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A proposed structural model for amyloid fibril elongation: domain
swapping forms an interdigitating β-structure polymer
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We propose a model illustrating how proteins, which differ
in their overall sequences and structures, can form the
propagating, twisted β-sheet conformations, characteristic
of amyloids. Some cases of amyloid formation can be
explained through a ‘domain swapping’ event, where the
swapped segment is either a β-hairpin or an unstable
conformation which can partially unfold and assume a
β-hairpin structure. As in domain swapping, here the
swapped β-hairpin is at the edge of the structure, has few
(if any) salt bridges and hydrogen bonds connecting it to
the remainder of the structure and variable extents of
buried non-polar surface areas. Additionally, in both cases
the swapped piece constitutes a transient ‘building block’
of the structure, with a high population time. Whereas in
domain swapping the swapped fragment has been shown
to be an α-helix, loop, strand or an entire domain, but so
far not a β-hairpin, despite the large number of cases in
which it was already detected, here swapping may involve
such a structural motif. We show how the swapping of
β-hairpins would form an interdigitated, twisted β-sheet
conformation, explaining the remarkable high stability of
the protofibril in vitro. Such a swapping mechanism is
attractive as it involves a universal mechanism in proteins,
critical for their function, namely hinge-bending motions.
Our proposal is consistent with structural superpositioning
of mutational variants. While the overall r.m.s.d.s of the
wild-type and mutants are small, the proposed hinge-
bending region consistently shows larger deviations. These
larger deviations illustrate that this region is more prone
to respond to the mutational changes, regardless of their
location in the sequence or in the structure. Nevertheless,
above all, we stress that this proposition is hypothetical,
since it is based on assumptions lacking definitive experi-
mental support.
Keywords: amyloid/β-hairpin/β-turn/domain swapping/hinge
bending/misfolding/polymerization/structural motif

Introduction
The conversion of a native protein into a component in a
growing amyloid fiber is a fascinating problem. This problem
bears both on the understanding of protein folding and binding
and on practical disease-related issues. During the last few
years considerable work has been done, laying down the
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foundation of our understanding of amyloidogenic proteins
and amyloid formation (Sipe, 1992; Kelly and Lansbury, 1994;
Lansbury et al., 1995; Saraiva, 1995; Kelly, 1996; Fink, 1998).
Here we focus on the process initiating from a native, globular
protein with its end product being a non-bonded amyloid
polymer. A ‘non-bonded amyloid polymer’ is a polymer that
has units connected to each other through hydrogen bonds and
hydrophobic interactions, but not covalent linkages.

The tertiary structures of proteins undergoing such a poly-
merization differ from each other, yet their corresponding
amyloid polymers are structurally of a similar type and have
unique characteristics (Serpell et al., 1997; Sunde and Blake,
1998). To understand the conformational changes between the
native and the non-bonded polymer amyloid forms, we look
for a structural motif which recurs in native proteins known
to convert into non-bonded polymers. Such a motif, and the
mechanism in which it plays a critical role, should be consistent
with available experimental data and provide clues to how
native structures undergo a conformational change to form
amyloids and, in particular, to the stability and propagation of
the amyloid polymer.

Different fibrils formed from different molecules are still
composed of the same basic form and exhibit the same basic
features (summarized in Serpell et al., 1997 and references
therein): First, the fibrils are uniform, straight and unbranched;
second, the fibrils yield a characteristic X-ray diffraction
pattern, dominated by intense 4.7 Å meridional and weaker,
~10 Å equatorial reflections. This pattern is characteristic of
a cross-β structure. In such a structure, the β-sheets are
arranged in a way in which they run parallel to the axis of the
fibril. On the other hand, the β-strands forming the sheets are
perpendicular to the axis of the fibril. Third, amyloid fibrils
derived from different types of protein molecules are composed
of different numbers and arrangements of protofilaments, with
each protofilament consisting of such a cross-β geometry. For
example, the transthyretin fibril contains four protofilaments
(Serpell et al., 1995) while the immunoglobulin light chain
has five (Shirahama and Cohen, 1967). Fourth, in vitro the
amyloid fibrils are extremely stable. For example, for bovine
spongiform encephalopathy it has been shown that a temper-
ature of above 200°C is required for the destruction of the
amyloid polymer (Serpell et al., 1997). In the model for the
non-bonded polymers, the β-sheets are twisted, consistent with
the larger stability of such a conformation as compared with
flat sheets (Chothia, 1973). Twisted β-sheets form spontan-
eously from many oligopeptides (Chothia, 1973; Serpell et al.,
1997). This allows a continuous pattern of β-type hydrogen
bonds along the filbril, over great lengths (Serpell et al., 1997).
These authors have further pointed out that it is possible that
some amyloid polymers are composed of one pair of β-sheets,
whereas others are composed of two such pairs, as in the case
of the transthyretin protofilament. Hence the conformation of
the amyloid polymers is uniform and extremely stable. It is
composed of one or more pairs of twisted β-sheet structures.



N.Sinha, C.-J.Tsai and R.Nussinov

It provides for fast propagation and growth, once a seed amyloid
is present. This suggests ‘sticky’ ends in the protofibrils.

