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Cystatins, an amyloid-forming structural superfamily,
form highly stable, domain-swapped dimers at physio-
logical protein concentrations. In chicken cystatin, the
active monomer is a kinetic trap en route to dimeriza-
tion, and any changes in solution conditions or muta-
tions that destabilize the folded state shorten the
lifetime of the monomeric form. In such circum-
stances, amyloidogenesis will start from conditions
where a domain-swapped dimer is the most prevalent
species. Domain swapping occurs by a rearrangement
of loop I, generating the new intermonomer interface
between strands 2 and 3. The transition state for
dimerization has a high level of hydrophobic group
exposure, indicating that gross conformational per-
turbation is required for domain swapping to occur.
Dimerization also occurs when chicken cystatin is in
its reduced, molten-globule state, implying that the
organization of secondary structure in this state
mirrors that in the folded state and that domain swap-
ping is not limited to the folded states of proteins.
Although the interface between cystatin-fold units is
poorly defined for cystatin A, the dimers are the
appropriate size to account for the electron-dense
regions in amyloid protofilaments.
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Introduction

The deposition of abnormal fibrillar protein aggregates or
‘amyloid’ has been observed in a wide range of tissues and
is now associated not only with most neurodegenerative
diseases but also with a large number of other pathologies.
The more prominent include Alzheimer’s, the fourth
highest cause of death in the developed world, and bovine
spongiform encephalopathy (BSE), along with its asso-
ciated new variant Creutzfeld—Jakob disease (CID).
Structurally, the protein molecules associated with amy-
loid vary greatly in their sequences and native folds.
However, they assemble into remarkably similar fibrous
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structures (Sunde et al., 1997), implying a convergence of
the mechanism of fibrillization. Although a detailed
structural analysis of these fibres has not been feasible to
date, existing data have shown that mature amyloid fibrils
are straight, rigid and unbranched (Sunde and Blake, 1997)
and have a diameter between 50 and 130 A. X- ray
diffraction data have led to a general model for amyloid
fibrils as ‘cross-P’ structures where the backbone hydro-
gen bonds lie in the direction of the long axis of the fibril
(Blake and Serpell, 1996). Three-dimensional reconstruc-
tions based on cryo-electron microscopy (EM) images of
SH3 fibrils (Jimenez er al., 1999) reveal two pairs of
protofilaments of ~20 A diameter, separated by ~40 A, that
wind around a hollow core.

Understanding the dynamics of fibril formation is an
even more challenging problem. So far, atomic force
microscopy and EM have shown that fibrils appear in
conjunction with the disappearance of spheres and
protofibrillar intermediates (Harper et al., 1999; Jackson
et al., 1999), which are 60-80 A in diameter (Walsh et al.,
1997). These late events are preceded by a number of
determinant steps that decide the fate of the protein
molecule. Relevant experimental data have been rare
(Serio et al., 2000) and, as a result, models for the kinetics
of fibril assembly are still developing. It is commonly
believed that globular amyloidogenic proteins partially
unfold and convert into alternatively folded conformations
to self-assemble into fibrils (Carrell and Gooptu, 1998;
Kelly, 1998). Three-dimensional domain swapping, the
process in which a domain in a protein breaks its non-
covalent bonds with the remainder of the molecule and its
place is taken by the same domain of a second molecule,
has been widely recognized as a candidate for one of the
conversion steps (Ekiel et al., 1997; Schlunegger et al.,
1997; Liu et al., 1998; Zegers et al., 1999). In common
with amyloidogenesis, the nature of these association steps
is of both high specificity and high affinity. Although the
idea that these phenomena may be linked has been
received with enthusiasm (Cohen and Prusiner, 1998;
Purich and Allison, 2000), this is somewhat surprising
considering that, so far, no three-dimensional domain
swapping has been shown in an amyloidogenic protein.

