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Abstract

3D Domain swapping is a mechanism of protein aggregation, in which a structural element of a protein fold is re-
placed by an identical element from another subunit. Some proteins, for instance RNase A, can assume many do-
main-swapped forms, thus undermining the dogma, “one sequence – one structure” in a particularly spectacular
way. Completed in a mutual fashion, it is a mechanism of protein oligomerization. In an open-ended fashion, 3D
domain swapping could be a mechanism of amyloid fibril formation. In another mechanism, possibly operating
together with domain swapping, a specific sequence, such as a glutamine expansion, could form a β-spine of the
fibril in a motif called steric zipper. The first connection between 3D domain swapping and amyloidogenicity was
established in human cystatin C (HCC), the second - in the prion protein (PrP). In both cases, a disulfide bridge
(natural in PrP, engineered in HCC) can be used for redox control of 3D domain swapping and to demonstrate
that it is indeed involved in amyloid fibril formation. HCC has a naturally occurring L68Q mutant with drastically
increased propensity for aggregation. The L68Q mutation occurs at the closed interface, or protein core. Muta-
tions in other areas, such as the flexible hinge (especially deletions and insertions) can also be used to control
3D domain swapping and aggregation. Paradoxically, 3D domain swapping can also be used by Nature for preven-
tion of nucleation processes that lead to high-order aggregates or crystals. Such a situation exists in the eye lens,
where despite astronomical concentration of crystallins, the solution remains clear. One of the Nature’s tricks
to achieve polydispersity is to use a palindromic sequence for the swapped domain, thereby frustrating the growth
of aggregates by constantly changing the interaction topology.
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Introduction

In his Nobel-winning hypothesis, the biochemist
Christian Anfinsen postulated that the native, biologi-
cally active conformation of a polypeptide chain repre-
sents a kinetically accessible unique free energy mini-
mum (Anfinsen, 1973). This hypothesis is often simpli-
fied in the form of Anfinsen’s Dogma, “one sequence –
one structure”. It is a very useful dogma, helping us to
make sense of the structural principles of protein func-
tion, but there is growing evidence that – at least in its
trivialized form – it is not always true. We now know
many examples of protein chains that can fold in more
than one way. There are even general mechanisms
underscoring such cases, one of them being the pheno-
menon of three-dimensional (3D) domain swapping. It is
quite ironic that the flagship of 3D domain swapping is

ribonuclease A (RNase A), the very protein used by An-
finsen to work out his dogma. 

Definition of terms

Officially the phenomenon of 3D domain swapping
was discovered, and the term coined, by Bennett et al.
(1994) based on crystallographic studies of diphtheria
toxin. However, its existence had been deduced much
earlier from the observation that enzymatic activity of
bovine pancreatic RNase A (an enzyme with two catalytic
histidine residues, an N-terminal one and a C-terminal
one) could be recovered in mixtures of two inactive mu-
tant proteins with partly knocked-out active sites (Crest-
field et al., 1962, 1963). This prediction was later confir-
med experimentally in a crystallographic study (Liu et
al., 1998), which showed a dimeric molecule with two
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monomer-like folding units, each formed from structural
elements contributed by both polypeptide chains. Speci-
fically, the N-terminal helix, which in monomeric RNase
A is nested in the fold of the C-terminal part of the mole-
cule, switched places with the N-terminal helix from the
other molecule and docked in the “wrong” C-terminal
domain. The mutual character of this exchange has led
to a symmetric, or closed dimer. This is the general sce-
nario of 3D domain swapping: a protein domain breaks
its contact with other structural elements and its place
is taken by the same domain from another molecule,
leading to an interlaced dimer or higher-order oligomer
(Fig. 1). The swapped domain could be a complete glo-
bular domain but in most cases (including RNase A) it
can be just a simple secondary-structure element, such
as a terminal α-helix or β-chain. It is obvious that a pro-
tein chain capable of 3D domain swapping must undergo
at least partial unfolding, which breaks, and transiently
exposes, an intramolecular interface between the do-
mains. This closed interface is then recreated in an aber-
rant fashion form fragments of different subunits. There-
fore, the closed interface is preserved in the oligomer.
However, the oligomer also contains a novel feature, the
open interface between the subunits, which is absent in
the monomer. It is obvious from this description of 3D
domain swapping that the protein chain must be capable
of assuming two conformations. One is called “closed”
(in monomeric form), the other – “open” (in the oligo-
meric form). The closed and open conformations are
almost the same and differ in only one area, a loop or
a similar “hinge” element that links the swapped domain
with the rest of the polypeptide, and whose movement
leads to the transition.

