplementary Fig. 2b). The crystal structure provides structural evi-
dence of how the intermolecular disulfide bond is formed and explains
why the dimer is SDS resistant and DTT sensitive.

Compared to the existing 3,m structures, no major conformational
changes are propagated in the B,m molecule as a result of domain
swapping (Supplementary Fig. 3). The superposition of B,m in the
domain-swapped dimer and in complex with the MHC (PDB ID code
1DUZ?®) yields an r.m.s. deviation of 0.86 A over 96 aligned pairs of
o-carbons. Most of the small differences originate in the hinge loop.
Comparison between ,m in the domain-swapped dimer and the
monomer (PDB ID code 1LDS?*) yields a much larger r.m.s. devia-
tion, 3.08 A, but most of this deviation originates from a difference
in conformations of a solvent-exposed loop spanning residues 12-21.
When these residues are omitted from the calculation, the r.m.s. devi-
ation is 0.58 A. The difference in loop conformation is not attributed
to domain swapping but to natural flexibility in this loop.

Proteolytic and mass spectrometric analyses of 3,m oligomers

Similar to the oligomers formed during refolding, the ,m monomer also
assembled into SDS-resistant and DT T-sensitive oligomers (Fig. 1a).
This result suggests that oligomerization of the B,m monomer also
proceeds via 3D domain swapping. To test this hypothesis, we directly
assessed the structural properties of oligomers using limited prote-
olysis and MALDI-TOF MS. We produced 3,m oligomers from both
unlabeled and !°N-labeled monomers and then subjected them to
trypsin digestion. Accurate molecular masses of fragments digested by
trypsin were measured by MALDI-TOF MS. (Supplementary Fig. 4).
We focused mainly on one fragment comprising two peptides
(D7SEYACR®! and S2NFLNCY VSGFHPSDIEVDLLK*!), linked via
a disulfide bond formed by Cys25 and Cys80. The experimentally
determined molecular mass of this fragment is 3,251.5 for unlabeled
B,m or 3,286.8 for 1°N-labeled B,m. We then produced oligomers
from a 1:1 molar ratio mixture of unlabeled and !°N-labeled mono-
mers and then carried out trypsin digestion. The disulfide bonded
fragments gave four molecular masses instead of two. The appearance
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of two additional peaks with molecular masses of 3,260.9 and 3,279.0
indicated that the two peptides were from two different species of
molecules (one from an unlabeled species and the other from a >N-
labeled species) and were linked by intermolecular disulfide bonds.
Rearrangement of the disulfide bond from intra- to intermolecular is
the key indicator of domain-swapped assembly. Thus, it is conclusive
that under our fibrillation condition, monomeric B,m assembles into
oligomers via domain swapping, and the oligomers are stabilized by
intermolecular disulfide bonds, as showed in our atomic structure
of the dimer. To further assess the role of intermolecular disulfide
bonding in 3,m aggregation, we prepared a double C25S-C80S mutant
(Supplementary Methods). The mutant was not able to form any kind
of native-like oligomers or fibrils but formed only amorphous aggre-
gates (Supplementary Fig. 5) at neutral pH, indicating the indispensa-
bility of the disulfide bonds in 3,m oligomerization and fibrillation.

Identification of amyloidogenic segments in the hinge loop

Studies of domain-swapped oligomerization have indicated that the
new interaction formed by the hinge loop can stabilize the oligomeric
state®. In a study of RNase A with Q,, inserted in the hinge loop¥’,
formation of a cross-f spine by the hinge loop contributes to stability
of the fibril and accounts for the cross-f X-ray diffraction pattern. In
many cases, hinge loops are crucial in mediating molecular assem-
bly and participate in fibril core formation3”-*. In order to identify
the hinge loop segment forming the cross-f spine in B,m fibrils, we
conducted a systematic screen of the hinge loop. In the B,m dimer,
the hinge loop F°°SKDWS®! was located between B-strands D and E
(Fig. 3b,c). We extended it to S>?DLSFSKDWSFYLL®® to cover half of
BD and BE in case of potential small shifts of the hinge loop in higher
oligomers compared with the dimer. We then screened segments for
amyloid formation (Fig. 4). Each segment contained six residues