Here, we present work on the cystatins, a family of
structurally homologous cysteine proteinase inhibitors that
are widely distributed in all higher organisms (Barrett,
1987). Their physiological role is vital and is believed to
be tightly linked to the control of protein turnover and the
defence of tissues against invasion by viruses and para-
sites. The L68Q variant of human cystatin C (hCC) is the
causative agent of an amyloidotic disease, hereditary
cystatin C amyloid angiopathy, where repeated haemor-
rhage, dementia, paralysis and eventual death is associated
with cystatin deposits in cerebral blood vessels
(Abrahamson, 1996). Cystatins have a number of proper-
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ties that make them ideally suited to the study of
amyloidogenesis at a molecular level. Compared with
other amyloidogenic proteins, they are relatively small in
size (11-13 kDa), both NMR and X-ray crystal structures
are available and they have a well-defined folding
pathway. Structurally, the two most studied families of
the superfamily are highly homologous: each cystatin
consists of a core, five-stranded antiparallel B-sheet
wrapped around a central helix, as illustrated by the
structure of chicken cystatin (cC) in Figure 1. Family II
cystatins, e.g. hCC and its homologue cC, can be
distinguished from family I cystatins, e.g. human cystatins
A and B (hCA and hCB), by the presence of two disulfide
bonds and an ~20 residue insertion of irregular structure
(Engh et al., 1993) between strands 3 and 4. Strong
implications as to the mechanism of amyloidotic aggre-
gation (Abrahamson and Grubb, 1994) came with the
discovery that hCC (Ekiel and Abrahamson, 1996), hCA
(Jerala and Zerovnik, 1999) and hCB (Zerovnik et al.,
1997) have a propensity to form inactive dimers under pre-
denaturing conditions and, moreover, that the L68Q
variant of hCC partially dimerizes under physiological
conditions. For each cystatin, NMR chemical shift changes
indicate that dimerization involves no structural rearrange-
ment of the main fold; changes are confined to the region
containing the active site, the loop between strands 2 and 3
(Figure 1). The unexpectedly slow kinetics and high acti-
vation energy of dimerization led to the proposal that
dimerization may be the result of a domain-swapping
event rather than a more simple association reaction (Ekiel
et al., 1997, Jerala and Zerovnik, 1999).

In order to determine whether domain swapping is a
common feature of dimerization by members of the
cystatin superfamily, we investigated the representative of
each family that was most fully defined structurally in the
monomeric state, namely hCA (family 1) and cC (family
II). Here we show that cystatin dimers from both of the
main subfamilies are formed via a three-dimensional
domain-swapping mechanism and, intriguingly, can
achieve this whether or not their side chains are
immobilized. We discuss the implications of domain
swapping within a superfamily containing amyloidogenic
proteins in the context of a molecular basis of the
protofilaments observed in amyloid fibres.

Results and discussion

The dimerization reaction

Mechanistic data on the process of domain swapping
(Hayes et al., 1999; Rousseau et al., 2001) are not as
abundant as structures of domain-swapped proteins.
Generally, dimerization by domain swapping differs
from other dimerization reactions by having a very high
kinetic barrier (due to the large conformational changes
involved) and a small thermodynamic driving force (due to
the similarity of the final structures) (Schlunegger et al.,
1997). The transition between folded monomers and
folded dimers of hCC and hCA is favoured by elevated
but pre-denaturating temperatures or levels of denaturant
(Ekiel and Abrahamson, 1996; Jerala and Zerovnik, 1999).
Retention times on size-exclusion chromatography
(Figure 2) reveal that a 1 mM cC solution rapidly
undergoes such a transition at 80°C in the absence of
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Fig. 1. (A) The three-dimensional structure of chicken cystatin (Engh
et al., 1993), showing the classical cystatin monomer fold, created
using the programs MOLSCRIPT (Kraulis, 1991) and Raster3D
(Merritt and Murphy, 1994). In sequence order, strands 1-5 are from
bottom to top. Coloured blue and magenta are the active site loops I
and II, which connect strands 2 to 3, and 4 to 5, respectively. Also
highlighted are the two disulfide bonds ([71,81] and [95,115]), the
point mutations and the single tryptophan residue. (B) Sequence of the
loop I regions of hCA, hCB, hCC and cC showing the conserved VXG
motif present in all cystatins. The conserved valine corresponds to V55
in cC.