The motif and amyloid polymerization

There are several considerations when selecting a motif. (i)
The motif is likely to be a ‘building block’ of the protein
structure (Tsai et al., 1998, 1999a,b). While its conformation
in solution is likely to have the largest population time, this
is not necessarily the case. (ii) The motif is a β-hairpin or an
unstable conformation which partially unfolds and may adopt
a β-structure. (iii) The motif should be able to flip easily.
Hence it probably lies at the edge of the structure and preferably
at one of the termini of the sequence, with no strong interactions
with its adjacent structure in 3D space. (iv) The polymerization
involves domain swapping of β-hairpin or of β-structure
building blocks. The exceptionally high stability of the non-
bonded polymer and the fast rate of its growth at high
concentrations under certain conditions in vitro indicate that
the structure is likely to have sticky, interdigitated staggered
ends. Since the protofibril is composed of twisted β-sheets,
whose propagation is parallel to the protofibril axis, with the
β-strands perpendicular to it, there are two ways we may
envision that growth and extension can take place. The first is
where the β-sheet(s) of the monomer are added in such a way
as to result in a ‘smooth’, ends-on propagation. In this case,
the next incoming monomer would be added, to hydrogen
bond with the last, edge strand(s). This last exposed β-strand
would constitute a ‘sticky’ end, necessary for the very long
fibril formation. Alternatively, a second way is through ‘jagged’
ends. Jagged ends may be produced via domain swapping
(Bennett et al., 1994, 1995) or here ‘building block’ motif
swapping between consecutive monomers in the protofibril.
Domain swapping of a β-hairpin motif overcomes to some
extent the lesser stability incurred by a lack of a covalent
bond, present in ‘regular’ polymers. The loop(s) connecting
the building block motif to the remainder of the structure
would serve as the swapping hinge(s).

Although to date only a relatively small number of proteins
are known to form amyloids in vivo, under appropriate (high
denaturant concentration or low pH) conditions, many (e.g.
Guijarro et al., 1998; Litvinovich et al., 1998; Chiti et al.,
1999), perhaps most proteins can convert into this stable form
in vitro. This indicates that the presence of any given motif is
not an absolute necessity for such a polymerization. Even in
in vivo amyloidogenic proteins, the motif is not a prerequisite
for amyloid formation. An unstable protein or region may
partially unfold and assume such a β-conformation. Since the
bound form is remarkably stable, the equilibrium will shift in
its direction, further driving the reaction.

The hypothetical model proposed here is for the elongation
of the amyloid, rather than for its initiation. A schematic
drawing illustrating one way in which such a mechanism may
potentially be realized is given in Figure 1. We stress however,
that the model is hypothetical, with currently no definitive
experimental support for its existence.

Amyloids may be polymorphic. Inouye et al. (1998) have
obtained data pointing to alternative conformations to those
proposed by Serpell et al. (1997) and by Sunde and Blake
(1998). Furthermore, studies show that synthetic peptides of an
amyloidogenic protein form different polymorphic assemblies,
from plates, ribbons to fibrils depending on solvent conditions
(Kirschner et al., 1998).
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Fig. 1. A model for amyloid formation. Starting with a monomer of an
amyloidogenic protein (a) (in this case transthyretin), a β-hairpin, consisting
of strands G and H, is the potential motif. The motif flips out from the rest
of the structure (b), to swap with a sister motif from a sister molecule,
which is at the edge of the fibril. A twisted β-hairpin (b) interdigitates in a
growing amyloid fibril. This results in an extension of the fibril (c), to
produce a progressively larger polymer. Such a swapping culminates in a
polymer in which there are no covalent linkages. The molecules are
attached to each other via hydrogen bonds and hydrophobic interactions.
2–4 such sheets may coil around the fiber axis, to form a protofilament. The
α-helices are shown in red. β-Strands are shown in yellowish green. This
model represents only one hypothetical way in which swapping can take
place. Alternative arrangements of the molecules are possible. For example,
it is possible that only part of protein (a β-hairpin motif) would participate
in swapping and interdigitation. Alternatively, in cases such as transthyretin
and immunoglobulin an alternative motif may also flip out and swap. This
will generate 3–4 sheets, which may coil around an axis and form a
protofilament. In the absence of accurate enough measurements to position
the remainder of the molecule, it is not possible to distinguish between
these.

The domain swapping mechanism: similarities and dif-
ferences

Eisenberg and his colleagues (Bennett et al., 1994, 1995) have
proposed a mechanism for protein oligomerization, the 3D
domain swapping. In a domain swapping oligomer, one seg-
ment of a monomeric protein is replaced by the same segment
from another chain. If the swapping involves consecutively
arranged monomers on a filament, a chain reaction-like event
occurs, propagating the non-covalently bonded polymer. In
both cases, there is a conformational transition involving
swinging out of a structural piece on a hinge-like region. This
suggests that the swinging or swapping part should preferably
reside on a separate building block than the remainder of the
structure to which it is sequentially attached and should
preferentially be at the edge of the structure and at one of the
sequence termini. Additionally, the structure would be more
compact if the two, swapped and non-swapped parts are
separated from each other (Xu et al., 1998). As we show below,
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inspection of known cases of domain swapping illustrates that
these criteria hold.

