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With the aim to improve our understanding of the
structural basis for protein self-association and aggre-
gation, in particular in relationship to protein refolding
and amyloid formation, folding-related processes for hu-
man cystatin C have been studied. Using NMR spectros-
copy together with chromatographic and electro-
phoretic methods, a self-association process resulting in
dimer formation for protein samples treated with dena-
turing agents as well as for samples subjected to low pH
or high temperature conditions could be studied with
amino acid resolution. In all three cases, the dimeriza-
tion involves properly folded molecules and proceeds
via the reactive site of the inhibitor, which leads to
complete loss of its biological activity. This dimerization
process has potential relevance for amyloid formation
by the brain hemorrhage-causing Leu®®-GIn variant of
cystatin C. The results also indicate that cystatin C
dimerization and inactivation may occur in acidified
compartments in vivo, which could be relevant for the
physiological regulation of cysteine proteinase activity.

The self-association and aggregation of proteins constitutes
one of the least understood problems in protein chemistry.*
Although some insight has been gained in the kinetic aspects of
the aggregation process and in the field of its general theory
(Glatz, 1992; Honig and Yang, 1995; De Young et al., 1993),
very little is known about its structural aspects and about the
precise nature of the interactions involved. It is generally as-
sumed that aggregation proceeds via a partially exposed hy-
drophobic core in a molten globule, but the very general char-
acter of the molten globule concept seriously limits any
practical consequences. For controlled refolding of recombinant
proteins and for stabilization of pharmaceutical formulations,
as well as for the development of new therapies for aggrega-
tion-related disease states including amyloidosis, more devel-
opment in this research area clearly is needed.

To add to our understanding of the molecular aspects of
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1 Throughout this paper, definitions of “self-association” as a revers-
ible process involving the interactions of two or more native protein
molecules (with reversible precipitation of the protein as a possible
consequence) and “aggregation” as the interaction of two or more dena-
tured protein molecules (which often leads to practically irreversible
precipitation) are used, as suggested by Cleland et al. (1993).

amyloid formation, in particular of the specific intermolecular
interactions leading to fibril formation, we have started sys-
tematic studies of the properties of amyloidogenic proteins.
Human cystatin C provides a good starting point for such
studies. This small size inhibitor of cysteine proteinases is
present in all human body fluids at physiologically relevant
concentrations, being most abundant in the cerebrospinal fluid
and in seminal plasma (Abrahamson et al., 1986). Although
cystatin C in its wild-type form has not been reported to form
amyloid in vivo, its Leu®® — GIn mutated variant (L68Q-cys-
tatin C) is responsible for the dominantly inherited disorder
called hereditary cystatin C amyloid angiopathy (Ghiso et al.,
1986; Jensson et al., 1987; Palsdottir et al., 1988). Expression
systems for both wild-type and L68Q-cystatin C have been
developed (Dalbgge et al., 1989; Abrahamson and Grubb, 1994),
and the three-dimensional structure of the human cystatin
C-like type Il cystatin, chicken cystatin, is well characterized
by both x-ray crystallography and NMR spectroscopy (Bode et
al., 1988; Engh et al., 1993). The conformation of the 120-
residue polypeptide chain of cystatin C is very similar to that of
chicken cystatin,? with a proteinase-interacting wedge-shaped
side involving residues Arg®-Gly! of the N-terminal segment
and two loop-forming segments constituting polypeptide turns
in the main, B-pleated sheet structure of the molecule (seg-
ments GIn®>-Gly®® and around the single tryptophan residue,
Trp!°). An additional advantage for the study of cystatin C in
the aspect of protein aggregation and amyloid formation is the
fact that it normally exists in a monomeric form, in sharp
contrast to many other amyloid-forming proteins which are
found in multimeric, often heterogeneous, and condition-de-
pendent forms (Brange et al., 1987; Brader and Dunn, 1991;
Colon and Kelly, 1992).

Only about 15 of the human body fluid proteins are proven to
be amyloidogenic (Stone, 1990; Sipe, 1992). The formation of
amyloid is often either directly related to specific point muta-
tions or is enhanced significantly by point mutations (Fran-
gione, 1991; Glenner et al., 1991; Sipe, 1992). As is particularly
clear in the case of transthyretin, many different point muta-
tions which do not form a clear pattern can lead to amyloid
formation. Therefore, there is a tendency to explain amyloido-
genity as being caused by reduced stability of the proteins
(Hurle et al., 1994; McCutchen et al., 1993). Earlier results
(Abrahamson and Grubb, 1994) suggest that cystatin C and its
L68Q variant can follow a similar pattern. In the present
investigation, we have undertaken a detailed study of wild-type
cystatin C under conditions leading to its folding-related self-
association, with the aim to define the molecular background to
the events leading to amyloid formation and physiological in-
activation of L68Q-cystatin C.