Fig. 1. In preparation for 3D domain swapping, a protein
molecule (a) must undergo partial unfolding (b) via a con-
formational change of a flexible hinge element, to expose the
closed interface, characteristic for the separated domains.
Two unfolded molecules can mutually recognize the comple-
mentary surfaces, recreating the interface in a symmetrical,
dimeric fashion (c). The 3D domain swapped dimer is not
a simple sum of the two monomeric molecules, as it contains

 a unique new feature, the open interface

The open interface can have more than one form.
For instance, a closely related bovine seminal ribonucle-
ase (BS-RNase) forms native 3D domain-swapped dimers
(Mazzarella et al., 1993). Although the swapped domain
is the same as in the above RNase A case (N-terminal
α-helix), the overall organization of the dimers is diffe-
rent. However, RNase A has provided even more as-
tonishing examples. First, Liu et al. (2001) showed that
the protein can also form dimers with a 3D swap of the
C-terminal β-strand. Later, the same C-terminal swap
was found in circular trimers (Liu et al., 2002). An even
more exciting case was inspired by the discovery of
a linear trimer, in which the central molecule has ex-
changed different domains with its neighbors, creating
a possibility for an infinite, open-ended polymerization
(Liu et al., 2002).

Although at first regarded as a marginal scientific
curiosity, 3D domain swapping has been now documen-
ted in more than 50 proteins. It appears that the number
of cases could be much higher if the right conditions
were found, including pH change, mild denaturation, or
other suitable environmental factor. In some cases,
a slight modification of the sequence, even a point muta-
tion, can drastically influence the ability of a protein to
undergo 3D domain swapping. In a strict definition given
by Eisenberg (Bennett et al., 1994), bona fide 3D do-
main swapping requires experimental observation of the
same protein chain in a monomeric fold and as an oligo-
mer with exchanged domains. In many cases, described
as quasi 3D domain swapping, we know the structure of
the oligomer but have only indirect evidence about the
existence of the monomeric form, or the monomer is
a slight variant of the protein. For example, the case of
human cystatin C (HCC) belongs to the latter category,
because the protein has been crystallized in several
forms but invariably as domain-swapped dimers (Janow-
ski et al., 2001, 2004, 2005). It is, however, clear that
monomeric HCC exists because only in this form the
protein can function as a physiological inhibitor of pa-
pain-like cysteine proteases. 

Examples of possible roles of 3D domain swapping

The increasing frequency of 3D domain swapping
has prompted questions if it might be of biological signi-
ficance. One thing is certain, namely that it is an ideal,
and very elegant, mechanism of protein oligomerization.
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It could be utilized, for example, for the stabilization of
the building blocks of virus coats. Another possibility exis-
ts for enzymatic proteins, which could utilize 3D domain
swapping for functional regulation, in particular in allo-
stery, which involves multiple active sites. 3D domain
swapping could also rescue protein function after a delete-
rious mutation, as was illustrated with the case of RNase
A. So far, however, it appears that 3D domain swapping is
predominantly connected with molecular pathology,
through its involvement in conformational disorders, of
which amyloid aggregation is perhaps most important. 

3D Domain swapping of human cystatin C

3D Domain swapping was proposed initialy as an in-
tellectually attractive mechanism for amyloid aggrega-
tion (Klafki et al., 1993; Bennet et al., 1995; Cohen and
Prusiner, 1998) but unquestionable experimental eviden-
ce is not easy to find. The first experimental hint linking
3D domain swapping and amyloid came from crystallo-
graphic studies of HCC, which showed a dimeric assem-
bly formed through a domain switch involving the N-ter-
minal part (β1-α-β2 element) of the protein. In its mono-
meric form, the 120-residue human cystatin C plays a
protective role in all body fluids, with a particularly high
concentration in the cerebrospinal fluid. There is, howe-
ver, a naturally occurring variant of HCC, found endemi-
cally in Icelandic population, where a single-residue mu-
tation, L68Q, leads to a dramatic change of the protein’s
behavior. L68Q HCC is not only spontaneously conver-
ted to a dimeric form, but very easily aggregates, for-
ming insoluble amyloid deposits in the vasculature of the
central nervous system, leading to lethal cerebral hemor-
rhages in young adult life. The disease, endemic to Ice-
land, is known as Hereditary Cystatin C Amyloid Angio-
pathy (HCCAA) (Olafson and Grubb, 2000). Evidently,
the amyloidogenic properties of L68Q HCC are greatly
increased. In addition, in a cruel thermodynamic experi-
ment by Nature, the condition of HCCAA patients is ap-
parently worsened if they suffer from bouts of fever. It
has to be stressed that in controlled in vitro conditions
it is also possible to form amyloid fibrils from wt HCC.
One of the tricks is to use elevated temperature. There
are also reports suggesting that wt HCC may be involved
in amyloid fibril formation in other deposition diseases.