The largest and most critical difference between domain
swapping and non-bonded polymerization during amyloid
formation is that whereas domain swapping may be reversible,
the polymerization is an essentially irreversible process
(Lomakin et al., 1996). The origin of the difference in stability
may be in the conformations of the swapped parts: whereas
in the ‘classical’ domain swapping event the swapped domain
is a helix, loop, a single β-strand or an entire domain, in
polymerization the swapped part is a β-hairpin structure. In
cases such as in the prion, the potential swapping domain may
be a conformationally unstable structure, which may partially
unfold and undergo a conversion to β [summarized in Dobson
and Karplus (1999) and references therein]. Litvinovitch et al.
(1998) have recently shown how a hypothetical mechanism
for fibronectin type III β-sandwich can partially unfold and
self-associate to form fibrils via a β-strand swapping. However,
even if a β-structure exists, if it is unstable, as in the case of
lysozyme, it may unfold (B.Ma and R.Nussinov, unpublished
work), with subsequent formation of an altered β-conformation.
Such unfolding has recently been observed in molecular
dynamic simulations.

Methods

Cutting into building blocks
The coordinates of the structures were retrieved from the
Protein Data Bank (PDB) (Bernstein et al., 1977). A building
block is considered to be a contiguous fragment with substantial
interactions between its residues. The building blocks were
assigned as described in Tsai et al. (1999a). For every candidate
fragment of the protein, the relative buried accessible surface
area (ASA) was calculated. The fragment was considered as
a building block when the obtained relative buried ASA value
was larger than a threshold (of 0.135 Å2). The relative buried
ASA is the ASA of the first half-fragment buried by the second
half of the fragment plus the ASA of the second half of the
fragment which is buried by the first half-fragment divided by
the total ASA of the fragment. Details for the cutting procedure
are given in Tsai et al. (2000).

Salt bridges and hydrogen bonds
The presence of salt bridges was inferred when Asp and Glu
side-chain carbonyl oxygen atoms were found to be within a
4.0 Å distance from the nitrogen atoms of Arg, Lys or His
side-chains. When for the same pair of residues there were
more than one pair of nitrogen–oxygen atoms present within
4.0 Å, the salt bridge was counted only once. The presence of
a hydrogen bond was inferred when two non-hydrogen atoms
with opposite partial charges were found to be within a distance
of 3.5 Å. Details are described in Kumar and Nussinov (1999).

Non-polar buried surface area
The non-polar buried surface area was calculated as described
by Tsai and Nussinov (1997a). The buried non-polar surface
area was calculated as a fraction of the buried non-polar area
out of the total non-polar area. To calculate the area buried
within the motif and between the motif and the rest of the
protein, the fragment comprising the motif was scrutinized for
the proportion of its buried surface area, both by itself and by
the rest of the protein. If a residue in the motif is buried to
the same extent both by a residue within the motif and by a
residue in the remainder of the protein, the calculated buried
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Table I. A listing of the sequences, the sizes and the locations of the
β-hairpin motifs in the native structures of proteins known to undergo a
conformational conversion into non-bonded amyloid polymers

The residues belonging to the β-strands are shown in bold. The sequences
of the coils connecting the motif to the rest of the protein are underlined.
The last column specifies the number of residues connecting the motif to its
previous (sequence-wise) secondary structure element (on the amino side of
the turn) and the following one (on the carboxy side of the turn). Thus,
these specify the lengths of the coils on either side. If the motif is at the
terminus of the sequence it is marked as such.
aSize of the motif (No. of residues).

surface area for that motif–residue is added to both categories.
That is, it is included in the area buried within the motif and
in the area buried by the rest of the protein. Thus, in our
results the total non-polar buried surface area of the motif is
smaller than the sum of the area buried by the motif and the
area buried by the rest of the protein.

Root mean square deviations (r.m.s.d.s)
The residue by residue deviations of corresponding Cα pairs
were inspected by superimposing the mutants on their respect-
ive wild-types.

Identification of the motif
The amyloidogenic proteins were first inspected for the pres-
ence of a β-hairpin, which is connected to the remainder of
the protein via a coil. The potential motifs were then character-
ized based upon the building block assignments, buried non-
polar surface area and the number of hydrogen bonds and salt
bridges present within the motif and between the motif and
the rest of the protein.

Results
The amyloidogenic cases
Table I enumerates the cases and lists the sequences and the
positions of the motifs in each of the cases (Table II enumerates
domain-swapped cases). Table I gives the secondary structure
assignments and the lengths of the structural elements at these
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sites. Figure 2(a)–(i) provide illustrations for all the cases. The
figures show the assignment of the ‘building blocks’ of the
structure. Each building block is depicted in a different color.
The most likely motif is in red. The regions which have been
left ‘unassigned’ into a specific building block, are in white.
A fragment is left ‘unassigned’ if by itself it is an extremely
unstable building block and its score does not pass the
threshold, qualifying it as a building block. Its addition to a
sequentially connected building block does not increase the
stability of the already identified building block (Tsai et al.,
1999a).

We have also calculated the number of salt bridges and the
hydrogen bonds within the motif, between the motif and the
remainder of the structure and the total number of these in the
entire structure for each of the cases. These may provide an
indication of the likelihood of the motifs to swap. In addition,
we have computed the non-polar buried surface areas within
and between the motif and the rest of the structure. In all
examples, the structures correspond to the native conforma-
tions. The results are presented in Table III. We have also
carried out these calculations for the other building blocks in
the structures. These are given in the legend of Table III.