2 1. Ekiel, unpublished NMR observations.
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EXPERIMENTAL PROCEDURES

Materials—Recombinant cystatin C, with structure and functional
properties identical with those of the native inhibitor isolated from
human urine, was produced in E. coli and purified using previously
described methods (Abrahamson et al., 1988; Dalbgge et al., 1989).
Superdex™ 75 (preparative grade) resin was obtained from Pharmacia
LKB, Uppsala, Sweden. Guanidine hydrochloride (GdnHCI)® was pur-
chased from BDH Chemicals Ltd (Aristar quality), and Z-Gly-p-nitro-
phenyl ester from Armand-Frappier, Laval, Quebec, Canada. All other
reagents were purchased from Sigma and used without further purifi-
cations. Affinity-purified papain was obtained as a gift from Dr. A. C.
Storer and R. Dupras.

Preparation of Self-associated Forms of Cystatin C—Self-associated
forms of cystatin were studied by incubation of 1 mg/ml (75 um) solu-
tions of cystatin C in 50 mm sodium phosphate buffer, pH 6.0, for
GdnHCI denaturation experiments, and in 50 mm sodium phosphate
buffer, pH 6.7, containing 0.1 m NacCl, for temperature-dependent ex-
periments. Experiments at low pH were performed in 0.1 m sodium
acetate buffer or acetic acid solutions, which were prepared in D,0.
Samples were incubated for 30 min in temperature experiments and
11-17 h for the pH and GdnHCI experiments. Such treated samples
were used directly for NMR experiments as well as for agarose gel
electrophoresis. For comparisons of self-associated forms formed after
different treatments, GdnHCI solutions or low pH solutions were di-
luted quickly into a standard phosphate buffer (50 mm phosphate, pH
6.7, containing 0.1 m NacCl), in which no cystatin C self-association was
detected even after 3 months of incubation. No conversion of dimers to
monomers was observed during storage of diluted samples. Samples
incubated in GdnHCI were diluted to a final GAnHCI concentration not
higher than 0.1 m and concentrated back to their original volumes using
N, pressure filtration in stirred cells equipped with YM3 or YM10
membranes (Amicon) or in centrifugal microconcentrators (Centricon 3
or 10; Amicon). The buffer was then further exchanged at least 50-fold.

NMR Spectroscopy—Nuclear Magnetic Resonance (NMR) spectra
were collected at 500 MHz using Bruker AMX500 and AM500 spectrom-
eters; 10% (v/v) D,O was added for locking purposes to H,O samples.
For samples in heavy water, pD values are given as pH-meter readings
at 23 °C without any further corrections. Chemical shift values are
given in parts per million relative to the internal 2,2-dimethyl-2-silap-
entane-5-sulfonic acid. NMR signals were identified using the assign-
ments performed for the isotope-labeled (**C and *°N) cystatin C* under
optimal conditions (1-2 mm solutions at pH 6.0, at 30 °C). These as-
signments were extended to the conditions needed in this work by
titration-type experiments between the standard conditions and those
used in a particular experiment. For most informative high tempera-
ture NMR experiments, to verify the assignments, two-dimensional
TOCSY experiments with WALTZ-17 or MLEV mixing sequence
(Braunschweiler and Ernst, 1983; Bax and Davis, 1985) were performed
at 40 °C, the highest temperature at which two-dimensional experi-
ments could be performed at 1.5 mm concentrations without samples
undergoing dimerization. The mixing time ranged from 40 to 114 ms
and 360 free induction decays of 1024 complex points each (120 scans
per free induction decay) were acquired. Solvent suppression was ac-
complished using presaturation. Aromatic ring signals were assigned
using NOESY spectra as described elsewhere.* In this way, signal
assignments in one-dimensional spectra were done for representative
amino acids from all parts of the molecule. Most importantly, a good set
of assigned signals was obtained for amino acids in the vicinity of the
active site (Trp°6, val'® Tyr'°? and Ala®®).

NMR experiments were run in both regular and heavy water. From
the NH signals observed in water, NH of the Trp*°® residue is particu-
larly important (see below). In heavy water, as NH signals are ex-
changed to ND, many aromatic signals can be interpreted clearly. To
give an overview of advantages given by both methods and to avoid
repetitions, results for the GdnHCI experiments will be presented only
for the H,O solutions, and results for temperature and pH experiments
only for the D,O solutions.

Other Methods—After long incubations at room temperature, cysta-
tin C samples were checked for potential degradation using mass spec-
troscopy (API Il MS/MS System, Sciex, Thornhill, Ontario, Canada).
Agarose gel electrophoresis was performed according to Jeppsson et al.

3 The abbreviations used are: GdnHCI, guanidine hydrochloride;
SEC, size exclusion chromatography; PAGE, polyacrylamide gel elec-
trophoresis; TOCSY, total correlation spectroscopy; NOESY, nuclear
Overhauser enhancement spectroscopy.