denaturant or at 20°C in 4 M guanidinium chloride
(GdmCl). Kinetic data (Figure 3B) show that the
bimolecular rate constants for dimerization vary logarith-
mically with GdmCI concentration over the range meas-
ured (2.0-3.4 M), and extrapolate to a rate constant of
~1 X 108 M-! s7! in the absence of denaturant, i.e. a half-
time of ~2000 years for a 1 mM solution. The GdmCl
dependence of the rate constant of dimerization can also
provide information on the structural integrity of the
transition state since it directly reflects the solvent
exposure of hydrophobic groups in this state relative to
the folded monomer. The correlation between the slope,
In kyp¢/[denaturant], and solvent exposure has been widely
documented in protein folding where this parameter is
referred to as an m-value (Parker ef al., 1995). In this case,
the GdmCl ‘m-value’ for the dimerization reaction is
10 = 2 M-!. If the transition state of the bimolecular
reaction were as solvent exposed as the unfolded
monomer, this value would be twice the observed
dependence (Staniforth er al., 2000) of the unfolding
equilibrium constant, i.e. 2mgy, 17.2 = 0.6 M1, There
fore, the structure of the transition state en route to the
dimer is closer to the unfolded state than the folded
state, indicating that considerable disruption of the struc-
ture is required for the monomer to dimer transition to
occur. Furthermore, this transition state is less folded than
the kinetic intermediate populated in the monomeric
folded pathway, as also reported recently for the domain
swapping of pl3sucl (Rousseau et al., 2001). This
suggests that such folding intermediate species are not
key elements for this type of oligomerization reaction. The
linearity of the protein concentration dependence of the
rates of these reactions was verified up to 450 uM,
revealing that the reaction is limited by a bimolecular
process and not, for example, the unfolding of the
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Fig. 2. (A) Size-exclusion chromatography of monomeric (M) and
dimeric (D) cC samples (5 uM) under oxidizing (M,x and D) and
reducing (M,eq and D,.q) conditions. Retention times of 9 and 10.2 min
(corresponding to mol. wts of 30 000 and 15 000 Da, respectively)
were observed for the dimeric and monomeric species, respectively. No
significant increase in hydrodynamic radius is apparent on loss of side
chain packing in the reduced proteins. (B) Upfield-shifted methyl
region of '"H-NMR spectra under the conditions in (A), at protein
concentrations of 150 uM, showing the retention of a folded
conformation (M, Dox) and a molten-globule (M;eg, Dreq)
conformation on dimerization for the oxidized and reduced proteins,
respectively.

monomer. Rather, the rate is most likely to be limited by
the association of predominantly unfolded proteins.

In order to determine the stability of the dimer with
respect to the monomeric state of cC, measurements of the
fraction of monomer to dimer needed to be made as a
function of protein concentration. Two observations led us
to conclude that, at least in the case of c¢C, the reaction is
irreversible in favour of the dimer. The first was that no
residual monomer was ever detectable at the end points of
the kinetic reactions. Also, unfolding profiles of mono-
meric and dimeric forms of cC show the transition from
monomer to dimer after a prolonged incubation period
(Figure 3A), but not from dimer to monomer, even at
concentrations of cC as low as 600 nM. Thermodynami-
cally, therefore, the dimer is the more stable species under
the accessible experimental conditions, and the folded
monomer is a kinetic trap, albeit a highly stable species
(Staniforth et al., 2000) out of which the transition is
immeasurably slow in the absence of solvent perturbation.

Structure of the dimers

The dimers of cC, like those of hCC (Ekiel et al., 1997),
hCA (Jerala and Zerovnik, 1999), and hCB (Zerovnik
et al., 1997), are symmetric on the NMR time scale, since
the monomer and dimer 'H-1N HSQC spectra contain the
same number of peaks with no evidence of peak duplica-
tion. Also, similarly to other cystatins, chemical shift
perturbation on dimerization of cC is limited to the region
containing the active site (see Figure 1), indicating that the
cystatin fold is preserved in the dimer. In order to
determine whether domain swapping has occurred, iso-
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Fig. 3. (A) Unfolding profile of dimeric (open circles) and monomeric
(filled circles) cC incubated at different GdmCI concentrations for 24 h
and monitored using tryptophan fluorescence. Data for monomeric cC
match those reported previously (Bjork and Pol, 1992) and are
superimposable on those of dimeric cC at GdmCI activity >2.5 M.
Below this activity, conversion of monomer to dimer does not reach
equilibrium within the incubation period. (B) The GdmCI dependence
of the observed bimolecular rate constant for dimerization (kqps,

M- s71), determined from the time dependencies of the unique NMR
signals. The logarithmic dependence of kg, has a slope of 10 = 2 M-!
The equivalent dependence of a bimolecular reaction via the unfolded
state would be 17.2 = 0.6 M™! i.e. twice that of the unfolding
equilibrium constant (Staniforth et al., 2000).