Inspection of the results reveals that the motifs picked up
are reasonable candidates to flip: Table I illustrates that in

Fig. 2. The building block assignments of the native structures of proteins known to form non-bonded amyloids. In the cases of immunoglobulin (1bre),
serum amyloid P component (1sac) and transthyretin (1bmz) there is more than one potential candidate motif which may undergo swapping to yield amyloids.
For each case, we list the more likely one and its alternatives where applicable, according to the criteria listed in the text. (a) The red building block of
cystatin C (1a67) is the motif; The coil and an α-helix at the NH2 terminus fall into an unassigned region. The yellow building block contains a three-β-
stranded (strands A, B and C) structure, with an unassigned coil connecting it to the red building block, composed of a β-hairpin (strands D and E) at the
carboxy terminus. Table I illustrates that the red building block is separated from the rest of the protein by a 26-residue-long coil. The red β-hairpin may flip
and domain swap to interdigitate and interact with the previous monomer in the protofibril polymer. (b) The 71-residue amyloidogenic fragment (Ratnaswamy
et al., 1999) of gelsolin (1d0n) was analyzed. The red building block is the motif; a large portion of this structure is left unassigned. The short, unassigned α-
helix at the NH2 terminus connects into the two anti-parallel β-strand (strands A and B) red building block. A coil connect the red building block to the next,
yellow, building block, consisting of an α-helix and a β-strand (strand C). As shown in Table I, the red building block is separated from the rest of the
protein by a four-residue-long coil at its N-terminus and a four-residue-long coil at its C-terminus. (c) The red building block of immunoglobulin (1bre) is the
motif and the purple and blue building blocks are alternative motifs; the purple building block (strands A, B and C) leads to the magenta building block
(strands D and E), followed by an unassigned long coil connecting the magenta building block to the blue building block (strands F and G). The blue
building block connects to the red building block (strands H and I). The red building block is the candidate motif to swap. Although the purple building block
is at the N-terminus and at the edge of the protein structure, as seen from the figure it is not a β-hairpin motif. It consists of two strands on one side of the
turn and one strand on the other side of the turn. The candidate motif, the red building block, is separated from the rest of the protein by one residue at its
NH2-terminus and is at the COOH-terminus. (d) The red building block of serum amyloid P component (1sac) is the motif. The yellow and the blue building
blocks are alternative motifs. There is no direct evidence that SAP forms amyloids. There are data indicating that it binds to amyloid fibrils and is universally
present in amyloid deposits (Emsley et al., 1994; Gewurz et al., 1995). It is also known to be resistant to proteinases. This binding to different forms of
amyloids may indicate that the binding mechanism of this protein is also similar to the general mechanism of amyloid propagation proposed here. Part of the
protein is left unassigned. The motif is separated from the rest of the protein by a six-residue coil at its NH2 and one residue at the COOH termini. SAP is
not needed for amyloid formation. In vivo it may, however, be a part of the fiber. (e) The red building block of transthyretin (1bmz) is the motif. The blue
and yellow building blocks are alternative motifs. The N-terminal unassigned strand A connects to the blue building block (strands B and C), leading to the
yellow building block (strands E and F) via a long coil. The coil contains the three-residue flexible strand D (not shown in the picture). The yellow building
block leads to the red building block (strands G and H), at the C-terminus of the protein. The red building block is separated from the rest of the protein by a
six-residue coil. (f) The red building block of β2-microglobulin (1bmg) is the motif. The structure consists of the NH2-terminal red building block (strands A
and B) and a green building block (strands C, D, E and F), that leads to an unassigned strand and to the C-terminus. The red building block is at the terminus
of the protein and has a higher potential to flip than the green β-hairpin. The motif is separated from the rest of the protein by a six-residue coil. (g) The red
building block of lysozyme (1lz1) is the motif. Most of the protein is unassigned into building blocks, indicating its high flexibility/instability. The N-terminus
unassigned β-strand and α-helix connects to the green building block. The green building block leads to the red building block via an unassigned coil and a
β-strand. The red building block connects to the long, flexible blue coil via an unassigned β-strand. The blue coil leads to the C-terminus via three α-helices.
There is experimental evidence suggesting that the motif swings away from the rest of the protein (Sunde and Blake, 1998), consistent with our proposal. The
motif is separated from the rest of the protein by one residue at its NH2-terminus and three residues at its COOH-terminus. (h) The red building block of
α1-antitrypsin (1psi) is the motif. A large portion is left unassigned, suggesting that it is likely to be conformationally unstable. The motif is separated from
the rest of the protein by a three-residue-long coil. (i) The red building block of prion (1ag2) is the motif. Experimental evidence suggests that the amyloid
form of the prion has a larger extent of β-content than the native structure. Since the red building block is a candidate motif to flip using our structural
criteria, it is not inconceivable that the coil and part of the helix may undergo a conformational change to form β-strands. Under such circumstances, the
amyloid form may assume a characteristic β-hairpin motif conformation similar to other cases. The motif is separated from the rest of the protein by a 14-
residue coil. Here we analyze the NMR structure (residues 121–231). The flexible N-terminal part of the prion is therefore not included. We have also looked
at cystic fibrosis transmembrane conductance regulator (CFTR) (PBD code: 1nbd). Here we provide a description of the structure and a likely motif,
consistent with the stipulated requirements. However, since the PDB structure is a theoretical model, rather than an experimentally determined structure, we
cannot present the assignment results. The β-hairpin motif just before the C-terminal α-helix appears a reasonable candidate motif. This motif is separated
from the rest of the protein by a 12-residue coil at the NH2-terminus and six residues at its COOH-terminus of the motif. In all cases, in parentheses are the
PDB codes (Bernstein et al., 1977). The assignment algorithm is described in Tsai et al. (1999a).
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most cases, the sequences of these (noted in bold letters)
constitute fairly good β-strands. They are at least four residues
long and contain a high fraction of aromatic or of hydrophobic–
aliphatic residues. In five out of the nine cases (in cystatin
C, immunoglobulin, transthyretin, β2-microglobulin and α1-
antitrypsin), the motif is at the termini of the sequence. That
is also the case for the fragment of the prion whose NMR
structure has been determined. In particular, in all cases the
motif is at the edge of the structure [Figures 2(a)–(i)] and
hence highly exposed. The number of salt bridges within the
motifs, between the motifs and the remainder of the structure
and the total number of these (Table III) illustrates that there
are very few salt bridges at the interface, connecting the motifs
to the remainder of the structure. A similar picture is observed
for the hydrogen bonds. Inspection of the non-polar buried
surface areas within the motifs and between the motifs and
the remainder of the structures illustrates that while the non-
polar buried surface area between the motif and the remainder
of the structure can be fairly large in absolute terms, for seven
out of nine cases it is lower than the non-polar buried surface
area within the motif itself, suggesting that the motif is likely
to swap as a single unit. Nevertheless, alternative, unstable
regions, whether β-structures or others, may partially unfold
and assume a different β-conformation. A recent molecular
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Fig. 3. The deviations between the wild-type and the mutational variants which undergo polymerization. (a) Superposition of wild-type (1lz1) and
amyloidogenic variant (1lyy) of lysozyme. The arrow points to the region where the motif swings away in the amyloidogenic variant. The figure was
generated using the Geometric Hashing algorithm (Nussinov and Wolfson, 1991; Bachar et al., 1993), which considers protein structure as a collection of
points, Cαs in this case, and compares the two structures in a sequence-independent manner. (b)–(d) Arrows point to the region which connects the motif to
the rest of the protein and where the residues have the first or second largest deviations: (b) lysozyme; (c) transthyretin and (d) α1-antitrypsin.