4 1. Ekiel and M. Abrahamson, manuscript in preparation.
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Fic. 1. Agarose gel electrophoresis under partially unfolding
conditions. Isolated recombinant cystatin C was incubated at 75 mwm
concentration. a, for 30 min at various temperatures in 50 mm sodium
phosphate buffer, pH 6.7, containing 0.1 m NacCl; b, for 17 h in varying
concentrations of GdnHCI (GuHCI) in 50 mm sodium phosphate buffer,
pH 6.0, at room temperature; ¢, for 11 h at various pD values. The
incubation mixtures were analyzed by electrophoresis in 1% (w/v) aga-
rose gels. The direction of the electric field is indicated to the left. The

points of sample application are marked by arrows.

(1979). Nondenaturing PAGE was carried out in continuous 16.5%
acrylamide gels using the pH 4.0 alanine/acetate buffer system de-
scribed by Jovin (1973). Size exclusion chromatography (SEC) was
performed using a Superdex™75 column (30 X 1 cm, flow rate 38 cm/h)
equilibrated in 50 mm sodium phosphate buffer, pH 6.7, containing 0.1
m NaCl. Ribonuclease A (M, = 13,700), chymotrypsinogen A (M, =
25,000), ovalbumin (M, = 43,000), and bovine serum albumin (M, =
57,000) (low molecular weight get filtration kit from Pharmacia) were
used for calibration of the column. Inhibitory activity of cystatin C
samples was determined by titration of 0.1 um papain solutions using
100 mm Z-Gly-p-nitrophenyl ester as a substrate, as described before
(Berti, 1993).

RESULTS

Cystatin C Self-association under Mildly Denaturing Condi-
tions—From the results of preliminary SEC experiments to
find conditions leading to self-association or aggregation of
wild-type cystatin C, a self-association or aggregation process
was apparent for protein samples treated with denaturing
agents, as well as for samples subjected to low pH or high
temperature conditions. Moreover, it was noted that the proc-
ess observed was very slow. It was, therefore, possible to follow
it as a function of time using NMR spectroscopy and to trap
associated forms by a quick transfer to standard conditions. It
was, furthermore, demonstrated by both SEC and NMR spec-
troscopy that stationary and trapped cystatin C associated
forms were very similar, if not identical (data not shown).
Under close to unfolding conditions, the cystatin C associates
observed were in an equilibrium with monomers (possibly un-
folded), and trapping lead to some back conversion to mono-
mers. However, this conversion was sufficiently slow to allow
samples under partially denaturing conditions to be analyzed
by agarose gel electrophoresis in nondenaturing buffer.

Screening of Conditions Leading to Cystatin C Self-associa-
tion—Agarose gel electrophoresis was selected as a method for
screening of conditions under which cystatin C self-association
occurs, as it has been seen earlier in a study of the Leu®® — GIn
mutated cystatin C (L68Q-cystatin C) that this method is use-
ful for simultaneously detecting dimer formation (as a distinct
band shift) and higher order aggregates leading to precipita-
tion (Abrahamson and Grubb, 1994). In Fig. 1, results are
shown demonstrating wild-type cystatin C self-association in-
duced by high temperature (a), by guanidine hydrochloride (b),
and by low pH (c). In all three experiments, a region of exten-
sive self-association was observed, with a profile resembling
that of the frequently seen aggregation of partially unfolded
proteins (Ghélis and Yon, 1982; Mitraki and King, 1989). The
main cystatin C self-association product was small, homogene-
ous, and soluble at 75 um concentration according to the aga-
rose gels. Extensive precipitation was observed only in the
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FiG. 2. Size exclusion chromatography of cystatin C dimers.
Dimer-containing cystatin C samples obtained under conditions de-
scribed in the legend to Fig. 1 were trapped by rapid transfer to a 50 mm
phosphate buffer, pH 6.7, containing 0.1 m NaCl. a, monomeric cystatin
C; b, dimer produced by an incubation in 0.8 m GdnHCI for 16 h at room
temperature; ¢, dimer produced at pD 3.0 (16-h incubation at room
temperature); d, dimer formed by incubation at 68 °C for 30 min.
Retention times for the calibration standards bovine serum albumin
(A), ovalbumin (O), chymotrypsinogen (C), and ribonuclease A (R) are
indicated.

temperature dependence experiment above 80 °C, where cys-
tatin C unfolds, as was evident from NMR spectra run at high
temperatures (data not shown). The small self-associated form
seemed to have reduced solubility compared with the mono-
meric molecule, as further aggregation and precipitation were
observed in repeated experiments at cystatin C concentrations
above 0.4 mm (not shown).

In the experiments with increasing concentrations of guani-
dine hydrochloride, self-associated cystatin C started to appear
at 0.3-0.4 m GdnHCI, and the amount of trapped self-associ-
ated form started decreasing at 1.2 m GdnHCI. Similar results
were obtained at low pH values, with maximum amounts of
self-associated cystatin C observed in the pH range 3.0 to 4.4.
The relative amount of self-associated cystatin decreased rap-
idly when pH was lowered further (Fig. 1c).