Because of the absence of structural information
about monomeric HCC, the structure of chicken cystatin
had to be used as a template. That model, consisting of

a five-stranded antiparallel β-sheet gripped around a long
α-helix, has the following topology: N-β1-α-β2-L1-β3-AS-
β4-L2-β5-C, with the enzyme-binding epitope formed by
the N-terminus and two β-hairpin loops L1 and L2, all ali-
gned in a wedge-like fashion at one end of the molecule.
The opposite end consists of a system of poorly ordered
“back-side” loops designated as the appending structure
(AS) – Figure 2.  

The open HCC molecule, which is interlaced with ano-
ther identical subunit in the 3D domain-swapped dimer,
arises by a conformational change of loop L1, which ef-
fectively becomes part of a very long β-chain extending
from the N-terminus of β2 to the C-terminus of β3. In the
dimer, two copies of this extended β structure face each
other, creating an extremely long antiparallel β-sheet,
with as many as 34 intermolecular main-chain hydrogen
bonds (Fig. 2). Part of this structure is the newly created
open interface. Considering also the effect of cooperati-
vity, the consequence of the open interface on the dimer
stability could be quite appreciable. The fact that in dime-
ric HCC the L1 loop has disappeared explains why in this
form the protein has no inhibitory effect on papain-like
proteases. The conformation of the 3D domain-swapped
dimer of HCC clearly showed (Janowski et al., 2001) two
chicken cystatin-type folding units, confirming that the
closed interface, and indeed the entire fold, of (unknown
for a number of years) monomeric HCC has been faith-
fully recreated. The open monomer, however, if extracted
from its dimeric context, looks very bizarre and certainly
cannot represent a stable protein fold. We can safely ac-
cept that the protein chain assumes this conformation
only transiently, on its transition from the monomeric to
the oligomeric form. The open conformation cannot be
stable in aqueous environment because it has the hydro-
phobic core of the closed interface exposed to solvent.

3D Domain-swapped HCC has been characterized in
several crystal forms. They differ to a variable degree
with regard to the conformation of the “loop L1” hinge.
Although this does affect the mutual orientation of the
two cystatin-like folding units, the internal organization
of these units is unchanged, once again underscoring the
correctness, and stability, of the recreated fold. 

Molecular background of L68Q HCC amyloidosis

It would be most instructive to analyze the environ-
ment of leucine 68 in the monomeric fold of HCC to in-
vestigate the reasons why its mutation to glutamine has
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Fig. 2. Dimeric human cystatin C (HCC) with 3D swapped domains (a). The red dot indicates the location of L68. Its substitution
by glutamine leads to severe cerebral amyloidosis and early death of persons carrying this mutation. The monomeric fold of HCC
(b) is now known thanks to the stabilizing L47C/G69C double cysteine mutation (stab1), which introduces an extra S-S bond
tethering the two β-strands (β2 and β3) that must separate on 3D domain swapping. The papain-binding epitope of this inhibitory
molecule is formed by the N-terminus and loops L1 and L2. Since the dimer of HCC (a) is formed upon a conformational change

of loop L1, it has no inhibitory activity. AS (appending structure) denotes a system of poorly ordered back-side loops

such a dramatic effect on the protein’s behavior, and in
consequence on the prognosis for the carriers of this
mutation. L68 is located on strand β3, where its side
chain protrudes from the concave face of the β-sheet
into the hydrophobic protein core at the closed interface
formed between the α-helix and the β-sheet. Assuming
that the closed interface is faithfully recreated upon 3D
domain swapping, it should be even possible to conclude
about the role of the amino acid residue in position 68
from the crystal structure of dimeric HCC. We see the
leucine side chain nearly perfectly nested in a hydro-
phobic cavity (Fig. 3) that is formed by the surrounding
residues from the β-sheet and, importantly, by hydro-
phobic residues (V31, Y34) at the N-terminal end of the
α-helix. An attempt to replace L68 with glutamine, would
force into the cavity a side chain that is too big for it and
has a completely incompatible, highly polar (amide)
group at its end. This would highly destabilize the pro-
tein core, leading in consequence to its disintegration in
the vicinity of Q68. In addition, the too-long side chain
would be pushing on the N-terminal end of the α-helix,
forcing it through a lever effect to separate from the
$-sheet. This is what essentially happens in the act of
partial unfolding that must precede the domain-swapping
event. It is therefore quite logical that L68Q HCC dime-
rizes much more readily than the wild-type protein. It
should be noted that glutamine in position 68 would not
only destabilize the closed interface but, upon its separa-
tion, would make the exposed closed interface more com-

patible with aqueous environment because of the hydro-
philic character of the Q68 side chain.