S®’DLSFSKDWSFYLL®®

Hinge region

Segments
selected

LSFSKD

Fibrils

Experimental
X-ray diffraction

Microcrystals

Figure 4 Systematic screening for amyloidogenic segments in the hinge
loop (residues 52-65). Five segments were selected and synthesized.
LSFSKD and KDWSFY in solid lines formed fibrils, and LSFSKD also
formed microcrystals. The scale bars are 100 nm for electron microscopy
(fibrils) and 50 um for light microscopy (microcrystals). The experimental
X-ray diffraction images show a typical cross-B fibril diffraction pattern.
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Figure 5 Crystal structure of segment LSFSKD and schematics for

Bom fibrillation. (a) Atomic structure of hinge loop segment LSFSKD.
Yellow spheres represent water molecules. The backbone of one sheet is
magenta, and the backbone of the other sheet is blue. The interdigitated
side chains between adjacent B-sheets form a dry interface, as shown by
the projection down the fibril axis on the left. The LSFSKD structure is a
typical steric zipper structure, belonging to class 5 (ref. 5). (b) Schematic
model for Bom fibrillation via domain swapping. Upon reduction of

the intramolecular disulfide bond, the B,m monomer can assemble to
‘closed-ended’ oligomers, such as the dimer characterized in this work,
or ‘open-ended’ runaway domain-swapped oligomers. Each subunit

is colored in either blue or magenta. The formation of intermolecular
disulfide bonds stabilizes the domain-swapped oligomers. The self-
association of hinge loops into a zipper spine accomplishes the
transformation from oligomers into fibrils.

and was incubated at a series of conditions (see Online Methods) for
fibril formation. After 3 weeks, only LSFSKD and KDWSFY formed
fibrils. LSFSKD fibrils tended to aggregate into clusters, whereas the
KDWSFY fibrils had more rigid morphology (Fig. 4). The X-ray fibril
diffraction images of these two segments showed typical cross-B
diffraction patterns. Thus, LSFSKD and KDWSFY segments were
identified as potential candidates for forming the cross-3 spine in
domain-swapped B,m fibrillation.

Atomic structure of the amyloidogenic segment LSFSKD

Previous studies of short peptide segments showed the relation-
ship between fibrils and microcrystals and revealed that the crys-
tal structures of the segments are related to structures of the fibrils
formed by the same segments®. In our study, in order to discover
the atomic-level structure of the hinge loop in the spine of the 3D
domain-swapped fibrils, we crystallized and determined the crys-
tal structure of LSFSKD (Fig. 5a and Supplementary Fig. 2¢). Each
LSFSKD molecule forms hydrogen bonds with the identical segments
above and below, within an extended antiparallel 3-sheet along the
fibril axis. A pair of sheets in the crystal forms a tightly interdigi-
tated dry interface and extended the whole length of the fibril-like
structure into needle-like microcrystals. The strands in the neigh-
boring sheet are antiparallel, and sheets pack with the same surface
adjacent to one another. Each sheet is related to its mate by a twofold
screw axis that is parallel to the needle crystal. The shape complemen-
tarity (Sc) of the sheet interface is 0.73, and the area buried is 470 A2,
contributed primarily by the three side chains (Leu54, Phe56 and
Lys58) of two molecules. These features indicate that LSFSKD forms

a typical amyloid spine, consisting of a class 5 steric zipper®. The
hydrophobic interface between the two sheets is contributed by leu-
cine and phenylalanine. Recent studies show that grafting an ‘FXL
cluster (X represents any residue) onto a large B-sheet protein causes
protein self-assembly via formation of a cross-f architecture®, which
is similar to the LSFSKD steric zipper structure, indicating a strong
potential of the LSFSKD segment to drive self-association. We infer
that for full-length $,m, the hinge loop mediates molecular assembly
via domain swapping. The zipper structure of LSFSKD shows how the
LSFSKD segment provides spine formation. From this steric zipper
structure, it is plausible to build a runaway domain-swapped, zipper-
spine atomic model, as discussed below.