Indications for Formed Cystatin C Self-associated Species
Being Dimers by SEC—In parallel to electrophoretic analysis of
cystatin C samples under different conditions, SEC experi-
ments were performed on selected samples. As seen from the
chromatograms in Fig. 2, samples indicated to contain partially
self-associated cystatin C by agarose gel electrophoresis, from
either the temperature, pH, or GdnHCI experiments, all gave
two peaks in SEC, with retention times of 25.0 min (self-
associated form) and 30.7 min (monomeric cystatin). The re-
tention time of the first peak was very similar to that of chy-
motrypsinogen (M, = 25,000) and, therefore, likely represented
a cystatin dimer. No soluble species larger than dimers could be
detected. However, some insoluble, precipitated material was
produced, especially in samples incubated at high tempera-
tures. In the SEC experiments, it was observed that monomeric
cystatin C was more retained than the similarly sized protein,
ribonuclease A. This excessive retention of cystatin C is caused
by interactions with the matrix, most likely via the inhibitor’s
proteinase binding site, as a cystatin C variant with the single
amino acid substitution Trp?°® — Gly (W106G-cystatin C) (Hall
et al., 1995) gave a retention time of 28.4 min, i.e. quite differ-
ent from that for wild-type cystatin C, but similar to that for
ribonuclease A (28.7 min). The wild-type cystatin C-matrix
interaction clearly changes in the dimeric state, as the reten-
tion times for wild-type and W106G-cystatin C dimers were
identical. The conclusion that the self-associated species stud-
ied were dimers was additionally supported by nondenaturing
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Fic. 3. *H NMR spectra of cystatin C in various concentrations
of GdnHCI. Spectra were run in 50 mm phosphate buffer, pH 6.0,
containing between 0.0 and 2.0 m GdnHCI at 30 °C after overnight (17
h) incubation. A, downfield region; B, upfield region.

PAGE (data not shown).

NMR Data for Cystatin C Dimerization Induced by
GdnHCI—NMR spectra of cystatin C (75 um) were run as a
function of the GdnHCI concentration (Fig. 3). It is clear from
these spectra that the dispersion of signals characteristic for
folded proteins is preserved up to 1.0 m GdnHCI. In particular,
a group of upfield shifted methyl group signals indicate a
retained tertiary structure. Also, three methyl group signals of
methionine residues retain the chemical shifts of a properly
folded, monomeric protein and collapse only at higher concen-
trations of between 1 and 2 m GdnHCI. In the NH region,
downfield shifted signals, typical for a B-sheet structure, are
preserved up to 1 m GdnHCI, but change dramatically between
1 and 2 m GdnHCI, supporting unfolding of the protein in this
concentration range of denaturant. The NMR results moreover
demonstrate a clear transition region between 0.5 and 1 m
GdnHCI, where protein conformation seems to be retained, but
specific changes are observed for some amino acid residues,
including Trp*°® and Val*®* (a more specific description of these
and other NMR changes in relation to the conformational
changes will be presented elsewhere). It is important to note
that before the protein starts unfolding, the NH proton of
Trp!° shows two discrete signals, shifted by 0.16 ppm, indi-
cating existence of a transition between two states. Compari-
son with Fig. 1 demonstrates a correlation between the forma-
tion of the cystatin C dimers and the presence of the
characteristic signal shifts most clearly seen for Val*®* and
Trp'®® (Fig. 3). Dimers as detected by agarose electrophoresis
are not present in the denaturant concentration of 2.0 m, for
which concentration NMR indicated unfolding of the protein.
Additionally, in the NMR spectra, an overall broadening of the
signals is evident in the 0.5-1.0 m GdnHCI concentration range,
consistent with a self-association process taking place.

NMR Studies of pH-induced Cystatin C Dimerization—NMR
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FiG. 4. Downfield (A) and upfield (B) regions of NMR spectra of
cystatin C as a function of pD. Spectra were run in 0.1 m sodium

acetate buffer in heavy water. Titrating histidine signals are marked
with asterisks.

spectra were run for cystatin C solutions in deuterated acetate
buffer, in the pD range 2.6-5.7 (Fig. 4). As expected, more
pronounced changes in chemical shifts were observed than in
the GdnHCI experiment, as glutamic acid, aspartic acid, and
histidine side chains undergo changes in the ionization state in
the pD range covered in this experiment. However, important
overall features of the spectra remained little changed in the
pH range 5.7-3.3; there is a set of upfield shifted methyl group
signals characteristic for tertiary structure, and the positions
of methyl groups of all three methionine residues stay essen-
tially the same with the exception of a small shift (0.02 ppm) for
that of Met!* (a similar shift was observed also in the GdnHCI-
induced dimerization). Characteristically, downfield-shifted
B-sheet a-protons remained unchanged in this pD range. The
most clear interpretation of the individual signals is possible in
the aromatic area, where most of the aromatic side chain sig-
nals retain their position in the pD range between 3.3 and 5.7
(with the exception of histidines titrating in this range). How-
ever, two aromatic side chains clearly differ in behavior. As can
be seen most clearly by comparing spectra at pD 4.8 and 3.3,
intensities of the Tyr'°? and Trp!°® signals for the monomeric
cystatin decrease with decreasing pD and new signals appear
in parallel with dimerization (cf. Fig. 1). For example, a de-
crease of the intensity of the Tyr'°® signal at 6.54 ppm is
accompanied by an increase in the intensity of the broad signal
at 6.42 ppm, where the Tyr°2 signal moves upon dimerization.
At pD 3.3, similar changes as for the GdnHCI-induced dimer-
ization appear in the methyl group signals of Val'®* (notice a
decrease of the Val'®* signal at —0.1 ppm between pD 4.8 and
3.3); also the Ala®® methyl group signal at 1.53 ppm changes.
More dramatic changes in the NMR spectra are observed below