tope-filtered NOESY spectra (Otting et al., 1986) were
recorded separately for samples of hCA and cC dimers.
These experiments were recorded for samples containing
dimers made from a 1:1 mixture of uniformly SN-labelled
and unlabelled monomers, which therefore contained
25% labelled—-labelled, 50% labelled—unlabelled and
25% unlabelled—unlabelled dimers. The appropriate pro-
cessing of such spectra yields a sub-spectrum where
predominantly only NOESY cross-peaks resulting from
intermolecular interactions are observed. For hCA
(Figure 4A), cross-peaks were observed between hydro-
gens on strand 2 and those on strand 3 in the dimer; these
interactions reproduce original contacts present in the
native monomers. In conjunction with evidence from
chemical shift data showing that the cystatin-fold unit
remains unperturbed, this proves that the dimer is domain
swapped with a hinge region corresponding to the loop
between strands 2 and 3. Each cystatin-fold unit in the
domain-swapped dimer is thus constituted by strand 1, the
o-helix and strand 2 from one monomer, and strands 3-5
from the other monomer. The equivalent experiment on cC
was inconclusive owing to the insensitivity of this type of
experiment and to the considerably increased tumbling
time for this dimer (t. ~25 ns for cC versus 14 ns for hCA)
which results in lower signal:noise ratios for this protein.
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Fig. 4. (A) Amide—amide region from a 100 ms isotope-filtered
NOESY experiment (Otting et al., 1986) on an hCA dimer made from
a 1:1 mixture of uniformly '*N-labelled and unlabelled monomers,
showing the sum of the signal from components where the filters are
on—off and where they are off—on. Thus, only intermolecular dxyn
NOEs are observed in this region of the spectrum. The labelled cross-
peaks are cross-strand NOEs between strand 2 and strand 3. (B) Section
from a 100 ms NOESY experiment on a cC dimer made from a 1:1
mixture of uniformly '3C,!’N-labelled and unlabelled monomers.
Ilustrated are two intermolecular NOE cross-peaks from the side chain
of F27 to that of 1107. Components of the cross-peaks where
magnetization has been transferred from H('3C) to H('2C) and vice
versa flank the central H('2C) to H('2C) component. (C) A schematic
representation of (B), showing the expected peak pattern at the S/N
ratio recorded in (B). The circle and square symbols represent the
cross-peaks of F27hd and F27he, respectively. The unfilled symbols
represent components that are unresolvable from more intense signals.

cC monomers also show unexpectedly long tumbling
times. An undecoupled standard two-dimensional homo-
nuclear NOESY experiment, which does not suffer from
the substantial relaxation problems of isotope filtering,
was recorded on a sample containing cC dimers prepared
from a 1:1 mixture of uniformly !3C/!°N-labelled and
unlabelled monomers. The splitting pattern predicted for
intermolecular interactions between labelled and unla-
belled molecules is very different from that for intramo-
lecular interactions due to the fact that only the former can
contain correlations connecting labelled and unlabelled
atoms. The pattern and intensities of components within an
individual cross-peak can therefore be used to distinguish
inter- from intramolecular nuclear Overhauser effects
(NOEs), but the identification is limited to cross-peaks
with sufficient chemical shift resolution. Two of the
intermolecular NOEs that confirm that cC is domain
swapped in the same way as hCA are shown in Figure 4B.
These NOEs are from F27 in the helix to 1107 in strand 5,
reproducing a contact observed in the native monomer,
similarly to the hCA experiment above.

The structure of the more tractable hCA dimer therefore
contains the essential features of domain swapping in the
cystatin superfamily. Resonance assignment showed that
the vast majority of the residues in the dimer retain the
same chemical shift and, hence, the same structural
environment, as illustrated by the 'H-'SN HSQC spectrum.
Therefore, in order to restrain the structure of each
cystatin-fold unit within the dimeric assembly, it was
possible to use structural restraints (NOEs and hydrogen
bonds) from data collected on a monomeric sample
(Martin et al., 1995). Where chemical shift differences
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between monomer and dimer had been observed, the
monomer restraints were omitted from the calculation.
Torsional angle constraints for the dimer were calculated
using TALOS (Cornilescu et al., 1999) and incorporated.
Backbone torsional constraints in the cystatin-fold unit
showed the expected close similarity with data calculated
for the monomer, whereas those in the hinge region
changed from typical turn values to extended strand
values. In addition, the intermolecular NOEs observed in
the isotope-filtered NOESY experiment were used along
with two additional hydrogen bonds restraints (Jerala and
Zerovnik, 1999). An ensemble of structures was then
calculated using a total of 1803 NOE, 52 hydrogen
bonding and 170 torsional constraints. The overlay of
structures and a representative example are shown in
Figure 5A and B, respectively. Units corresponding to the
cystatin fold overlay very closely (backbone r.m.s.d. of
0.50 A) and are indistinguishable from the ensemble of
cystatin A monomers reported previously (Martin et al.,
1995). In contrast, the angular relationship between
cystatin-fold units in the dimer is not well defined.
However, there is no evidence that this angle should be
well defined as neither the N-terminal strands nor the loop
IT regions pack together. Although there are some
chemical shift changes in these regions (Jerala and
Zerovnik, 1999), these are likely to result from subtle
changes in the relationships of these regions with strands 2
and 3 rather than cystatin-fold unit contact. Therefore, the
only determinant of the angular relationship between the
cystatin-fold units is the B-sheet twist as strand 2 becomes
strand 3.

