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FIGURE 6. Ring-closed stabilized oligomers are unable to propagate a
domain swap. A, electron micrograph of nonstabilized oligomers, produced
by incubation at 48 °C for 4 h of wt cystatin Cin 50 mm sodium acetate, pH 4.0,
100 mm NaCl. B, micrograph recorded after prolonged incubations of the
sample in A, showing the formation of long twisted fibrils with approximate
widths of 10 nm. C, SDS-PAGE run at 4 °C with nonreduced samples in 0.1%
SDS to detect formation of HMW-oligomers. HMW-oligomers form after a 4-h
incubation at 48 °C of monomeric wt cystatin C (lane 2) as detailed above,
compared with the control sample stored at 4 °C (lane 7). Neither the disul-
fide-stabilized monomer (/ane 3) nor the stabilized oligomers (lane 4-7) form
any larger species after the incubation, suggesting that propagated domain
swapping is required in the formation of larger oligomers. M, Mark12 protein
ladder. D, model of the in vitro generation and molecular organization of
cystatin C oligomers, where intermolecular disulfide bonds are re-formed in
the isolated oligomeric species. The results in C show that the stabilized olig-
omers cannot oligomerize further, suggesting that no free thiols exist; i.e. all
oligomers are formed by propagated domain swapping and closed
head-to-tail.

HMW-
oligomers

of the intermediary oligomers have been difficult to study
due to their instability and dynamic equilibrium with smaller
and larger species. This has hampered the development of
treatments of amyloid disorders targeting such intermediary
oligomers to reduce or eliminate their cytotoxicity or fibril
producing capacity.
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FIGURE 7. Production and purification of oligomer-specific antibodies.
Schematic summary of the key steps in the isolation of oligomer-specific anti-
bodies.Immunizations were performed using stabilized cystatin C dimers (0.1
mg/injection) or HMW-oligomers (0.05 mg/injection). The absorption of
monomer-binding antibodies from the immunoglobulin fractions obtained
was critical to avoid cross-reactivity in specificity assays (Fig. 8). FT, flow-
through; Ig, immunoglobulin; Ab, antibodies.

In hereditary cystatin C amyloid angiopathy (HCCAA), a
mutation in the cystatin C gene produces a protein variant,
L68Q cystatin C, which rapidly forms oligomers and amyloid
deposition in the brain arteries, resulting in brain hemorrhage
and death in early adult life (38). L68Q cystatin C forms oligo-
mers and amyloid fibrils upon incubation in vitro under non-
denaturing conditions, whereas wt cystatin C requires slightly
denaturing conditions to produce oligomers and fibrils in vitro
(7,21). The production of oligomers and fibrils in vitro from wt
cystatin C and L68Q cystatin C could be completely stopped by
introducing a disulfide bridge in the proteins preventing
domain swapping (7, 21). These protein variants were called
stabl cystatin C and stabl L68Q cystatin C, respectively (7). By
selective reduction of this disulfide bridge in stabl cystatin C
under slightly denaturing conditions in vitro and subsequent
oxidation, low amounts of HM'W-oligomers could be produced
and investigated (21). In the present work, we have studied dif-
ferent in vitro conditions in an effort to produce, in addition to
HMW -oligomers, other stable intermediary cystatin C-oligom-
ers and partly characterize these. It was possible to find condi-
tions allowing the production and isolation of several different
stable cystatin C oligomers. Characterization of the isolated
oligomers by SDS-PAGE, MALDI-TOF MS, HPLC-SEC, EM,
and AFM indicated that they represented dimers, trimers,
tetramers, decamers, and HMW -oligomers. The results con-
cerning size, using SDS-PAGE, MALDI-TOF MS, and HPLC-
SEC, agreed for the dimers, trimers, and tetramers (Table 1).
But for the oligomers, which, as evaluated by SDS-PAGE, rep-
resented decamers, the HPLC-SEC results suggested a consid-
erably smaller (pentameric) structure. However, EM and AFM
of these oligomers showed circular objects, the size of which
was more compatible with a decameric than a pentameric
structure (Fig. 3). In addition to dimers, trimers, tetramers, and
decamers, a more heterogenous fraction of HMW-oligomers
were also produced. Interestingly, EM and AFM showed that
both the decamers and the HMW-oligomers were round
objects, although the size of the HMW-oligomers was larger
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FIGURE 8. Reactivity of oligomer-specific antibodies. A, the specificity of
antibodies, purified as described in the legend to Fig. 7 from the antisera
obtained after immunization with stabilized cystatin C oligomers, was tested
by double radial immunodiffusion. L68Q cystatin C dimers, associated with
hereditary cystatin C amyloid angiopathy (42), showed antigenic identity
with stabilized dimers, whereas monomers where nonreactive. Polyclonal
antibodies raised against monomeric cystatin C (anti-cystatin C pAb) were
used for comparison. B,immunoblots displaying the antigenic recognition of
the oligomer-specific antibodies. Polyclonal antibodies raised against mono-
meric cystatin C (anti-cystatin C pAb) were used for comparison.
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FIGURE 9. Selectivity of oligomer-specific antibodies as shown by aga-
rose gel electrophoresis. The oligomer-specific antibodies were added to
isolated monomers, dimers, or a mixture of monomers and dimers to assess
their antigenic specificity. Ab, oligomer-specific antibodies; M, stabilized
monomer; D, stabilized dimer; MD, mixture of stabilized monomers and
dimers. An asterisk marks the point of the sample application and the anode is
marked by a plus sign.