pD 3.3, where both upfield-shifted methyl group signals and
downfield-shifted a-proton signals disappear. In addition, me-
thionine methyl group signals dramatically change position,
with nearly complete loss of the dispersion characteristic for
them in folded proteins. In the aromatic region, the chemical
shifts undergo large changes and approach those for unfolded
proteins (Wishart and Sykes, 1994; Wuthrich, 1986). These
changes in chemical shifts are accompanied by a decrease in
linewidths (Fig. 4), which is typical for protein unfolding.

NMR Data for Temperature-induced Cystatin C Dimers—At
elevated temperatures, NMR spectra of proteins generally ex-
hibit motion-induced increased resolution. A more detailed
analysis of cystatin C spectra at high temperatures was there-
fore carried out, as additional information about the nature of
the self-associated forms could be gained. In order to study the
dimerization events, special conditions were chosen to mini-
mize higher aggregation (by using a low protein concentration
of 75 um and only a moderately high temperature of 62 °C).
Under these conditions, dimerization was slow (hours), and, as
an additional advantage, the important signals of branched
amino acid methyl groups are well dispersed. To be able to
interpret spectra under these conditions, assignments from low
temperature NMR at 30 °C* were extrapolated by running
temperature dependence of one-dimensional spectra (Fig. 5B)
as well as two-dimensional TOCSY (Fig. 5A) and NOESY (not
shown) spectra at 40 °C. In the one-dimensional spectra, 13
upfield shifted methyl groups from eight amino acids can be
followed, as can methyl groups of the three methionine and
some other alanine and threonine residues. All together, sig-
nals of 21 amino acids could be assigned easily at high temper-
ature (see Fig. 6 and Table I). Although some of these signals
undergo non-negligible shifts as a function of temperature,
most of them were below 0.06 ppm in the aliphatic and even
smaller in the aromatic region (spectra not shown). They were
directly correlated to temperature changes and did not change
with time; therefore, they could be attributed to small confor-
mational changes and/or increasing motion in the molecule. At
62 °C, cystatin C clearly preserves its folded structure. After
longer (overnight) incubation, dimerization occurs.

As can be seen in Fig. 6, A and B, NMR spectra of the
monomeric and dimeric cystatin C are very similar. In partic-
ular, most of the characteristic signals which could be assigned
easily and followed at high temperature were essentially not
changed during dimerization. That includes amino acids in the
B-sheet (Tyr%2, Leu®®, Leu*’, Met'1°, and Phe®®) as well as in
the a-helix (Tyr®* and Ala®°). Also unchanged are Tyr*? and
Met*! in the loop between the a-helix and the g-sheet, Leu®* in
the loop area of the B-sheet, as well as all histidines and most
of the alanine methyl groups. The overall envelope, especially
of the aromatic and «-protons of the B-sheet, also remains the
same. That is in contrast to Trp!°, Tyr'®2 and Val®* signals,
which undergo relatively large (above 0.2 ppm) changes. These
latter changes develop slowly, on the time scale parallel to the
formation of dimers (data not shown). Similarly, time-depend-
ent changes were detected for the Ala®® methyl group signal.

Comparison of Dimers Formed under Different Condi-
tions—To verify that the cystatin C dimers formed under dif-
ferent conditions are identical, dimers were produced under
optimal conditions for each of the three methods described
above, and analyzed after buffer exchange. These dimer prep-
arations gave identically migrating agarose gel electrophoresis
bands and displayed identical retention times in SEC experi-
ments (Fig. 2). The most detailed comparison was made using
NMR spectroscopy. Fig. 6 (spectra b, ¢, and d) compare the
upfield-shifted methyl group and aromatic regions of the pro-
ton NMR spectra for the three dimers. For the best comparison,
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Fic. 5. The upfield region of the NMR spectra of monomeric
cystatin C. A, fragment of the two-dimensional TOCSY spectrum at
40 °C (mixing time 114 ms) showing assignments for methyl group
signals used as markers in one-dimensional spectra. B, temperature
dependence of one-dimensional spectra. Spectra were run in sodium
phosphate buffer containing 0.1 m NaCl at pD 6.7, with data collection
time of 2 h (4000 accumulations). T, and T, denote two unassigned
threomne methyl group signals. Slgnals of residues Leu®®, Leu®, and
Leu®* were assigned using the aliphatic region of the same TOCSY
spectrum, and the methyl group signals of three methionines using a
two-dimensional NOESY spectrum (see text).