dynamic simulation has illustrated that the amino terminus
unassigned region of cystatin C, including the helix and the
first strand, is an excellent candidate to (partially) unfold
(B.Ma and R.Nussinov, unpublished results).

Naturally occuring variants of cystatin C, gelsolin, immuno-
globulin, transthyretin, lysozyme, prion and α1-antitrypsin are
known. In most of the cases the wild-type itself may form
polymeric amyloids, with the variants being more prone to
undergo such a conformational conversion than their wild-
type counterparts, as in transthyretin. On the other hand, for
some of these proteins only the variants, most of the time with
single mutations, polymerize and the wild-type does not, as in
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the cases of lysozyme and gelsolin. In α1-antitrypsin both the
wild-type and the mutant form fibrils with similar efficiencies.
We have inspected the residue by residue r.m.s.d.s of corres-
ponding Cα pairs of the mutational variants versus their
respective native wild-type folds, where crystal structures are
available. Although the results of structural superpositioning
of the wild-type and the variant proteins show that overall the
structures are similar, there are remarkable observations which
are consistent with our model and the candidate motif swapping.
The results are shown in Table IV. Superimposing the native
(wild) type and the amyloidogenic variant of lysozyme [Figure
3(a)] shows that the red motif which is present in the
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Fig. 4. The deviations between the wild-type and mutational variants of
domain-swapping cases. Arrows point to the region which connects the
swapping domain to the rest of the protein and where the residues have
the first or second largest deviations. Chain A of the dimers/trimers is
shown instead of the monomers for the sake of clarity. (a) Barnase;
(b) staphylococcal nuclease; (c) BP RNase A.

wild-type swings away from the rest of the protein in the
amyloidogenic variant, consistent with the potential of the red
building block to flip. The r.m.s.d. measurements reflect the
visual observation [Figure 3(b)]. In the case of transthyretin
we have inspected nine variants whose crystal structures are
available (Table IV). Consistently, in eight of these, the first
or the second largest Cα pair deviations are in the coil which
connects the red building block motif to the rest of the protein
[Figure 3(c)]. In the remaining mutant the largest deviation is
in the coil which connects the yellow building block to the
rest of the structure. The yellow building block in transthyretin
ranks second as a potential candidate motif according to our
criteria. In variants of α1-antitrypsin, the largest deviations are
in the long coil region which connects the red C-terminus
β-hairpin building block, the potential motif to flip by our
criteria, to the rest of the protein via a small β-strand [Figure
3(d)]. These results clearly show that the higher deviations
between the variants and the native structures are in the coil
which connects the motif to the rest of the protein.
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Hence a potential swapped domain in an amyloidogenic
protein is a fragment of the structure which has been assigned
as a building block, is frequently, although not always, a
β-hairpin, has few salt bridges and hydrogen bonds at its
interface, is often at the terminus of the sequence and is largely
exposed to the solvent. It is identified through the assignments
of the building blocks and the electrostatic parameters. If
mutant structures are available, a larger deviation is likely to
be observed at the proposed hinge site. Analysis of the
crystallographic B factors illustrates no correlation between
the positions of the largest deviations and the largest
B factor values.