DISCUSSION

Runaway 3D domain-swapped, zipper-spine ,m fibril model
Our determination of the crystal structure of LSFSKD illustrates
how the cross-f3 spine of domain-swapped ,m may form. A recent
study reinforced the notion that the cross-p structure represents the
common spine for amyloid fibrils, based on the authors’ systematic
comparison of fibril diffraction patterns with model simulations*’.
For fibril assembly from native-like proteins, a newly formed cross-f§
spine is necessary and sufficient to provide the common cross-f3 dif-
fraction signature. Previous studies regarding the fibril formation via
domain swapping show that the hinge loop is crucial in forming the
cross-f3 spine'>3738, In our ,m studies, we experimentally identi-
fied two natural amyloidogenic segments within the hinge loop of
domain-swapped B,m. Either of them is capable of forming the core
of the fibril, but in our crystal structure of the domain-swapped dimer,
neither one precisely pairs to interact with the identical segment in the
hinge loop (Supplementary Fig. 2a). However, as the oligomer grows,
the loop regions between swapped domains can slide slightly, to adapt
to the packing geometry of globular protomers. Given the positions of
the segments in the hinge loop, LSFSKD is the segment more likely to
form a face-to-face steric zipper and compose the B-spine of the f,m
fibril. KDWSFY is close to B-strand E, which hinders its exposure and
self-assembly during 3,m aggregation.

Based on the atomic structures of the domain-swapped dimer and
the steric zipper, we built a domain-swapped zipper-spine model of a
B,m fibril (Supplementary Fig. 6a-c and Supplementary Methods),
which is consistent with all of our biochemical and biophysical find-
ings. The model takes its spine directly from the LSFSKD crystal
structure (residues 53-58 of human f,m) (Fig. 5a). p,m molecules
that assemble via runaway domain swapping are covalently linked by
intermolecular disulfide bonds. The calculated and observed X-ray
diffraction patterns agree in relative intensity and Bragg angle for the
strongest reflections (Supplementary Fig. 6d and Supplementary
Methods). The additional, weaker reflections present in the calculated
pattern are absent from the observed diffraction pattern, perhaps
because of disorder in the fiber. That is, the level of agreement is what
is expected to support our model. Our domain-swapped zipper-spine
model incorporates runaway 3D domain swapping that contributes
to the globular and native-like assembly of the fibril. Also, the steric
zipper formed by hinge loops forms the fibril spine and gives rise to
the signature cross-f diffraction pattern.

We note that a limitation of our model is that it does not explain
the observed, curved morphology of the ,m protofilaments in the
EM images. The fibril model was generated using perfect screw axis
symmetry. It lends the appearance of being perfectly ordered and
rigid. However, we do not mean to imply that the fibril maintains
such perfect symmetry and rigidity. There are some restrictions on
the flexibility of the zipper spine because it has a specific and extensive
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Table 1 Comparison of proposed ,m fibril models
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Fibril model Fibrillation condition Morphology B,m conformation Ref.
B-strands stacked in parallel, in register 25 mM sodium phosphate buffer, pH 2.5 Long-straight Highly non-native 48
Zipper spine formed via C-terminal segment 0.2 M NaCl, 25 mM phosphate, pH 2.0 Long-straight Native-like 28
Head-to-head, tail-to-tail, cross-p core formed via 0.2 mM Cu?*, 25 mM MOPS, 0.2 M KC,H30,, Fibrous Native-like 20,33
B-strands A, B, E& D 0.5 M urea, pH 7.4

3D domain swapping with S-S linkage and zipper 20 mM Tris-HCI, 5 mM DTT, pH 8.0 Worm-like Native-like This work

spine formed by the hinge loop

hydrogen bonding pattern, but the globular domains arranged around
the zipper spine may take different orientations. They are not con-
nected to neighboring domains by a rigid hydrogen bonding network
but are simply tethered to the zipper by a hinge loop. The possibility
for different arrangements of the globular domains could contribute
to the degree of curvature observed in the electron micrograph. It is
also possible that the worm-like protofilament seen under EM is an
intermediate, which may anneal into straighter fibrils.