and more variable than that of the decamers (Fig. 3). Further-
more, AFM indicated that the heights of both the decamers and
the HMW -oligomers corresponded to a monomolecular layer
of the subunits.
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FIGURE 10. Selective depletion of dimeric cystatin C in blood plasma.
Quantification of cystatin Cin the fractions of gel filtration of plasma samples
on a column of Superdex 75 GL 10/300 (A and B). In the control sample (black
line) stabilized dimeric cystatin C was added to normal human plasma, result-
ing in a concentration of 1.7 mg/liter (endogenous monomeric cystatin C =
0.9 mg/liter). The oligomer-specific antibodies were added to the plasma
sample 2 h before fractionation (red and blue lines). B, plot displaying the
percentage of dimeric cystatin C of the total cystatin C (monomeric +
dimeric) after the addition of increasing amounts of oligomer-specific
antibodies.

It is not known whether the specific set of oligomers (dimers,
trimers, tetramers, and decamers) produced in our study are
relevant to the set of oligomers present in vivo in different amy-
loid disorders. We have observed that the set is influenced by
the incubation conditions. For example, the incubation condi-
tions used for crystallization of monomeric cystatin C resulted
in a population of nearly 100% cystatin C dimers (24). The pres-
ent study indicates that the higher the concentration of mono-
meric cystatin C, the higher the amounts of larger oligomers
formed. But the reason why virtually no pentamers, hexamers,
heptamers, octamers, and nonamers are observed is not known.
X-ray diffraction analysis of crystals of stabilized decamers,
tetramers, and trimers, together with the known three-dimen-
sional structure of dimeric cystatin C (24), might reveal if they
share stabilizing structures, which are energetically unfavored
in pentamers, hexamers, heptamers, octamers, and nonamers.

The homogeneity and stability of the oligomers might allow
studies of their detailed structures using x-ray diffraction. This
would be of particular interest for the decamers, as their gross
structure, as defined by EM and AFM, is similar to those of
oligomers described for other amyloidogenic proteins (39, 40).
It is also noteworthy that a similar gross structure has been
described for cytotoxic amyloid oligomers (41). A further indi-
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cation that the decamer of cystatin C is similar in structure to
oligomers of other amyloidogenic proteins is that the A11 anti-
bodies, raised against amyloid -oligomers and reacting with
oligomers of several other amyloidogenic proteins (27), also
react with the cystatin C decamers, but not with monomeric
cystatin C (Fig. 5).

The stoichiometry of the reduction procedure used in the
present study indicated that only the introduced disulfide
bridge, preventing domain swapping in stabl cystatin C, was
reduced in the process, leaving the other two intramolecular
disulfide bridges of native cystatin C intact (Fig. 1). Further-
more, an interesting property of the stable oligomers was that
their inhibitory capacity for papain was completely lost,
whereas their capacity to inhibit legumain was virtually unal-
tered, because each subunit of the oligomers inhibited approx-
imately one legumain molecule. These properties are compat-
ible with the known structures of monomeric cystatin C and its
dimer. As displayed in Fig. 4B, the two inhibitory sites (for
papain or legumain) of monomeric cystatin C are well sepa-
rated. Our previous structure-function studies of dimeric cys-
tatin C (20, 24) have shown that the papain-inhibitory site of
monomeric cystatin C is completely disrupted during domain
swapping and thus not present in dimeric cystatin C. In con-
trast, the legumain-inhibitory site is not influenced by the
swapping of domains and thus intact in the cystatin C dimer
(20). The results for the oligomers in the present study are
therefore compatible with the hypothesis that a propagated
domain swapping mechanism is operating in the formation of
the oligomers, similar to the single domain swapping occurring
in the formation of dimers (Fig. 4B). These results strongly sug-
gest that the isolated oligomers are not random aggregates, but
instead highly ordered, domain-swapped assemblies of mono-
meric cystatin C with the two disulfide bridges of native cystatin
C intact in the subunits of the oligomers. The stability of the
oligomers is most likely induced by novel intermolecular
Cys*’—Cys® bonds, stabilizing the swapped domains.