Comparisons with domain-swapped cases

We have inspected the monomers and the dimers of six domain
swapped cases. The cases are enumerated in Table II. The
sizes of the swapped domains, with the exception of diphtheria
toxin (158 residues), are similar to the motifs in Table I,
ranging between 13 and 31 residues. The corresponding results
of the calculations of the salt bridges, hydrogen bonds and
buried non-polar surface areas within the swapped parts and
between the swapping segments and the remainder of the
structures are given below. The calculations are carried out
for the native, unswapped monomers, so that a comparison
can be made between the swapping domains in domain
swapped cases and the motifs in our set of proteins undergoing
polymerization. Three cases, interleukin-10, odorant binding
protein and the Eps-SH3 dimer, are ‘quasi-domain swapped’
cases (Schlunegger et al., 1997). These do not exist as
monomers. In our definition, we would consider them two-
state folding/binding cases (Tsai et al., 1997b, 1998). The
crystal structures of the monomers of BS-RNase and α-spectrin
are not available. Hence, we have included these and the
‘quasi-domain swapped’ cases in the listing in Table II.
However, we were unable to calculate the respective monomer
values of the salt bridges, hydrogen bonds and non-polar
buried surface areas.

Several points should be highlighted here. First, the swapped
region is consistently at the N-terminus or at the C-terminus
of the protein. Second, there is a relatively long, flexible coil
connecting the motif to the remainder of the structure, allowing
it to flip. Third, in none of these cases is the swapped part a
β-hairpin motif. Instead, it is an α-helix, a strand or an entire
domain. In this regard, cystatin C is of particular interest.
There is experimental evidence that cystatin C forms an SDS-
resistant dimer (Wei et al., 1998). This may suggest a domain-
swapped dimer. In the dimer, the interdigitation due to the
swapping may render the dimer SDS resistant. Fourth, the
number of salt bridges and of hydrogen bonds connecting the
swapped domain to the remainder of the structure is small. A
larger number is frequently observed within the swapped
domain (Table III). Fifth, the buried non-polar surface area
within the swapped domain is usually (with the exception of
CksHs and interleukin-5) larger than that observed between
the motif and the remainder of the structure. In particular,
sixth, the absolute value of the buried non-polar surface area
between the motif and the remainder of the structure is variable
and can be large (Table III). This, however, does not prevent
the domain-swapping event from taking place.

We have also inspected the residue by residue r.m.s.d.s of
corresponding Cα pairs from the native and respective mutants
where structures are available. The results are listed in Table
V and depicted in Figure 4. In the barnase mutants the first
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Fig. 5. Two examples of continuation of β-sheets across the interfaces between independently folding hydrophobic units (HFUs). (a) Carboxypeptidase (1ac5);
(b) oxidoreductase (1dyr).

Table II. A listing of the sequences, the sizes and the locations of the
structural components undergoing domain swapping

β-Strands are shown in bold. α-Helices are shown in italics. The sequences
of the coils connecting the swapping domain to the rest of the protein are
underlined. The last column specifies the location and the length of the coils
connecting the domain to the remainder of the structure.
aSize of the swapping domain (No. of residues).
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or second largest deviations are in the coil which connects the
swapping domain to the rest of the protein [Figure 4(a)].
Similarly, in staphylococcal nuclease the second largest devi-
ations are found in the coil which connects the swapping
domain to the rest of the protein [Figure 4(b)]. As shown in
Table V, higher deviations are also found in a long coil
connecting the α-helix to the β-strand. Long flexible coils
usually show larger deviations. Still, this latter coil is in the
middle of the structure. Thus, a flipping event of the region
connected to this long coil is considerably more difficult. In
the BP-RNase A mutants, the first or second largest deviations
again lie in the coil which connects the swapping domain to
the rest of the protein [Figure 4(c)]. These results are consistent
with those of the candidate motifs in proteins known to
undergo non-bonded polymerization (Table IV). There, too,
the deviations of the mutational variants are higher in the coils
connecting the motifs to the remainder of the structure.

Discussion and conclusions
Inspection of the native structures of amyloidogenic proteins
shows them to be variable. Yet, on the other hand, X-ray
fiber diffraction analysis of the polymers indicates similar,
characteristic structures common to all, including β-sheets
arranged on an axis running parallel to the protofibril and a
variable distance between two pairs of β-sheets across the
protofibril axis. Additionally, all non-bonded amyloid polymers
are known to be remarkably stable. In approaching the problem,
we adhered to the basic notion that mechanisms in nature are
general, except that in some cases the results are more extreme
than in others.

Conformational low-energy transitions involving hinge-
based motions are frequently observed in proteins. In native
proteins they are critically important for binding, catalysis and
motility. Hinge-bending motions can involve movements of
fragments or of larger domains. In general, the binding interface
between these and the rest of the protein does not involve
tight packing (Gerstein et al., 1994). A more extreme case of
hinge-bending motions is illustrated in domain swapping. A
revealing example is bovine seminal ribonuclease, where
domain swapping may take place after hours or days (Piccoli
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Table III. A comparison of the number of salt bridges (SB), hydrogen
bonds (HB) and non-polar buried surface area (NPBSA) within the motifs
and at their interfaces, and between the β-hairpin motif in the
amyloidogenic proteins (left part) and in the swapping domain proteins
(right part) and the remainder of the protein