B,m fibrillation via domain swapping with S-S rearrangement
Though evidence has accumulated that 3D domain swapping plays
a role in some cases of amyloidogenesis!?-131537, direct experimen-
tal support for this, and understanding of the conversion process,
have been limited. Lingering questions include what triggers the
assembly of monomers to oligomers by domain swapping, and what
stabilizes the fibrils. In the case of B,m fibrillation via 3D domain
swapping with disulfide linkages, we propose a molecular mechanism
to answer these questions (Fig. 5b). The process is initiated when a
small amount of open-form monomer is generated by breakage of
the intramolecular disulfide bond. Then, by thiol-disulfide exchange,
the open monomer is converted to a domain-swapped dimer and
higher oligomers. The gain of intermolecular disulfide bonds cova-
lently stabilizes the domain-swapped oligomers. The thiol-disulfide
exchange we postulate to start the process is known to occur in bio-
logical tissues and environments considered to be oxidizing (such as
blood, where 3,m fibrils form) as well as reducing*!. Disulfide-bond
rearrangement has also been observed in the aggregation of cystatin C
and the human prion protein!®12-38:42_ A the covalent polymer grows,
the new B-sheet interactions formed in the hinge loops cause them
to align into a cross-P zipper spine that forms the central spine of the
fibril. The zipper spine formation bridges the gap between oligomers
and fibrils. To illustrate the existence and importance of the zipper
spine, we also built a domain-swapped model without a zipper spine
(Supplementary Fig. 7a,b). Instead of the cross-f signature, the simu-
lated diffraction pattern of this model contains several rings spreading
out from low to high resolution, which is totally different from the
experimental diffraction pattern (Supplementary Fig. 7c). This result
shows that the association of hinge loops into the zipper spine is an
essential step toward [3,m fibril maturation.

Notice that to form fibrils from an oligomeric state, no large
conformational change is necessary; rather, the B-strands in hinge
loops associate into the cross-f spine. This means that the energy
barrier between oligomers and fibrils is not large, as is expected for
on-pathway oligomers. The mechanism we propose is also related to
a more general mechanism for domain-swapped fibril formation in
the absence of a disulfide linkage. The steps in fibril formation would
be the same, except the requirement for disulfide-bond breakage and
re-formation would be omitted. Omission of the disulfide bond would
lower the barrier to fibril formation and disassembly.

Figure 1a shows a subtle feature that is consistent with our model
for fibril formation: doublet bands for the dimeric and trimeric species

on the SDS-PAGE gel. Based on the mechanism proposed above, oligo-
mers may have two major conformations. One is a closed form in
which all cysteines form intermolecular disulfide bonds. The other
is an open form in which the cysteines on both termini are free to
accept more B,m molecules for fibril elongation. The upper band in
the doublet most likely corresponds to the open form because it is
more elongated than the cyclized closed form. As the oligomers grow,
the terminal ,m molecules are farther apart from each other, and the
probability of forming a closed, cyclized oligomer is lower. The popula-
tion of the closed form is therefore too small to see in higher oligomers.
The same phenomenon was also observed and well characterized in
the T7 endonuclease I domain-swapped oligomerization!!.

,m amyloid polymorphism

Heterogeneity is a common property of amyloid fibrils, which reflects
polymorphism at the molecular level**. Recent studies show that,
unlike those for the folding of soluble proteins, energy landscapes
of amyloid assemblies contain multiple minima that can be reached
through different fibrillation pathways that start from the same initial

Table 2 Statistics of crystallographic data collection and atomic
refinement

Domain-swapped Segment
Bom dimer LSFSKD
Data collection
Space group P2, P2,
Cell dimensions
a, b, c(h) 59.72,29.16, 67.72 9.43,21.48,45.73
o, B, v(°) 90.0, 97.49, 90.0 90.0, 90.0, 90.0
Resolution (A) 50-2.19(2.23-2.19) 80-1.8 (1.86-1.8)
Rierge (%) 5.7 (20.5) 11.8(50.1)
1/l 14.0 (6.6) 20.1 (4.7)
Completeness (%) 99.3(99.1) 93.7 (82.0)
Redundancy 3.6 (3.4) 3.8(3.2)
Refinement
Resolution (A) 2.3 1.8
No. reflections 10,065 1,499
Ryork ! Riree (%) 21.9/26.7 21.6/24.12
No. atoms
Protein 1,605 205
Water 33 17
B-factors (A2)
Protein 31.0 16.1
Water 37.8 27.5
R.m.s. deviations
Bond lengths (A) 0.016 0.006
Bond angles (°) 1.595 0.979

Values in parentheses are for highest-resolution shell. One crystal was used for f,m
dimer data collection. Two crystals were used to obtain the peptide dataset.

aTen percent of the reflections were withheld for the calculation of Ry, a cross-validation tool.
Compared to macromolecular crystallography, the Ry, reported here has reduced significance
owing to the reduced number of reflections accompanying a relatively smaller unit cell.
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state*4, Physicochemical environment plays a crucial role in directing
the fibrillation pathways. Different fibril architectures formed by the
same protein have been elucidated by solid-state NMR, EM and other
methods*>#, Recent structural studies on polymorphic short segments
at an atomic level also provide a steric zipper mechanism for amyloid
and prion polymorphism, including packing polymorphism, segmen-
tal polymorphism and single-chain registration polymorphism*’.