Fig. 3. L68 in a hydrophobic cavity formed at the closed inter-
face of HCC. The view is from the concave face of the β-sheet
toward the α-helix. Figure prepared by Dr. Robert Kolodziejczyk

Thermodynamics of HCC 3D domain swapping

The above considerations can be used to construct a
speculative diagram illustrating the thermodynamic rela-
tions in HCC dimer-formation equilibria (Jaskolski, 2001)
– Figure 4. The energy required for unfolding of wt HCC
is probably quite high and such events are not very frequ-
ent in normal conditions. An unfolded (open) monomer
could refold back regenerating the monomeric molecule,
or it could “react” with another open monomer to form
a 3D domain-swapped dimer.
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Fig. 4. Speculative thermodynamics of wild-type (left) and L68Q
(right) HCC unfolding and dimerization. The free energy levels
are only qualitative, meant to illustrate the relative relations

among the various forms of the protein chain.
For explanations, see text

The dimer would be much more stable than the mono-
mer because of the extra stabilization energy contri-
buted by the newly formed open interface. (It should be
noted, however, that the entropic contribution of the
dimerization process would be always unfavorable, thus
increasing the free energy of the oligomeric species.) In
this scenario, the increased energy gap between the di-
meric form and the open monomer would be sufficiently
large to effectively exclude the possibility of dissociation
of the dimers in normal conditions. In other words, the
dimeric state would be a sink (or a “black hole”) from
which there would be no return to the monomeric spe-
cies. The situation with the L68Q mutant would be quite
different. The energy of the closed monomer must be
higher because of the destabilization introduced by the
incompatible Q68 side chain in the hydrophobic core. On
the other hand, the open Q68 HCC monomer would
have lower energy than the corresponding wt form
because of the favorable solvent interactions of the hy-
drophilic Q68 side chain exposed to water. In conse-
quence, the energy required for the closed6open transi-
tion could be quite low, leading to a relatively easy
crossing of this barrier on the path from the closed mo-
nomer to the dimer. A 3D domain-swapped dimer would
be again stabilized by virtue of the open interface.
Although it would be less stable than the wt dimer on
account of the destabilization introduced by the Q68 side
chain, its energetic separation from the open monomer
could be sufficiently large to effectively eliminate transi-
tions to the monomeric from.

Cysteine mutations stabilizing monomeric HCC

The observation of HCC in crystal structures exclusi-
vely in the dimeric form has been quite frustrating. The

need to structurally characterize HCC in its monomeric
form was dictated by a desire to confirm the predictions
based on the dimeric fold and to precisely map the en-
zyme-binding epitope as a template for rational design of
effective inhibitors of papain-like proteases (Grzonka et
al., 2001). Ultimately, one would also like to test our ap-
proaches aimed at stabilizing the monomeric fold of
HCC, in an effort to stop the progression of HCCAA. If
3D domain swapping is indeed at the root of all the
pathological aggregation, then its abrogation should sta-
bilize the monomeric form of HCC and stop its aggrega-
tion. 3D Domain swapping could be prevented if the
structural elements of the protein that get separated
upon unfolding could be tethered by a covalent bond.
The simplest way of introducing this measure is a new
S-S bond between strategically placed cysteine residues.
With this goal in mind, two cysteine double mutants
were designed. One, L47C/G69C termed stab1, in which
a disulfide bond would link strands β2 and β3, and one,
F29C/M110C termed stab2, in which an S-S tether
would rivet the α-helix to the β-sheet. It was very grati-
fying to see in the MS spectra of tryptic peptide maps of
recombinant HCC stab1 and stab2 proteins that the new
disulfide bridges are indeed formed as desired.

The HCC stab1 protein could be crystallized and its
structure has been solved (Kolodziejczyk et al., 2010)
revealing, as expected, a monomeric protein with a fold
exactly as in the folding units of the domain-swapped
species (Fig. 2), without any distortion in the area of the
new disulfide bond. In particular, the location of the side
chain of L68 in a hydrophobic cavity was fully confirmed.
In addition, comparisons of HCC stab1 with other mono-
meric cystatins, in particular with chicken cystatin, used
previously as models for monomeric HCC, revealed that
the existing picture of the N/L1/L2 enzyme-binding epi-
tope was not quite accurate. 