high temperature (62 °C) was selected for the optimal resolu-
tion and separation of signals in the aliphatic region (see Fig.
5). It was tested in an independent experiment (not shown)
that at 62 °C during the time period for NMR data collection (2
h) only about 5% of the monomer was converted to dimer and
that spectra of dimers practically do not change with time
under these conditions. Fig. 6 shows a very close similarity of
the spectra in both the aromatic and methyl group region,
therefore supporting that all three differently formed dimers
are structurally very similar. NMR spectra of three dimeric
samples were also very similar at lower temperatures (between
30 and 60 °C), providing an additional support for the similar-
ities of structures.

Dimer Formation Leads to a Loss of Cystatin C Inhibitory
Activity against Cysteine Proteinases—X-ray crystallography
results for the avian homologue to human cystatin C, chicken
cystatin, as well as for the more distantly related human in-
hibitor, stefin B (also called cystatin B) in complex with papain
(Bode et al., 1988; Stubbs et al., 1990) indicate that cystatins
generally interact with cysteine proteinases via a contact area
involving a very hydrophobic surface built from two loop-form-
ing segments (comprising amino acids QIVAGVN and YAVP-
WQGT, at positions 55-61 and 102-109, respectively, for hu-

A H90
VBOZ Y34
s 4Foe Y62 yipzH43
H9O HB6
S \wz “ \/ ve2
a
N/
w106 w106
b

V104
oss L a

T T T T
1.5 PPM 1.0 0.5 0.0

Fic. 6. Comparison of the aromatic (A) and aliphatic (B) re-
gions of *H NMR spectra of monomeric and trapped dimeric
cystatin. Spectra were run at 62 °C in 50 mm sodium phosphate buffer
containing 0.1 m NaCl, at pD 6.7 in heavy water, using 4000 accumu-
lations for each sample. a, monomeric cystatin C; b, dimer formed by an
incubation at 62 °C for 32 h (notice temperature-induced exchange of
histidine signals); ¢, dimer formed by an incubation for 16 h in 0.8 m
GdnHCI solution; d, dimer formed at pD 3.0 for 16 h. Three histidine
hydrogens which exchanged to deuterium during incubation at high
temperature (spectrum b) are labeled with asterisks.

man cystatin C). The NMR results shown above for cystatin C
residues in these two segments clearly indicate either some
conformational changes in the contact region of the molecule or
direct interactions via the proteinase-interacting hydrophobic
surface. Therefore, it seemed likely that upon dimerization
cystatin C would lose its activity as a cysteine proteinase in-
hibitor. To examine this possibility, dimers were trapped by
buffer exchange and purified using size exclusion chromatog-
raphy, and their activity was assayed against papain (an en-
zyme with K; for the interaction with monomeric cystatin C in
the picomolar range). Under conditions resulting in a mixture
of monomeric and dimeric cystatin C upon trapping, the papain
inhibitory activity of the mixture was proportional to the
amount of the monomeric form of cystatin C. The monomeric
form purified by SEC from such mixtures was in every aspect
indistinguishable from freshly isolated (monomeric) cystatin C
(NMR spectra, Rg values at SEC, full activity against papain).
Incubation times of the papain-cystatin C dimer mixture were
varied for up to 1 h, with no signs of inhibition developing.
From this result it was concluded that the cystatin C dimer-
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TaBLE |
Chemical shifts (in parts per million) for those amino acids in cystatin C, signals of which
were used in the interpretation of one-dimensional spectra

Data were acquired at 40 °C, chemical shifts were referenced to internal 2,2-dimethyl-2-silapentane-5-sulfonic acid.

Residue NH Ha HB Others
Ala* 8.49 3.18 0.51
Tyr3 8.70 4.03 3.28, 3.08 H& 6.96; He 6.77
Ala®” 7.21 4.33 1.35
Tyr*? 8.11 4.80 2.79 6.82; 7.24
His*® 8.79 4.46 2.77, 2.59 H3, 6.53; He; 7.71
Ala*® 8.94 4.36 121
Leu®’ 9.40 4.28 1.36,1.21 Hy 1.17; H8 0.41, 0.26
Ala®® 8.20 4.72 1.53
Val® 8.71 4.68 1.67 Hvy 0.76; 0.23
Tyre? 9.57 5.09 2.74,2.71 H8 6.75; He 6.42
Leu®® 9.58 4.92 1.44,1.17 Hy 1.18; H5 0.41, 0.26
Leu® 8.08 4.23 1.28, 0.87 Hvy 1.37; H6 0.52, 0.46
Phe® 8.05 4.18 3.19, 2.73 H& 7.17; He 7.35, H{ 7.02
His®2 8.10 H3, 7.38; He,; 6.09
His®°= 7.95 H3, 7.83; He; 6.95
Leu®* 7.06 4.02 0.87, 0.19 Hy 0.42; H8 0.60, 0.53
Ala® 8.66 5.03 1.30
Phe® 9.56 5.53 3.05, 2.84 Hé 7.18; He 7.07, H{ 6.89
Tyro? 9.10 5.56 3.02, 2.74 H 6.95; He 6.55
Val*** 7.49 3.79 1.68 Hy 0.45, —0.09
Trp'%® 6.95 4.62 3.49, 3.38 H8, 7.23; He; 7.70; HE3 7.21; Hn, 7.21; HE, 7.48