In vitro studies on 3, m fibrillation show that 3,m forms fibrils with
various morphology under various conditions?230:33:48-50_ Several
B,m fibril models are proposed based on the experimental evidence
obtained from a specific fibrillation condition and fibril form (Table 1).
The variation of the models reflects the polymorphism of B,m fibrils.
The in vivo environment for f,m is even more complicated and
variable than that in in vitro experiments. Actually, ,m amyloid
fibrils extracted from patient tissue are heterogeneous and can be
sorted into several fractions on the basis of their aqueous solubil-
ity, apparently because they have different fibril architectures>>52.
Combining the in vitro and in vivo observations, it appears that
f,m molecular assembly may involve various protein segments and
depend upon the local environment, and probably leads to various
aggregation pathways.

Physiological relevance of domain-swapped p,m fibrillation
B,m forms domain-swapped oligomers under physiological condi-
tions (Fig. 1a). However, due to the high energy barrier for break-
ing intramolecular disulfide bonds, this oligomerization develops
very slowly, on a timescale of months. Because fibrils are elongated
stacked oligomers, domain-swapped fibrils would be expected to take
longer to form. In dialysis-related amyloidosis patients, ,m amy-
loid fibrils are generally detected after several years of dialysis treat-
ment!” and the concentration of 3,m can increase by up to 60-fold
in the serum compared with the level under normal kidney function
(0.09-0.17 uM)*3. Considering the specific environment within oste-
oarticular tissues and the uremic environment caused by decreased
kidney function??, local concentrations of ,m can be even higher.
Also, the worm-like appearance of our ,m disulfide-linked protofila-
ments is similar to the appearance of ex vivo B,m fibers with a ‘curvi-
linear configuration’ seen in another study*. In terms of environment,
timescale, protein concentration and fibril morphology, B, m fibrilla-
tion in vivo is comparable to the 3D domain-swapped B,m fibrillation
in vitro, suggesting that the 3D domain-swapped aggregation with
disulfide linkages and a zipper spine may play a role in §,m-related,
dialysis-related amyloidosis.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/nsmb/.

Accession codes. Protein Data Bank: Coordinates and structure
factors for domain-swapped [,m dimer and amyloidogenic segment
LSFSKD have been deposited with accession codes 3LOW and
3LOZ, respectively.

Note: Supplementary information is available on the Nature Structural & Molecular
Biology website.
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Cloning, expression and purification. Wild-type B,m was expressed in E. coli
and B,m monomer was purified from inclusion bodies via refolding as described
previously?8. For producing B,m dimer, 1 mM B-mercaptoethanol (BME) was
maintained in the dialysis buffer during refolding. After refolding, ,m was puri-
fied by using Superdex 200 (GE Healthcare) in 20 mM Tris-HCI, pH 8.0. The MW
of B,m oligomers was analyzed by analytical SEC using a Superdex 200 10/300
GL column (GE Healthcare).

Crystallization and data collection. Crystals of the 3,m dimer were grown by
vapor diffusion in hanging drops mixed from protein solution (10 mg ml~!) with
an equal amount of well solution. B,m dimer was crystallized at 18 °C under
the conditions of 0.1 mM MES, pH 6.2, 5% (w/v) PEG 3,000, 30% (w/v) PEG
200. Crystals were soaked in the cryoprotectant buffer containing the reservoir
solution plus 25.0% (v/v) glycerol, followed by flash freezing. X-ray diffraction
data were collected at 100 K at beamline 24-ID-C, Advanced Photon Source
(APS), Argonne National Laboratory. Integration and scaling were done by using
DENZO and XSCALE?®. The peptide segment LSFSKD was synthesized (Celtek
Bioscience Peptides) and dissolved in water to 10 mg ml~!. After hanging-drop
vapor diffusion, thin needle-like crystals appeared in 0.1 M MMT buffer, pH 7.0,
25% (w/v) PEG 1,500. X-ray diffraction data were collected at 100 K at beamline
24-1D-E, APS. Statistics of data collection are listed in Table 2.