Identifying whether the two cystatin-fold units always
have the same relative positions or can move between
numerous positions is difficult to determine experimen-
tally using X-ray or NMR methods, especially in such
symmetric systems. The problems for both techniques are
well illustrated in chemokine oligomerization (Lubkowski
etal., 1997; Czaplewski et al., 1999), where crystallization
selects single conformers from an ensemble, and aver-
aging in NMR parameters prohibits unambiguous inter-
pretation. Following the submission of this paper, a crystal
structure of the dimer of hCC was published (Janowski
et al.,2001). This cystatin forms a domain-swapped dimer
in an analogous way to cC and hCA, confirming the
generality of this phenomenon within the superfamily.
This crystal form has selected a conformer that lies within
the ensemble of calculated hCA dimer structures which
has a 180° twist between strands 2 and 3 and an angle of
115° between cystatin-fold units. As in hCA, the core
cystatin fold is retained (overall r.m.s.d. of 0.58 A for 86
common Co atoms with cC monomer).

The driving force for dimerization

The high stability of the cC domain-swapped dimer, the
formation of which is irreversible under the accessible
experimental conditions, contrasts the general case where
the difference in free energy between monomers and
domain-swapped dimers is small (Schlunegger et al.,
1997). Since the interface between the cystatin-fold units
in the dimer is so small and the overall fold is retained, the
hinge region must account fully for any favourable energy
changes. Furthermore, the feature of the hinge region must
be common to c¢C, hCC, hCA and hCB since they all
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domain swap similarly despite the very low level of
overall sequence conservation. The most likely source of
stability is the alleviation of distortion in the turn
connecting strands 2 and 3 in cC, hCA and hCB monomers
(Stubbs et al., 1990; Engh et al., 1993; Martin et al., 1995),
manifested in the y angle of the highly conserved valine
residue in the VXG motif (Figure 1), or its neighbours,
being in an unfavoured region in the Ramachandran plot.
The VXG signature region of cystatins is situated close
to the active site residues in complexes with target
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proteinases (Stubbs et al., 1990), where backbone distor-
tion may be advantageous.

Domain swapping and amyloidogenesis

In the context of working models of the molecular
organization of amyloid fibres, domain swapping in the
cystatin superfamily dimers is an attractive candidate
mechanism for cementing the building blocks that make
up highly stable fibrils. Dimerization through this domain-
swapping mechanism causes a considerable extension of
B-strands 2 and 3, thereby closely tying the B-sheets of the
two cystatin-fold units in a strongly hydrogen-bonded
intermolecular relationship. Represented in the hCA en-
semble are dimers that would present extended B-strands
at the interface with adjacent dimers in a fibril (strands 1
against strands 5 in the next dimer) and would provide a
means of propagation of a large, stable -sheet structure
(Figure 5C). The end-to-end distance in the calculated
dimer structures ranges from ~60 to 80 A, which matches
closely the widths of fibres observed for many amyloido-
genic proteins (Sunde and Blake, 1997), including those of
cystatins (Jensson et al., 1987). This relationship is
illustrated schematically in Figure 5D where we have
inserted two domain-swapped hCA dimers into the cross-
section of a fibril comprising four protofilaments, based on
the electron density distribution observed in SH3 fibrils
(Jimenez et al., 1999). Fibres with cross-sections exhibit-
ing two or six protofilaments arranged in pairs have also
been observed recently (Saibil, 2001). The properties of
the EM-derived cross-sections highlighted here are the
arrangement of electron-dense protofilaments of tubular
appearance into a fibril where they are separated by
regions of surprisingly low electron density. The dimers fit
into the electron density with a single cystatin unit for each
protofilament and fittingly account for the lack of density
observed between protofilaments.