2 Tentative assignment.

ization indeed involves the proteinase-interacting region of the
molecule, and, moreover, that papain is not capable of breaking
the cystatin C dimers.

DISCUSSION

Despite vast amounts of experimental data obtained in the
last 2 decades about protein folding, rather little is known
about specific intermolecular interactions, competing with the
intramolecular interactions in the process of folding. To a large
extent, that situation follows methodological approaches of us-
ing techniques that characterize proteins in a global way (such
as CD, fluorescence, light scattering, hydrodynamic, and enzy-
matic methods). Results of the present work show that with the
addition of the high resolution NMR spectroscopy small pro-
teins with a limited degree of self-association or aggregation
can be characterized in great detail, especially in quite common
cases where small oligomers are formed. NMR spectroscopy in
such a case can provide a picture of simultaneous folding and
self-association or aggregation with a resolution at the amino
acid level. Two other methods, agarose gel electrophoresis and
size exclusion chromatography, were selected to complement
the NMR studies by giving direct global information about the
presence and size of the self-associated forms. Standard spec-
troscopic methods used to follow protein folding such as fluo-
rescence and CD were avoided; as in the case of cystatin C, they
give a complex blend of information about both self-association
and folding down to micromolar concentrations.*

In the present work, cystatin C properties were examined
under conditions close to those leading to unfolding of the
protein. Three different ways of denaturing the protein were
used, i.e. by decreasing pH, adding a denaturing reagent (gua-
nidine hydrochloride), and raising the temperature. In all three
approaches, agarose gel electrophoresis demonstrated broad
pretransitional regions, in which self-association in the form of
a dimerization takes place. Although some precipitation was
observed, especially at high temperatures and concentrations
above 1 mg/ml, no stable intermediate-sized self-associated
forms were detected by either electrophoresis or SEC experi-
ments. Pretransitional regions were examined in a more de-
tailed way using NMR spectroscopy. In the experiments with
varying pH and GdnHCI concentrations, NMR spectra directly
revealed under which conditions unfolding of the protein was

occurring. All NMR results clearly indicated that the pretran-
sitional region observed for cystatin C is completely different
from the molten globule type of an intermediate state, which is
quite common in protein folding paths and is often associated
with an increased aggregation (Dolgikh et al., 1981; Kuwajima,
1989; Ptitsyn et al., 1990; Ghélis and Yon, 1982). NMR spectra
of proteins in a molten globule state show features character-
istic of a loss of the tertiary structure, as was well characterized
for a-lactoglobulin (Dolgikh et al., 1985; Baum et al., 1989).
Such spectra are more similar to those of the unfolded than to
the native protein. On the contrary, NMR spectra of the di-
meric cystatin C are very similar to those of the native mono-
meric form, with the majority of the tertiary structure clearly
preserved. Although at the current stage of the spectral anal-
ysis there is a possibility of changes in other parts of the
molecule, the majority of observed shifts in proton signals
clusters around the proteinase binding site. Therefore, one can
postulate that in approaching the unfolding point, the struc-
ture of the protein becomes more loose, which leads to confor-
mational or hydration changes in the loops forming the pro-
teinase binding site. The most evident differences in one-
dimensional NMR spectra between the monomeric and dimeric
form of cystatin C are in the second hairpin loop (for residues
Tyr%2, val'®4 and Trp!°®), which according to computer dock-
ing of chicken cystatin with papain (Bode et al., 1988) should be
within van der Waals contact with the proteinase. Either con-
formational changes in the active site directly, or dimer forma-
tion via the binding site loops, can explain the observed loss of
the activity of cystatin C as an inhibitor of cysteine proteinases
upon dimerization. The K; value for cystatin C interacting with
papain is in the picomolar range (Abrahamson et al., 1986), and
the equilibrium constant for the self-association of cystatin C is
in the micromolar range according to our present results. Still,
dimerized cystatin C was unable to inhibit papain even after
prolonged incubations, which must be explained by the cystatin
being trapped in a dimeric form that is separated by a high
energy barrier from the monomeric state (details about the
barriers will be presented elsewhere).