The stab mutations were introduced not only into the
wild-type protein but also to the L68Q form. As expected,
the stab mutations have completely suppressed dime-
rization of the modified proteins. For example, wt HCC is
largely converted into dimeric form upon a week-long in-
cubation at mildly denaturing conditions (0.5 M guanidi-
nium chloride). HCC stab1 and stab2 remain monomeric
even on much longer incubation in similar conditions.
L68Q HCC shows a quick transition into the dimeric state
even in physiological conditions but this transformation is
completely blocked with the stab1 and stab2 mutations.
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In a similar way, the stab mutations prevented the
formation of HCC amyloid fibrils. One can produce arti-
ficial fibrils even from wt HCC, by incubating it for pro-
longed periods of time at elevated temperature (48EC) at
low pH (2.0) with vigorous stirring. Those fibrils can be
quantified by measuring the change in thioflavine T fluo-
rescence intensity. This assay shows very minimal amo-
unts of amyloid fibrils formed by stab1 and stab2 HCC
even after one month of incubation (Nilsson et al., 2004).

3D Domain swapping 
and amyloid fibril formation of HCC

From the above experiment it is obvious that 3D
domain swapping must be involved in HCC amyloid fibril
formation since its abrogation also suppresses the fibril
formation process. However, this experiment does not
provide a clear picture of how the domain swapping is
involved at the molecular level.

Fig. 5. Possible scenarios for 3D domain swapping-driven
amyloid aggregation. A protein, such as RNase A, capable of
swapping different structural elements at its two termini,
could start forming an amyloid fibril by initiating two different
domain swapping acts with its two immediate neighbors (a).
3D domain swapping could be utilized only for the construc-
tion of dimeric building blocks, which would subsequently ag-
gregate to form a fiber via a different mechanism, for instance
by intermolecular β-sheet stacking (b). Intellectually the most
satisfying is however the open-ended runaway model, in which
molecule A swaps a domain into protein B core, which swaps
the same domain in protein C core, etc. (c). It is now clear
that HCC forms amyloid fibrils using the propagated model (c)

What we need to explain here is how a phenomenon,
which we know only from symmetrical, closed-ended
situations, can generate an open-ended, linear polymer.

At least three mechanisms could be proposed. In one of
them, the protein would be exchanging different do-
mains with its immediate neighbors (Fig. 5a). While this
is a possibility with RNase A, it is not likely in the case
of HCC where, despite numerous studies, only one mode
of domain exchange has been seen.

In another scenario, 3D domain swapping would be
only utilized for the creation of dimeric molecules, which
would then aggregate as building blocks of the ultimate
fibril using a different mechanism, for example inter-
molecular β-sheet formation, which has been actually
seen several times in the crystal structures of dimeric
HCC (Fig. 5b). While it is consistent with the experi-
mental facts, this scenario is intellectually less satisfac-
tory because it invokes two different mechanisms (3D
domain swapping and intermolecular $-sheet associa-
tion) to explain one phenomenon (fibril formation).

In the third scenario, 3D domain swapping would be
operating in an open-ended, run-away fashion (Fig. 5c).
Here, molecule A inserts its N-terminal domain in the
core of molecule B, which inserts its N-terminal domain
in molecule C, etc. The two ends of a linear fibril gro-
wing in this way would be sticky, i.e. the fibril could con-
tinue growing at both ends simultaneously. What would
be the priming event that would divert the protein from
oligomerization into inert dimers to a path leading to
infinite polymerization? Probably, high prevalence of
open monomers, which from time to time could dimerize
in an open-ended fashion instead of as the inert closed
form. If through a quick accretion of new monomeric
units at the sticky ends of the growing monomer, it
would be extended to a length that would make mutual
association of its ends unlikely – a nucleus, or seed, for
fibrillation would be formed. Alternatively, a seed could
be added externally, as has been well described with
other amyloidogenic proteins. The two phenomena in-
volving seeding or nucleation described above, make the
fibril growth process very similar to protein crystalliza-
tion, which also involves a phase of nucleation and of nu-
cleus growth.

To resolve the ambiguity of HCC fibril formation,
which could proceed according to scenario number 2 or
3, a set of experiments has been conducted with control
of redox conditions (Wahlbom et al., 2007). First, we
note that it is possible to detect the presence of high-
order oligomers using SDS-PAGE electrophoresis. For
instance, if HCC aggregates formed on high-tempera-
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ture, low-pH incubation are loaded onto the stacking gel,
they will practically stay there because their size is too
big for migration in the resolving gel. In effect, a heavy
smear at the top of the gel will be seen, corresponding
to molecular masses above 200 kDa. However, if instead
of 0.1%, a higher concentration (2%) of SDS is used, the
high-mass smear is dissolved and only a band correspon-
ding to monomeric HCC is detected. This indicates that
the oligomers of native HCC are not cemented with co-
valent bonds because they can be disrupted upon protein
denaturation (caused by elevated concentration of SDS).