It is plausible that the association of pairs of protofila-
ments may also involve domain swapping in which
interfaces other than that identified above are used (e.g.
the loop between strands 3 and 4 on the opposite end of the
cystatin-fold unit). Models based on dimer structures show

Fig. 5. (A) Ensemble of the eight lowest energy structures of the
domain-swapped hCA dimer. The well-defined regions (T13-Q46,
N52-P74 and L80-F98) of a cystatin-fold unit overlay with an
r.m.s.d. to the mean structure of 0.50 and 1.02 A for the backbone
and heavy atoms, respectively. (B) Ribbon representation of the
minimized averaged dimer structure of hCA, created using the
programs MOLSCRIPT (Kraulis, 1991) and Raster3D (Merritt and
Murphy, 1994). The component monomers are coloured blue and red.
The closed interface is formed between strands 2 and 3. Loop I in the
monomer merges these elements into a continuous strand in the dimer.
The secondary structure elements comprise $1, G5-P11; a, E15-T31;
2/3, Q42-A59; B4, K63-S72; and B5, V81-K89. (C) Schematic
representation of a possible longitudinal assembly of cystatin dimers
into a continuous B-sheet structure where dimers are connected via an
interface between strands 1 and 5. Such an assembly has the potential
to be favoured energetically and kinetically in comparison with the
equivalent association of monomers due to the increased effective
concentration of monomers in the dimer. (D) A space-filling model
illustrating how four cystatin-fold units, made up of two domain-
swapped dimers of the type shown in (B), can be fitted into the
cross-section of a generic fibril. In this model, the fibril would be
formed by the assembly of further domain-swapped dimers onto

each of the visible dimers in the manner illustrated in (C).



Table I. Oligomeric states of cC variants

Refolded Heat treated
Wild-typeoxidized monomer dimer
Wild-type educed dimer dimer
166Q dimer dimer
V55D monomer monomer
1102K monomer monomer

The predominant oligomeric state for wild-type and mutant cCs,
following refolding from 7 M GdmCl then storage for 24 h at 20°C and
after heat treatment at 90°C for 30 min, at protein concentrations in the
range 5-500 uM. The oligomeric states were determined using
characteristic "H-NMR resonances at low and high temperatures and
size-exclusion chromatography.

that such tetramers could be formed without steric clashes
and without breaking the [C71,C81] disulfide bond in the
long unstructured loop between strands 3 and 4 in cC (our
unpublished results). However, a mechanism that could
give rise to a tetramer equally could generate a much more
extended domain-swapped multimer, which leads to fibril
formation via a superhelix coiling in the direction of fibril
propagation. Currently, though, there is no information
available for tetramers of cystatins or for the morphology
of cystatin fibrils at this level of resolution.

Mutations can induce or inhibit domain swapping
In contrast to the wild-type protein, where the rate of
dimerization is immeasurably slow, the cC variant
containing the mutation 166Q (the cC version of the hCC
disease-causing mutation) dimerizes spontaneously and
rapidly at room temperature in the absence of denaturant
(Table I). The destabilization of the cystatin fold caused by
the replacement of this core hydrophobic residue reduces
the free energy barrier between the ground and transition
state for dimerization and therefore removes the ability of
the monomer to act as a prolonged kinetic trap. In order to
demonstrate that dimerization could also be inhibited, two
mutations replacing hydrophobic residues with charged
residues were inserted into cC near the interface between
cystatin-fold units in wild-type dimers (Table I). Proteins
containing the substitutions V55D (on loop I in the
monomer and at the cystatin-fold unit interface between
strands 2 and 3 in the dimer) or [102K (on loop II, adjacent
to loop I) remained monomeric under all conditions used
to dimerize the wild-type protein. Although loop II is not
directly involved in the cystatin-fold unit interface
(Figure 5B), it is perturbed on dimerization in the wild-
type protein. The 'H-NMR chemical shift changes indicate
that the spatial proximity of the 1102 and W 104 side chains
is removed on dimerization, and the fluorescence of W104,
which is already reduced in the folded monomer relative to
the unfolded state, is quenched further (Figure 3A).