The aggregation and precipitation during refolding of pro-
teins produced as inclusion bodies constitutes one of the major
obstacles in efficient production of recombinant proteins in
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bacterial systems (Cleland, 1991; Mitraki and King, 1989).
These problems were studied extensively (Ghélis and Yon,
1982; Mitraki et al., 1987; Brems, 1988; Lehrman et al., 1991;
Cleland and Wang, 1990), with the general conclusions that
folding intermediates with a partially exposed hydrophobic
core are responsible for the aggregation and precipitation (Wet-
zel, 1992; Mitraki and King, 1989). The dimerization of cystatin
C (leading to precipitation at higher concentrations) resembles
other systems by exhibiting a characteristic trough (Ghélis and
Yon, 1982) under conditions directly preceding unfolding. How-
ever, there is a distinct difference, as both the tertiary and
secondary structure of cystatin C are conserved under such
conditions. As mentioned above, the unusual large hydrophobic
patch on the protein surface shows large changes in the NMR
signals and, likely, participates directly in the self-association
event.

It is clear from the results of the present study that cystatin
C can undergo dimerization under conditions when the protein
seemingly has a “normal” conformation, quite far from those
leading to unfolding. It is possible that other proteins which
self-associate or display problems during refolding may follow
this case directly. Potentially pretransition-related changes
were reported recently for the reverse transcriptase from HIV
(Wrightet al., 1994), and, in the past, many other proteins were
reported having predenaturational changes (Privalov, 1979).
Similar mechanisms of interaction could play a role in folding
of multidomain or oligomeric proteins. Further studies are
needed to characterize such a way of self-association, and cys-
tatin C seems to be an ideal model case for such work.

A mutated variant of cystatin C, L68Q-cystatin C, has been
identified as cause for the genetic disease that is known as
hereditary cystatin C amyloid angiopathy or cerebral hemor-
rhage with amyloidosis, Icelandic type. The Leu®® — GIn sub-
stitution in cystatin C results in massive systemic deposits of
the protein, in particular in brain blood vessels, leading to
hemorrhages and early death (reviewed by Jensson et al.
(1987)). Recently, L68Q-cystatin C has been produced by E. coli
expression (Abrahamson and Grubb, 1994), and it was shown
that the mutated variant precipitates rapidly at human body
temperatures, with transitory formation of dimers. Although
more work on folding of the L68Q variant of cystatin C is
needed, most likely formation of its dimers is similar to that
observed in the pretransitional region for the wild-type protein.
However, dimers of L68Q-cystatin C are formed at tempera-
tures nearly 30 degrees lower than needed for the wild-type
cystatin (Abrahamson and Grubb, 1994). Therefore, one can
postulate that the Leu®® — GIn substitution lowers the transi-
tion temperature for the unfolding. That would be expected, as
it is common that a substitution of an amino acid in the hydro-
phobic core of a protein decreases its stability (Pacula and
Sauer, 1989; Alber, 1989). Results presented in this work sug-
gest that cystatin C provides another system where decreased
stability of a mutant protein correlates with its amyloidogenic
nature. Increased propensity for the self-association in the
broad range before unfolding may have direct relevance for the
formation of the amyloid. The wild-type protein should be quite
stable under physiological conditions; however, the L68Q var-
iant should be in the self-association prone, pretransitional
region. It remains to be determined if partial unfolding of the
protein is necessary for the nucleation step and if dimers are
indeed on the path to the fibril formation. Since we have found
similarities between the behavior of L68Q and wild-type cys-
tatin C under partially denaturing conditions, the next rele-
vant question to address must be a structural comparison
between the dimers and exploration of the role of these dimers
as potential intermediates in the amyloid formation.

It also remains to be clarified if dimer formation has any
physiological significance for wild-type cystatin C, especially in
pathological states. The most likely possibility for a physiolog-
ical dimerization would be in acidic compartments in cells,
involved in the endo- and exocytosis. For example, pH in lyso-
somes is in the 4.6-5.0 region, which corresponds to the range
where cystatin C dimerizes to some extent according to our in
vitro results. Even lower pH values, corresponding to those
resulting in extensive dimerization and parallel inactivation of
cystatin C in vitro have been observed beneath adherent
macrophages and osteoclasts (Silver et al., 1988). It is impor-
tant to keep in mind that our in vitro experiments demonstrate
that cystatin C is capable of “remembering its history,” as the
dimeric inactive form is very easily trapped for amounts of time
practically infinite on the physiological time scale. In this con-
text, it is intriguing that inactive cystatin C dimers quite likely
similar to those described in this paper are present in lysates of
human neuroendocrine cells in which cystatin C is stored in
secretory granules together with neuropeptides.® Also, cathep-
sins B and L have been reported to be responsible for the
extracellular process of bone resorption (Delaissé et al., 1984;
Kakegawa et al., 1993), even though cystatin C is ubiquitous
extracellularly and a potent inhibitor of cathepsin B and L
activity (Abrahamson et al., 1986, 1990). This apparent conflict
could be explained by a dimerization-caused inactivation of
cystatin C in the sealed off and acidified compartment under
the bone-degrading osteoclasts.
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