Now, similar high-mass smears can also be obtained
for the stab proteins. This statement contradicts what
has been said before, where we argued that introduction
of the stab mutations abrogates HCC oligomerization.
The argument was true, but for the implicitly assumed
oxidizing conditions, under which the stabilizing S-S
bonds would be formed. However, if we incubate stab
HCC under reducing conditions (e.g. in the presence of
DTT), we will be able in fact to generate, and detect,
high-order oligomers, just as with native HCC! If before
applying the stab HCC oligomers to the SDA-PAGE gel,
we remove DTT, i.e. convert the sample to oxidizing
conditions, we will not be able to dissolve the aggregates
even at very high concentration of SDS. This means that
the oligomers are now cemented with covalent bonds.
The explanation is that the intramolecular S-S bridges,
originally disrupted by the addition of DTT, have been
re-connected in the aggregates in intermolecular con-
text, i.e. linking separate molecules. Considering the po-
sitions of the Cys mutations, this is only possible bet-
ween domains that have been exchanged in a 3D domain
swapping event. The correctness of this argument is
confirmed by an additional test, in which the dissolving
experiment (addition of 2% SDS) is conducted in the
presence of DTT, i.e. under reducing conditions. In this
test, the aggregates are dissolved exactly as those for-
med from native HCC.

Control of 3D domain swapping 
through environment and sequence factors

We have already discussed several ways in which 3D
domain swapping could be controlled. There are basical-
ly two possibilities: environmental conditions or muta-
tions. The environmental factors that can be used to con-
trol (usually promote) 3D domain swapping include low
pH, controlled heating or mild denaturant, all of which

facilitate gentle denaturation, which in turn facilitates
partial unfolding, considered to be a prerequisite of 3D
domain swapping. 

The mutations that affect 3D domain swapping can
occur in the hinge region or in a different fragment of the
protein sequence. A mutation of a hinge residue could
lead to interactions that are unfavorable in the loop con-
formation and can be relaxed only via a conformational
change in this area. This would be compared to a “loaded
spring” effect. The loaded spring would drive the protein
into 3D domain swapping. A more intuitive strategy in-
volves manipulation of the length of the hinge loop. If it
is made too short (deletion), the chain may not be able
to properly fold as monomer and the only rescue would
be in a 3D domain-swapped dimer (or other oligomer).
Here, the shorter hinge loop promoted 3D domain swap-
ping via an energetic effect because a closed monomer
would be energetically expensive. It is possible, however,
to promote 3D domain swapping also by lengthening the
hinge loop (insertion). In this approach, we are lengthe-
ning the tether in order to endow the protein chain with
so much conformational freedom that the complementary
domains would recognize each other in an intramolecular
context only with low probability. In this case, the 3D do-
main swapping association is driven by a kinetic effect.

Mutations outside of the hinge region can be intro-
duced at the open interface or at the closed interface.
The former case is usually connected with energetic ef-
fect: we engineer a stronger interaction at the new interfa-
ce, which is present in the oligomer but not in the mono-
mer. The effect of a mutation in the closed interface is
rather of a kinetic nature because the consequences of
the mutation are the same for the monomer and dimer.
It must be, therefore, connected with the ease with
which the transition can be completed. This kind of mu-
tational control of aggregation can be seen in the L68Q
variant of HCC.

In addition to the cases described above, there will
be of course also other possibilities, such as those de-
scribed for stab HCC, where the domain-swapping pro-
cess is influenced by alteration of the covalent topology
of the polypeptide chain.

We can illustrate the considerations concerning mu-
tational control of 3D domain swapping with a work re-
ported by Murray et al. (1998), in which they used a fu-
sion construct of the lymphocyte adhesion protein CD2
as a test field for their mutagenesis experiments. In this
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particular construct, the CD2 protein exists in an equi-
librium with about 15% of 3D domain-swapped dimers.
The mutations were introduced either directly in the
hinge region (residues 45-50) or in other areas that were
somehow involved in interactions with the hinge seg-
ment. One set of mutations, introduced chiefly in order
to create new salt bridges, was meant to stabilize the
unswapped monomer. Those mutations were largely suc-
cessful. For instance, the E29R mutant formed only
about 2% of dimer. Conversely, removal of a salt bridge
(R87A), as expected, destabilized the monomer (>50%
dimer). There were also mutations designed to stabilize
the dimer. The most successful one, deletion of the
M46K47 fragment, converted the protein to nearly pu-
rely dimeric form (90%). Other manipulations with this
goal in mind, were, however, spectacular failures. For
instance the F49Y mutation meant to stabilize the dimer,
in fact eliminated this form almost completely. The mi-
xed results of Murray et al. demonstrate that we know
already quite a lot about the relationship between pro-
tein structure and behavior, but that there are still de-
eper aspects of these phenomena that require further
studies.