MC are the main chain–main chain hydrogen bonds, MS are the main
chain–side chain hydrogen bonds and SC are the side chain–side chain
hydrogen bonds. For the salt bridges and hydrogen bonds the values
calculated are for the total protein, the number within the motif and the
number at the interface bewteen the motif and the rest of the structure. For
the non-polar buried surface area, the values are given in Å2 for the area
buried within the motif and at the interface between the motif and the
remainder of the structure. The native structures are used. For comparison,
below we list the values obtained for alternative building blocks in the cases
of immunoglobulin (1bre), serum amyloid P component (1sac) and
transthyretin (1bmz). The colors are as shown in Figure 2. The building
blocks are enumerated in their sequential order. In immunoglobulin (Figure
2c), the purple building building does not contain any salt bridges within it
and has one salt bridge between it and the rest of the structure. It has eight
hydrogen bonds (HB) within it and seven between it and the rest of the
structure. The blue block has one salt bridge within and one connecting it to
the rest of the structure and two HB within and none in between. In serum
amyloid P component (Figure 2d), the yellow block has one salt bridge
within it and none between it and the rest of the structure and five HB
within and two in between. The blue building block has one salt bridge
within it and none between it and the rest of the structure and eight HB
within and 13 in between. In transthyretin (Figure 2e), the blue building
block has one salt bridge within it and two salt bridges connecting it to the
rest of the structure and two HB within and four in between. The yellow
block has three salt bridges within it and no connecting ones. It has 14 HB
within and two in-between. With regard to the non-polar buried surface
area, in immunoglobulin the purple building block buries 1401 Å2 within it
and 1549 Å2 between it and the rest of the structure; the blue building
block buries 553 Å2 within and 1106 Å2 in between. In serum amyloid P
component, the yellow block buries 410 Å2 within and 1343 Å2 in between;
the blue block buries 1584 Å2 within and 1780 Å2 in between. In
transthyretin the blue building block buries 970 Å2 within and 1740 Å2 in
between; the yellow block buries 2749 Å2 within and 1582 Å2 in between.
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Table IV. A listing of the largest and second largest deviations obtained
when superimposing the mutants on their native wild-type structures for
amyloidogenic proteins

The deviations are measured for each corresponding Cα pair. The r.m.s.d.s
are listed for each of the variants against their corresponding wild-types.
Superscripts show the position of the respective residue in the protein
structure.
Res. pos.1 indicates residue position corresponding to the largest deviation
and Res. pos.2 indicates residue position corresponding to the second largest
deviation.
aCoil in the yellow β-hairpin.
bCoil connecting the blue β-hairpin to the yellow β-hairpin.
cFirst strand of the blue β-hairpin motif.
dCoil connecting the motif to the rest of the protein.
eN-Terminal coil.
fBlue coil connecting the motif to the rest of the protein.
gCoil in the red motif.
hCoil in unassigned region.
iCoil connecting the motif to the rest of the protein via a flexible β-strand.

et al., 1992; D’Alessio, 1995). The rate of the swapping event
reflects the population time of the conformation of the monomer
in the swapped form.

Inspection of the non-polar buried surface area both in
amyloidogenic proteins and in documented domain-swapping
cases, shows that it is variable and can be fairly large.
Moreover, the analysis presented here illustrates that the
number of salt bridges and hydrogen bonds in both amyloido-
genic and domain-swapping cases is limited. Consistent with
the results obtained here, in an extensive analysis of hinge-
bending transitions of known cases, we have observed that
while the non-polar buried surface area between the hinging
domains can be large, the number of salt bridges and
hydrogen bonds is small (N.Sinha, S.Kumar and R.Nussinov,
unpublished work).

The X-ray fiber diffraction pattern of the filaments shows
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Table V. A listing of the largest and second largest deviations obtained
when superimposing the mutants on their native wild-type structures for
domain-swapping proteins

The deviations are measured for each corresponding Cα pair. The r.m.s.d.s
are listed for each of the variants against their corresponding wild-types.
Superscripts show the position of the respective residue in the protein
structure.
Res. pos.1 indicates residue position corresponding to the largest deviation
and Res. pos.2 indicates residue position corresponding to the second largest
deviation.
Other footnotes continue on from those in Table IV:
jCoil connecting the swapping domain to the rest of the protein via a
β-strand.
kCoil connecting the swapping domain to the rest of the protein.
lCoil between the β-sheet and the first α-helix.
mCoil connecting the swapping domain to the rest of the protein.
nCoil in the N-terminal β-hairpin.
°Coil connecting the swapping domain to the rest of the protein via an
α-helix.
pCoil connecting the swapping domain to the rest of the protein.
qCoil in the β-hairpin.

that they consist of continuous, twisted β-sheets, arranged
along the protofibril axis. While it is well known that
β-structures are particularly stable, a continuation of β-sheets
across the intermolecular interface is unlikely to produce a
filament with such an exceptionally high stability. Inspection
of protein crystal or NMR structures reveals that twisted
β-sheets are frequently continued between independently fold-
ing hydrophobic units, across their interface. Such a continua-
tion is observed between domains and between subunits of an
oligomer. Figure 5 illustrates two examples, depicting such a
twisted β-sheet propagation, between hydrophobic folding
units. Yet, despite the extended propagating β-sheets, in all of
these cases, motions are observed between these structural
components, with melting temperatures within the generally
observed ranges, i.e. well below 100°C. On the other hand,
an interdigitation of β-hairpins between domains or subunits,
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locking them together, has not been observed to date in
globular, functional, native proteins. Proteins are well known
to be only marginally stable. This is essential for their function.
Interdigitated, interlocked β-sheets, across domains or subunits,
are likely to be conformationally too stable, hindering the
motion which is necessary for activity. Hence, there is a
selection in nature against such conformations.

