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ABSTRACT: In hereditary cystatin C amyloid angiopathy (HCCAA), presence of the Leu6&In
substitution in cystatin C is coupled to a decreased concentration of this major cysteine proteinase inhibitor
in cerebrospinal fluid and leads to its amyloid deposition in the brain. We established a high-yield
expression system for L68Q cystatin CEscherichia coliresulting in inclusion body accumulation at a

level of 40% of the total cellular protein. Refolding of protein from purified inclusion bodies yielded a
pure, almost completely monomeric and active inhibitor. CD and NMR spectroscopy demonstrated that
so produced L68Q cystatin C is folded, conformationally homogeneous, and structurally very similar to
wild-type cystatin C. Incubation at pH %=®.5 caused the cystatin C variant to dimerize rapidly. The
molecular form present at pH 6.0 displayed a slightly increased amount of hydrophobic parts on the
surface as measured by 1-anilinonaphthalene-8-sulfonic acid (ANS) binding. NMR results showed that
the dimer has a structure similar to that of the wild-type cystatin C dimer formed as a result of slight
denaturation. Under more acidic conditions, at pH 4.5, another stable unfolding intermediate of L68Q
cystatin C was identified. This molecular form exists in a monomeric state, is characterized by changes
in secondary structure according to far UV CD spectroscopy, and shows an altered ANS binding resembling
that of a molten globule state. The acidic pH also caused an almost complete monomerization of preformed
dimers. The state of denaturation of L68Q cystatin C in vivo is thus a critical factor for the concentration
of active cysteine proteinase inhibitor in cerebrospinal fluid and likely also for the development of
amyloidosis, in HCCAA patients.

Aggregation of soluble, monomeric proteins into insoluble and skin 6—7). In contrast to the L68Q variant, cystatin C
amyloid fibrils is associated with a number of serious in its wild-type form has not been reported to form amyloid
disorders such as Alzheimer’'s disease and prion-relatedin vivo.
diseases]( 2). In hereditary cystatin C amyloid angiopathy Cystatin C is a small cysteine proteinase inhibitor (120
(HCCAA),! a disease leading to massive brain hemorrhagesamino acids) present in all human body fluids at physiologi-
in young adults §), the amyloid fibril-forming protein is a  cally relevant concentration8)( The physiological role of
L68Q variant of cystatin C4). Like other amyloid plaques, cystatin C is likely to regulate extracellular cysteine pro-
L68Q cystatin C plaques can be stained by Congo Red andteinase activity, which results from microbial invasi®) (
give a characteristic green birefringence under polarized light or release of lysosomal proteinases from dying or diseased
(5). In patients expressing the L68Q variant, amyloid cells 10—12). In HCCAA patients, the cerebrospinal fluid
plagues have been found mainly in brain vessels, but alsoconcentration of cystatin C is drastically decreased compared
in lymph nodes, spleen, salivary glands, seminal vesicles,to healthy individualsg, 13). Injection of chymopapain, a
cysteine proteinase, in cerebrospinal fluid) or in the
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type cystatin C does not dimerize under physiological
conditions. Nevertheless, it has been shown that mildly
denaturing conditions cause dimerization of the wild-type
protein (L7). Two different structural models of this dimer
have been proposedl). In one model, two cystatin
molecules associate directly via hydrophobic loops. In the
other model, there is a crossing overbétrands from one
monomer to the other. Both models have in common that
the structural parts needed for cysteine proteinase inhibition
are no longer exposed in the dimer. Similar associations
may occur for the amyloidogenic L68Q cystatin C, the dimer
of which is also inhibitory inactivel(7) but further investiga-
tions have so far been limited by insufficient expression
systems.

Gerhartz et al.

after sonification of the cells, followed by centrifugation to
collect the supernatant. The remaining pellet was heated
(100 °C, 10 min) in SDS sample buffer to obtain the
insoluble protein fraction.

Isolation and Refolding of Recombinant Cystatiri&uri-
fied inclusion bodiesZ3) from 1 L cultures of expression-
induced bacteria were resolved in 5 mi.6&®M guadinium
hydrochloride. The protein was refolded by SEC (Superdex
75 HR 10/30; Pharmacia Biotech) in 50 mM ammonium
bicarbonate, pH 7.8, as described earli&s)(

Protein Analyses.Analytical electrophoreses in agarose
and SDS-polyacrylamide gels were performed as described
by Jeppsson et al2§) and Laemmli 22) with separation
gels containing 15% acrylamide. Quantitative densitometric

In the present study, we have developed a new expressiorscanning of analytical gel electropherograms was performed

system yielding larger amounts of L68Q cystatin C. This
enabled a detailed characterization of the properties of L68Q
cystatin C with the aim to define the molecular background
to HCCAA. We have thereby identified two stable inter-
mediates of the variant on the path toward total denaturation
by lowering pH, which are different in the degree of
unfolding and tendency to dimerize.