Oligomerization in a denatured state

A number of amyloidotic proteins are unstable under
physiological conditions and remain effectively unfolded
as monomers (e.g. o-synuclein that causes Parkinson’s
disease and the yeast prion Sup35). It has been suggested
that these proteins may require the formation of an initial
nucleus made up of a number of unfolded molecules
before they can rearrange into the folded B-structures that
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make up the amyloid fibre (Serio et al., 2000). The
following results on cC suggest that folded, globular
proteins can populate intermediate species that are similar
to the extent that structural plasticity is retained within
stable assemblies. On disulfide reduction, cC forms an
unusually well-defined, monomeric, molten-globule state
(Staniforth et al., 2000). The position of the disulfide bond
that controls the folded state/molten-globule state switch
in cC (C95-C115) is adjacent to 166 (Figure 1). This
molten-globule state is on the folded state side of the major
folding transition state and retains the secondary structure
content of the folded state of the oxidized protein, but has
not formed tight packing of its side chains. The molten-
globule state is less stable than the folded oxidized protein
by ~8 kcal/mol but remains unusually highly stable against
unfolding (AGgy = —-7.8 kcal/mol). Surprisingly, the
reduced protein dimerizes in the absence of denaturant
similarly to the folded forms of cystatins despite its only
partially folded state (Figure 2). On refolding from its
GdmCl-denatured state, the reduced protein rapidly forms
a molten-globule monomer (ky,s = 100 s71), following
which it slowly but spontaneously dimerizes (kops = 3 X
10" M~! s71). The rate constant for dimerization of the
reduced protein is broadly in line with that predicted above
for the oxidized protein in the absence of denaturant,
corrected for the difference in fold stability. Importantly,
the dimer formed at the end point of the reaction is also a
molten globule. Hence, despite its side chains being
mobile, the molten-globule state of cC behaves as if it
were simply a destabilized but folded cystatin, where the
monomer is a Kinetic trap with an appropriately shortened
lifetime. The implications of this are that the molten-
globule state must retain the essential features of the
folded state, and that domain swapping is possible in states
that are not folded in the traditional sense. This observa-
tion in turn raises the question of whether side chains are
mobilized or immobilized in amyloid fibres.

Conclusion

The commonality of the domain-swapping behaviour
shown above for hCA and cC, for hCC (Janowski et al.,
2001) and, by implication, for hCB and the molten-globule
state of cC, reveals this event as a general feature of
the cystatin superfamily fold. hCC and cC are known
to be amyloidogenic, and solution conditions that stimu-
late amyloidogenesis correlate with those that stimulate
domain-swapping dimerization more rapidly. The domain-
swapping reaction is slow relative to folding/unfolding
rates and requires a high level of exposure of hydrophobic
side chains in the transition state, implying that the
reaction is rate-limited by the association of predomin-
antly unfolded proteins. The free energy of this state can
be estimated to be ~11 kcal/mol compared with a
AGynfolding of 15.6 kcal/mol (Staniforth et al., 2000).
Whether domain swapping is retained in the cystatin fibrils
and whether it occurs generally in amyloid fibres remains
open to question. For example, monellin, a two-chain plant
protein that shares the same fold but low sequence
homology with cystatins, forms dimers and aggregates
into amyloid-like fibres upon heating (Konno et al., 1999),
despite being cleaved in the hinge loop (Murzin, 1993)
involved in the cystatin domain-swapping process.
However, it cannot be assumed that cystatin and monellin

4779



R.A.Staniforth et al.

fibres form amyloid in the same way given the variations
in morphology that are observed even within the same
species. Domain swapping is a means of generating very
strong intermolecular interactions and is a good candidate
for the connections between protofilaments in a fibril. The
cystatin-fold units within domain-swapped dimers have
the appropriate dimensions to constitute the electron-dense
regions of protofilaments, and would present [-rich
surfaces for propagation into a continuous PB-structure
proposed in fibres. This would be achievable with or
without side chain immobilization.

Materials and methods

Expression, purification and dimerization of hCA and CC
Recombinant hCA (mol. wt = 11 000 Da) was expressed in Escherichia
coli (BL21-DE3) using the pET3A system and purified from the soluble
cell extract using a combination of ion-exchange (Q-Sepharose in 20 mM
Tris—HCI pH 8.0, elution with a gradient of 0-0.3 M NaCl) and size-
exclusion (Superdex 75) chromatographies. Recombinant c¢C (mol.
wt =13 100 Da) was expressed in E.coli (TG1) using the pIN-III-
OmpA system and purified from a periplasmic extract using papain
affinity chromatography (Anastasi et al., 1983) followed by size-
exclusion chromatography (Superdex 75) under denaturing conditions
(50 mM K3PO,, 0.5 M KCI pH 11.5). Single (’N), double ('’N-13C) and
triple (">N-13C-2H) uniformly labelled proteins were prepared using
minimal media (Venters ef al., 1995). Dimerization was achieved by
heating hCA and cC to temperatures of 85°C for 20 min and 80°C for 1 h,
respectively, at protein concentrations >200 UM followed by rapid
cooling to 4°C. Dimeric proteins were purified from residual monomer by
size-exclusion chromatography (Superdex 75). Site-directed mutants
(166Q, V55D and I102K) of cC were constructed using the QuikChange™
mutagenesis kit (Stratagene, CA).