3D Domain swapping and the prion protein

A very interesting case, providing another link bet-
ween 3D domain swapping and amyloid, was reported by
Knaus et al. (2001) for the prion protein. Its 118-226
fragment, known from NMR studies to exist in the PrPC

form of the protein as a monomer built of three helices
(A, B, C) arranged in a triangular manner (Zahn et al.,
2000; Zhang et al., 2000), was found by X-ray crystallo-
graphy to from a dimer with helix C swapped between
the folding units. After HCC, PrP was the second case of
an amyloidogenic protein with domain-swapped struc-
ture, strongly supporting the view that the two pheno-
mena may be connected, i.e. that 3D domain swapping
could be the molecular mechanism of amyloid fibril for-
mation. The case of PrP is particularly intriguing be-
cause helix C at the closed interface is linked to helix B
by a disulfide bond. This means that upon 3D domain
swapping the intramolecular S-S bond must be broken
and then re-formed in intermolecular context. This unu-
sual requirement for changing redox condition plus
NMR studies of hydrogen-exchange which suggested
that the B-C region of PrP is the most stable one, led Ni-
cholson et al. (2002) to question the proposal linking 3D

domain swapping with amyloid aggregation of PrP. How-
ever, in a subsequent series of ingenious experiments,
Lee and Eisenberg (2003) presented actually quite con-
vincing arguments supporting the domain-swapping
hypothesis. 

The experiments started with oxidized monomeric
PrPC. An addition of a reducing (DTT) and denaturing
(guanidinium chloride) agents converted the protein into
open monomer. By removal of the denaturant with si-
multaneous removal of DTT (return to oxidizing condi-
tions), the monomers are converted into S-S cross-linked
dimers and also to microscopic worm-like oligomers.
When used as seeds, those aggregates can ‘infect’ PrPC

used in the redox cycle, leading to fully grown amyloid
fibrils. 

Amyloid criteria

Fibrillar morphology is one of the criteria used to
define a protein deposit as amyloid. Tinctorial properties
are the second criterion. In popular language, this
means that amyloid samples can be stained using orga-
nic dyes, such as thioflavine T, or the better known Con-
go Red (CR). A true amyloid sample will not only turn
red after CR treatment, but the color will change to
apple-green in polarized light.

Fig. 6. A diagrammatic model of β-sheet helix, the purported
motif of cross-β signature. In this model, an infinite $-sheet
along the fiber axis is formed by β-chains of consecutive mole-
cules. The individual β-chains are perpendicular to the fiber
axis. They could be antiparallel (as in this scheme) or parallel.

The sheet has a helical twist, thus its name
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This effect, typical of highly organized crystal structures,
strongly suggests that the protein chains within amyloid
fibrils must also be very well ordered. The third criterion
is furnished by amyloid fiber X-ray diffraction which
produces a pattern with an extremely strong meridional
(i.e. lying on a line parallel to the fiber axis) reflection
with 4.8 Å Bragg spacing. This Bragg spacing and the
intensity are highly suggestive of a progression of
parallel (or antiparallel) β-strands forming an infinite
intermolecular β-sheet. It is typically assumed that this
structure would have a helical twist (thus the name "β-
sheet helix") although all the individual β-strands would
remain perpendicular to the fiber axis, with the β-sheet
propagation direction along this axis (Fig. 6). The
characteristic meridional reflection and its underlying
molecular structure are often referred to as cross-β
signature and cross-β structure. The diffraction pattern
of amyloid fibers usually also contains an outstanding
equatorial reflection with about 10 Å Bragg spacing,
interpreted as an indication that several β-sheet helices
pack together in parallel, with a 10 Å separation,
meaning that they must writhe in synchrony along the
fiber axis. 

Steric zipper β-spine

In search for the exact atomic architecture of the
cross-β structure, Eisenberg noticed that the GNNQQNY
sequence motif found in the so-called yeast prion protein
Sup35 appears to be particularly amyloidogenic, and that
similar hexa-heptapeptide sequences (for instance, poly-
glutamine tracts) could be found also in other amyloido-
genic proteins. Moreover, he managed to crystallize the
GNNQQNY peptide (and a number of similar peptides)
and showed that the crystal structure indeed contains
a highly regular arrangement of the GNNQQNY peptides
in an extended conformation, which form a pair of paral-
lel β-sheets that have opposite directionality and an axial
shift equal 1/2 of the inter-strand distance (confirmed to
be 4.8 Å) within a sheet (Sawaya et al., 2007). There are
several features that make this β-spine motif, termed the
steric zipper, very unusual, and also very stable. (i) The
β-chains propagate endlessly through the entire length
of the crystal; (ii) the network of main-chain N-H...O=C
hydrogen bonds stabilizing the β-sheet is reinforced by
similarly arranged hydrogen bonds between the amide
groups of the Asn side chains (and similarly Gln side