Motifs in the interfaces of domains or of hydrophobic
folding units, even if otherwise they fulfil the requirements,
are still unlikely to swap. An example is the β-hairpin motif
in CD4. Here, despite its location at the N-terminus of the
sequence, CD4 does not appear to be a candidate for forming
a polymeric fibril. Consistently, drugs stabilizing the tetrameric
structure of transthyretin prevent polymerization (Peterson
et al., 1998). However, while in domain swapping the flipped
and swapped domain appears to be practically uniquely at one
of the sequence termini, this is not always the case for the
swapping of the motif in amyloid formation. In cases where
the motif is not at the sequence terminus, we can imagine that
a Greek-key like flipping and twisting of the β-hairpin might
conceivably take place. This has been suggested to take place
within monomeric chains. It is possible that as additional cases
of domain swapping are discovered, swapped domains will
also be observed not only at a sequence terminus.

Two steps are involved in the polymerization. The first is
the conformational change of the native monomer; the second
is the binding of the ‘open’, flipped, monomer to the growing
interdigitating polymer. If the barriers for the interconversion
step are low, the rate-limiting step might be expected to be
the binding, via a diffusion–collision process (Karplus and
Weaver, 1976). If the barriers are high, the conformational
interconversion may be the rate-limiting step. In the case of
the polymerization, the rate of the reaction is very slow. This
again is reminiscent of domain swapping (e.g. bovine seminal
ribonuclease; Piccoli et al., 1992; D’Alessio, 1995). However,
once a seed is introduced, if the concentration is high, the
reaction proceeds at a much faster rate (Lomakin et al., 1996;
Dobson and Karplus, 1999). Hence here the rate-limiting step
involves the formation of a seed polymer. This is similar to
the case of supercool water. The water would stay in the liquid
state until an ice seed is introduced into it (Tsai et al., 1999b).

Although here we have focused largely on cases in which
the β-hairpins are already present in the native forms, this
condition does not always hold. A potential example is the
case of the prion. Furthermore, it has been shown that
depending on the conditions, most proteins can form amyloids,
illustrating dynamic landscapes. Even if the β-structure exists,
if it is unstable, it may unfold and reform in an alternative
way. Additionally, even if a stable β-structure exists it is not
necessarily the case that it swaps to form amyloids. Alternative,
unstable building blocks may partially unfold, with subsequent
participation in swapping. In particular, it is important to note
that while here we have largely kept the monomeric structure
intact, this is unlikely to hold universally. There is substantial
evidence that partially folded conformations are critical inter-
mediates on the pathway to fibril formation.

The validity of our model is further supported by analysis
of mutations. The r.m.s.d.s between the native and the mutants
are always small (Tables IV and V), as may be expected
between such close mutational variants. Nevertheless, when
analyzed with respect to specific positions, namely, with respect
to matching Cα pairs between the two (native and mutant)
proteins, the positions showing the largest deviations (ranking
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between first and third) are consistently in the coil regions
connecting the motifs to the rest of the structures [Table IV,
Figure 3(a)–(d)]. Consistently, the deviations obtained for
domain swapping cases are also the largest in the coils
connecting the swapping domain to the remainder of the
protein [Table V, Figure 4(a)–(c)]. This is despite the fact that
the actual location of the mutations varies, suggesting that the
regions which are most prone to respond to the sequence
alterations are at the proposed hinge region. This may also
suggest that these regions are inherently susceptible to the
changes in physiological conditions, such as pH changes,
which lead to amyloid fiber formation in some wild-type
proteins, as in transthyretin. This is also consistent with a
large-scale mutational analysis (Sinha and Nussinov, 2001).

Polymerization takes place since the free energy of the
bound, polymerized form is lower than that of the unbound,
native form of the protein. Here we address the problem of
how the barrier from the unbound to the polymerized form is
lowered. If, however, polymerized protofilaments are not
formed, despite partially denaturing conditions, as in the case
of the WW domain (Koepf et al., 1999), we may infer that
the free energy of the bound, amyloid form is higher than that
of the native form. Koepf et al. (1999) suggest that the reason
may reside in its strong hydrophobic core. Alternatively, it
may suggest that in the polymerized form there are unfavorable
interactions, such as exposure of the large aromatic residues
to water or steric hindrance either in the formation of the
protofilaments or in their assembly to the fibrillar structure.

What are the conditions for a β-hairpin to be able to swap?
First, the β-hairpin motif should preferably be at the edge of
the structure, rather than buried within it. Second, it should
not have salt bridges or too many hydrogen bonds, connecting
it to the remainder of the structure. While a smaller extent of
buried surface area would lower the barrier for the swapping,
swapping would eventually take place with a more extensive
buried surface area, as long as the polymerized form is more
stable than the native conformation. This is evident from
domain swapped cases. Third, it should preferably be at the
amino or carboxy termini, resulting in a single hinge. In this
regard, it is revealing to inspect concanavalin A (PDB: 1jbc).
Although the structure of concanavalin A is very similar to
that of serum amyloid P component (SAP), it does not bind
to non-bonded polymeric amyloid fibrils, like SAP. Assigning
concanavalin A into its constituent building blocks and compar-
ing it to serum amyloid P component (Figure 2) we notice
two interesting points. First, the NH2- and COOH-termini of
concanavalin A are in the middle of a β-sheet. However, in
contrast, in the case of serum amyloid P component, they are
at the edge of sheet. Second, the building block assignment
results suggest that flipping a β-hairpin at the other end of the
β-sheet appears to be easier for SAP than for concanavalin A.
That is, concanavalin A is more stable than serum amyloid P
component at the edge of their two seven-stranded β-sandwich.
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