One crucial part in understanding the pathophysiology of the
amyloid disorders is to identify building blocks of HMW -olig-
omers and fibrils (4). The availability of stable small to medium
sized oligomers might allow such studies. In the present inves-
tigation, mildly denaturing conditions, inducing the formation
of HMW -oligomers from monomeric wt cystatin C, were used
in an effort to produce such HMW-oligomers from stabilized
monomeric, dimeric, trimeric, and decameric cystatin C. Sur-
prisingly, no HMW -oligomers were produced from any of the
smaller oligomers, which, as analyzed by SDS-PAGE, seemed to
be unaffected by these incubation conditions (Fig. 6C). There-
fore, at least for cystatin C, domain swapping seems to be
required for all steps in the production of HMW-oligomers.
This means that a substance, preventing (propagated) domain
swapping, potentially would suppress the formation of larger
oligomers from smaller ones and from monomeric cystatin C. It
has previously been shown that formation of amyloid fibrils
from monomeric wt cystatin C requires domain swapping (7).

Although the stabilized oligomers do not seem to be building
blocks in the formation of amyloid fibrils, it will be of interest to
investigate if any of them can catalyze the formation of amyloid
fibrils from natural, nonstabilized, monomeric wt and L68Q
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cystatin C, as described for seeding of the incubation mixtures
with sonicated preformed fibrils of wt and L68Q cystatin C (21).

The evident stability of the cystatin C oligomers also indi-
cates that free cysteine thiols are absent, suggesting that all
oligomers are closed by domain swapping head-to-tail (Fig.
6D). Such a mechanism, together with the monomolecular
layer organization of subunits observed in AFM, might explain
the toroidal (doughnut-shaped) morphology of the structures
observed in EM and AFM. Similar morphologies have been
described for the pore-like oligomeric assemblies described by
others (39-41) and a similar mechanism of domain swapping
head-to-tail might therefore be operating also in the formation
of these assemblies. Importantly, pore-like oligomers might be
the oligomeric structures responsible for cellular toxicity, by
permeabilizing membranes and disrupting ion homeostasis
(41).

The blood of patients with HCCAA contains dimers of L68Q
cystatin C and perhaps larger oligomers (42). The availability of
stabilized cystatin C oligomers raised the possibility of produc-
ing antisera specific for oligomeric cystatin C. Such antisera
might be used as tools to reduce the amounts of cytotoxic olig-
omers and reduce the formation of HMW-oligomers and amy-
loid fibrils in HCCAA patients. They may also be used for diag-
nostic purposes, as the presence of cystatin C oligomers has
been demonstrated only in HCCAA patients and not in healthy
individuals (42). Indeed, immunization of rabbits with stabi-
lized dimeric cystatin C, or stabilized cystatin C HMW-oligo-
mers, and absorption of the antisera using columns of immobi-
lized monomeric cystatin C, resulted in antisera with selectivity
for oligomeric cystatin C, including cystatin C dimers. The best
results were obtained when the specific antibodies were iso-
lated by use of columns with immobilized stabilized HMW -
oligomers. The specific antibodies could selectively precipitate,
not only stabilized cystatin C dimers and oligomers, but also
L68Q cystatin C dimers, present in HCCAA patients (Fig. 8).
They could, in addition, be used to reduce the dimer-monomer
cystatin Cratio, not only in pure solutions containing only these
two molecular species, but also in complex biological fluids as
blood plasma (Figs. 9 and 10). Interestingly, the immune
response of all rabbits immunized with dimeric or HMW-olig-
omeric cystatin C were of an oligoclonal nature, as shown by the
appearance of a few charge-homogeneous bands in the immu-
noglobulin zone of the agarose gel electropherograms of all
antisera, exemplified in Fig. 9. This raises the possibility of pro-
ducing rabbit monoclonal antibodies specific for oligomeric
cystatin C, thus making generally available large pools of
reagents with well defined properties for future research and
treatment attempts. A further property of these antibodies,
which might be interesting to study, is whether they, like the
A11 antibodies, will react with amyloid oligomers of other pro-
teins than cystatin C.
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