chains) that are endlessly stacked one above the other in
the direction of the fiber axis; (iii) the inter-sheet space
is filled with extremely densely packed, interdigitated
side chains that protrude from both sheets into this
interface, and that exclude all water molecules; for this
reason this space is called the dry interface. The authors
argue that analogously to the crystallization of the isola-
ted peptides, these sequences, when present in a sui-
table protein context, are able to recognize each other
and spontaneously form a similar β-spine in protein ag-
gregates (Eisenberg et al., 2006).

Fig. 7. Steric zipper with the sequence GNNQQNY. Figure
courtesy of Prof. David Eisenberg and Dr. Michael Sawaya

Considering various options for gain-of-interaction
models of amyloid fibrils, Nelson and Eisenberg (2006)
propose (i) direct stacking, (ii) cross-β spine, (iii) 3D do-
main swapping, and (iv) 3D domain swapping with cross-
β spine. The primitive model (i) is not very convincing,
while the dual-interaction model (iv) is the most appea-
ling. It has been confirmed experimentally in RNase A
with a genetically inserted glutamine expansion. The peri-
pheral RNase A sequences form a familiar open-ended
domain-swapped structure, while in the middle of the
construction, the polyQ tracts are stacked into a β-spine.

Eisenberg and co-workers went even further, sear-
ching  the  genomes  of  E. coli,  S. cerevisiae, and H. sa-
piens for the occurrence of steric zipper-forming pepti-
des, and concluded that they are found in almost all pro-
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teins but are usually buried to prevent aggregation
(Goldschmidt et al., 2009). They estimated the energetic
gain of steric zipper formation at 23 kcal/mol and demon-
strated that introduction or disruption of steric-zipper
sequences via genetic engineering provides a practical
method to control amyloid formation in the laboratory.

3D Domain swapping and crystallin polydispersity

Finally, it may be illuminating to show that Nature
uses 3D domain swapping not only to create harmful ag-
gregates, but also to prevent high-order protein aggrega-
tion and crystallization in physiological milieus. The ex-
ample comes from the vertebrate eye lens, in which con-
centration of its constituent crystallins can exceed 1 g/ml
(fish eye). How are crystallin aggregation and crystalliza-
tion, which would cause opacity, prevented? First, there
are several crystallins (e.g. αA, αB) with slightly diffe-
rent sequences, so that misincorporations of a similar
but actually wrong molecule would frustrate the growth
of a nucleus. One has to understand that the lens milieu
does contain crystallin oligomers; however, they are suf-
ficiently small and polydisperse so that they do not cause
transparency problems.

Fig. 8. In the lens of the vertebrate eye, crystallization and ag-
gregation of α-crystallins (which are present at astronomical
concentrations) is frustrated by polydispersity, which is achie-
ved not only by several different amino acid sequences of
α-crystallins, but also by: (A, B) 3D domain swapping of a palin-
dromic C-terminal tail in two orientations, (C) a register shift at
another intermolecular interface (AP), formed via β-sheet inter-
actions, (D) variable conformation of a very flexible hinge ele-
ment, allowing 3D domain swapping with different neighbors
within an oligomer. Figure courtesy of Prof. David Eisenberg

and Dr. Arthur Laganowsky

The  second  mechanism  noted by Laganowsky et al.
(2010) involves an intermolecular β-type interface, which
can be formed with different register shifts (Fig. 8).
Thirdly, there is another aggregation interface, formed
via 3D domain swapping of a C-terminal tail. Amazingly,
this tail has a palindromic sequence, ERTIPITRE, and
can bind in its docking site in two orientations! Ob-
viously, the situation is more complicated because even
a palindromic oligopeptide does not have full twofold
symmetry. Nevertheless, the interactions of the tail in
the two orientations are nearly the same, thus very se-
riously frustrating high-order aggregation which would
require exact repetition of the interaction motif. Finally,
the hinge loop connecting the C-terminal tail with the
body of the protein is long and very flexible, allowing for
swapping of the tail with different partners within
a growing oligomer.

Conclusions

In this chapter, we have discussed selective topics
focused on 3D domain swapping as a mechanism of pro-
tein oligomerization and aggregation. We have discussed
the possible connection between 3D domain swapping
and amyloid fibril formation. We have demonstrated that
protein engineering can be used to control protein ag-
gregation occurring via 3D domain swapping. We have
also discussed selected aspects of the possible signifi-
cance of 3D domain swapping in nature, illustrating its
negative, but also positive physiological consequences.
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