Kinetic measurements

The denaturation profile of cC was recorded using the intrinsic tryptophan
fluorescence (Schimadzu RF5301PC, Ae = 290 nm, Ay = 340 nm) of
both monomeric and dimeric solutions (5 and 100 UM, respectively, in
50 mM NaPO, pH 7.0, 20°C) pre-incubated at different GdmCl
concentrations for 24 h. Fluorescence is plotted as a function of
GdmCl activity (Parker et al., 1995), where activity is derived from
GdmCl molarity by the relationship: activity = (7.5%¥[GdmCI])/
([GdmCl] + 7.5). The GdmCl dependence of the rate constants for
dimerization (ko) for both oxidized and reduced cC was determined
from the time dependence of resonance intensity in 'H-NMR spectra.
Assuming dimerization occurs via the diffusion-limited collision of two
partially unfolded molecules, the free energy of the partially unfolded
state relative to the folded state can be estimated as AG = RTIn[(kyps/
kiim) 2], where ko, is the dimerization rate, and k., is the collision rate
(~108 M~! s71). Dimerization of oxidized cC was initiated by addition of
folded monomer to solutions of GdmCl (2-3.4 M) in 50 mM Na;PO,
pH 7.0, 25°C to a protein concentration of 150 uM. The linearity of kg
versus protein concentration was verified between 50 and 450 UM at
[GdmCl] = 2.8 M. Dimerization of reduced cC was initiated by the
refolding of reduced and GdmCl-denatured cC into 20 mM dithiothreitol,
50 mM NaPO, pH 7.0, 25°C (1.1 M GdmCl) to a protein concentration of
150 uM. This concentration of reducing agent is sufficient to maintain
both disulfide bonds reduced (Bjork and Ylinenjarvi, 1992). Size-
exclusion chromatography retention times of monomeric and dimeric ¢C
were determined using a BIOSEP-SEC 3000 HPLC column
(Phenomenex, CA) under the above buffer conditions at protein
concentrations of 5 uM.

NMR spectroscopy

Resonance assignment experiments for fully "N/!3C/2H-labelled hCA
and fully '’N/!3C-labelled cC dimers were collected on a Bruker DRX
600 MHz spectrometer using a triple resonance z-gradient probe, along
with the NOESY experiments for identifying intermonomer NOEs. In
addition, a trosy-HN(CA)CB (Salzmann et al., 1999) and 100 ms NOESY
were run at 800 MHz for hCA dimer and cC dimer, respectively. The
triple resonance NMR and NOE assignment experiments were run at
308 K for hCA and 328 K for cC using a combination of HNCA (H
164 ms, N 24 ms, C 24 ms), HNCO (H 164 ms, N 24 ms, C 24 ms),
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HN(CA)CB (H 82 ms, N 24 ms, C 6.4 ms), 27 ms TOCSY-HSQC (H
164 ms, H 17 ms, N 24 ms) and 100 ms NOESY-HSQC (H 164 ms, H
17 ms, N 24 ms). Intermonomer NOEs were identified for hCA dimer in
I5N-isotope-filtered (H 328 ms, H 21 ms) and for ¢C dimer in unfiltered
100 ms NOESY experiments (H 328 ms, H 33 ms), on samples prepared
from a 1:1 mixture of labelled and unlabelled monomers. The acquired
data were processed and analysed using the program Felix2000 (MSI, San
Diego) on Silicon Graphics workstations.

Structure calculation

Distance restraints (NOEs and hydrogen bonds) were taken from the data
used for the hCA monomer structure (Martin et al., 1995), except those
involving residues V48-G50 and N77-L80 where chemical shift
perturbation was observed following resonance assignment. The NOEs
were specified as intermolecular and intramolecular according to domain-
swapped topology inferred from isotope filtering experiments. An
additional hydrogen bond restraint was included between 48 and 50
based on evidence from protection experiments on the dimer (Jerala and
Zerovnik, 1999). Dihedral restraints (¢ and y) were determined using the
"Ho, 15N, B3Ca, 3CP and '*C’ chemical shifts and the program TALOS
(Cornilescu et al., 1999). Where TALOS gave a ‘poor’ match, the
experimental ¢ dihedral angle was taken from the data used for the hCA
monomer structure calculation. In addition, monomer hCA 7, constraints
were used. TALOS dihedrals were entered with bounds of ¢ = 2 o,
where 6 is standard deviation.

Fifty structures were calculated as described by Nilges (1997) using the
simulated annealing protocol of XPLOR (Briinger, 1992). Eight of the
lower energy structures with no NOE constraint violations exceeding
0.5 A or torsional constraint violations exceeding 5° were selected for the
representative ensemble. The well-defined regions (T13-Q46, N52-P74
and L80-F98) of cystatin-fold units within the ensemble overlay with an
r.m.s.d. to the mean structure of 0.50 and 1.02 A for the backbone and
heavy atoms, respectively.
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