Structure determination. Wild-type monomeric 8,m (PDB ID code: 1LDS)
was used as a search model for molecular replacement with the program CNS*7.
Both rotation and translation searches gave convincing results. The model was
subjected to simulated annealing in CNS. We used Coot™® for model building and
refined the model using transport-layer security (TLS) parameters implemented
in REFMAC®. Coordinates were deposited with PDB ID code 3LOW.

For the segment LSFSKD, molecular replacement solutions were obtained
using the program Phaser®® with geometrically idealized B-strands as search
models. Crystallographic refinement was done with the program REFMAC.
Model building was done with Coot and illustrated with PyMOL (DeLano
Scientific). Coordinates were deposited with PDB ID code 3LOZ.

Formation of oligomers and fibrils. For the wild-type B,m protein, oligomeri-
zation and fibrillation were initiated upon incubation of 1 mg mI~! monomeric
or dimeric ,m protein in aggregation buffer containing 5 mM DTT, 20 mM
Tris-HCI, pH 8.0, at 37 °C without agitation. For SDS-PAGE analysis, DTT was
removed before loading. Systematic screens for amyloidogenic segments were
conducted by incubating 1, 5 and 10 mg ml~! synthetic peptides in water or
pH 2.0, 4.0, 7.0 buffers, with or without agitation at 37 °C.

Circular dichroism spectroscopy (CD). CD spectra were acquired using a
JASCO J-715 spectrometer equipped with a JASCO PTC-348 temperature con-
troller. Far-UV spectra (260-190 nm) were collected in 0.1-cm-path-length
quartz cells with 20 uM B,m in 20 mM Tris-HCI, pH 8.0. Near-UV spectra
(320-250 nm) were recorded in 10-mm-path-length cells with 50 uM ,m in

20 mM Tris-HCI, pH 8.0. All measurements were conducted at 23 °C. Raw data
were processed by smoothing and subtraction of blank, according to the manu-
facturer’s instructions.

Electron microscopy. Samples were spotted directly on freshly glow-discharged
carbon-coated electron microscopy grids. After 3 min of incubation, grids were
rinsed with distilled water and stained with 1% (w/v) uranyl formate solution.
All images were taken by a Philips CM 120 electron microscope at an accelerating
voltage of 120 kV. Images were recorded digitally and at least two independent
experiments were carried out for each sample.

Fibril X-ray diffraction. Wild-type B,m was incubated in aggregation buffer at
37 °C for 60 d. Segments LSFSKD and KDWSFY were each incubated in water,
with a final concentration of 5 mg ml~!, at 37 °C with agitation for 20 d. After
centrifuging, the pellets were rinsed with water, followed by resuspending in
5 ul of water, pipetting the suspension between two fire-polished glass rods and
drying for 2-3 d. The sample was cooled to 100 K, and diffraction images were
collected with 3 min exposures using a Rigaku FR-D X-ray generator equipped
with an ADSC-Quantum4 CCD detector.

MALDI-TOF mass spectrometry. 1°N-labeled monomeric 3,m was mixed with
native monomeric 3,m with a 1:1 molar ratio. Oligomer formation was accom-
plished by incubating the mixture in aggregation buffer at 37 °C for 3-30 d.
Oligomers were further purified by Superdex 200 to exclude §,m monomer and
DTT. Purified oligomer samples were digested by sequencing-grade modified
trypsin (Promega) with a molar ratio of 40:1 at 37 °C for 2.5 h.

MALDI-TOF mass spectra were acquired on a Voyager-DE STR
Biospectrometry Workstation equipped with a nitrogen laser. Measurements
were taken in the positive ion mode. Prior to MALDI MS analysis, samples were
mixed with 0.5 pl of 10 mg ml~! 2,5-dihydroxybenzoic acid (2,5-DHB) in water/
acetonitrile (70:30, v/v) on a stainless-steel target plate and allowed to dry in a
vacuum chamber. Data were collected in reflection mode using an accelerating
voltage of 25 kV and a delay time of 200 ns. The accumulated spectra shown were
obtained by 200-800 laser shots.
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