EXPERIMENTAL PROCEDURES

Expression of L68Q Cystatin CCoding sequences for
wild-type and L68Q cystatin C were cloned into pET3a
(Novagen) that had been cleaved witdd/BanH| (Gibco)

using a Bio-Rad scanning system. The concentration of
cystatin C was determined Ifyggo measurements{go = 0.83
lg~tcm% (25)]. The biological activity of refolded cystatin

C preparations was controlled in activity assays against
papain (EC 3.4.22.2) as described earli8)( Papain was
purified from the Sigma type IIl preparation by affinity
chromatography using Gly-Gly-Tyr-ArgSepharose 26).
Inhibition of cathepsin B (EC 3.4.22.1) (bovine; Sigma) by
cystatin C was measured in enzyme assays with Z-Arg-
NHMec (Bachem) as substrate at pH 6.5 (100 mM phosphate
buffer, containing 1 mM DTT and 1 mM EDTA) or pH 4.5
(100 mM acetate buffer, containing 1 mM DTT and 1 mM

to remove the N-tag encoding sequence. Plasmids pHD313EDTA). Liberated NHMec was measured in a Perkin-Elmer

and pCmutH5 16, 19) containing cystatin C encoding
sequences (wild-type and L68Q cystatin C, respectively)

LS50 fluorimeter at excitation and emission wavelengths of
360 and 460 nm, respectively. To correctly assess the active

were used as templates to produce PCR-derived inserts. Th&oncentration of cystatin C by such assays, the enzyme

upstream primers contained besidefNdd cleavage site
(which includes a start ATG codon) either the beginning of
the OmpA signal sequence€{6CCATATGAAAAAAACT-
GCTATCGCTA-3) for periplasmatic expression or the
beginning of the native cystatin C sequenceT&GCATAT-
GTCTTCTCCGGGTAAACCG-3 for cytoplasmatic ex-
pression. The downstream primel; PAGGATCCAGG-
GGTGGGAATACAG-3, with a tailingBanH]| cleavage site,

concentration used was20 nM, i.e.,>100-fold over the
Ki value for the cystatin €cathepsin B complexl).

Analysis of Dimerization.Determination of dimer and
monomer amounts in recombinant cystatin samples was
performed by SEC (Superdex 75 HR 10/30) using an HPLC
system (Waters) with the help of integration software (Waters
990). As chromatography buffer, 50 mM ammonium
bicarbonate, pH 7.8, containing 100 mM NaCl was used.

was directed to a segment 60 basepairs after the stop codonCystatins were concentrated by pressure ultrafiltration on an
Plasmid DNA from clones of transformed. coli IM109 Amicon cell (filter with cutoff 1 kDa) to a concentration of
(pET3a-cystatin C, pET3a-L68Q cystatin C, pET3a-OmpA- 0.3 mg/mL. The buffer was changed on a desalting column
cystatin C, pET3a-OmpA-L68Q cystatin C) was isolated, (High-trap, Pharmacia) by applying 0.5 mL of sample and
verified, and transformed inté. coliBL21(DE3) (Novagen).  collecting 1.5 mL of the eluate. The samples were incubated
DNA sequencing was used to verify the correct coding at 25 °C, and aliquots were taken immediately and at
sequence (ABI Prism 310 Genetic Analyzer, and reagentsdifferent time points for oligomerization analysis. Dimers
from Perkin-Elmer). The expected N-terminal amino acid of L68Q and wild-type cystatin C were produced by heating
sequences of the expressed recombinant proteins werdor 2 h at 42 and 70C, respectively. Monomers remaining
confirmed using an Applied Biosystems 477A sequencer in the heated samples were removed by SEC using the
(20). Superdex 75 column. The solution conditions in experiments
For cystatin production, cultures of the BL21(DE3) clones {0 convert dimers into monomers were changed by dialysis
were grown in LB medium with ampicillin at 3%, induced  (Spectra/Por membranes, cutoff 3500 Da) for 20 h a4
with 0.5 mM IPTG fa 4 h (at OQss = 0.6), and harvested Circular Dichroism SpectroscopyFar-UV CD spectra
by centrifugation. Periplasmic cystatin expression in isolated were collected at 1 nm intervals using a Jasco J700
bacterial subclones was analyzed by extraction of the spectropolarimeter with 1 mm path length quartz cuvettes
periplasmic fraction from 10 mL culture21). Cytoplas- in a temperature-controlled housing at 26 over the
matic expression was monitored by analyzing total cell wavelength range 19240 nm. The protein samples
protein, soluble protein, and insoluble protein by 15% SDS analyzed were at 0.15 mg/mL concentration in 5 mM acetate
PAGE. To assess total cell protein, the bacteria were heatedbuffer, pH 4.5, or 5 mM Tris buffer, pH 8.5. The amount
(100 °C, 10 min) in SDS sample buffer [containing 2% of secondary structure was assessed from the spectra using
(w/v) SDS; @2)]. The soluble protein fraction was obtained the JSSE software (Jasco).
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NMR Experiments.*>N—Enriched cystatin C was pro-
duced by growth of transformel. coli BL834(DE3) in

defined medium [0.1 M phosphate buffer, pH 7.5, 20 mM 97.4 »| Smi
NaCl, 7.5 mM (NH),SO;, 0.2% (w/v) glucose, 2 mM —

MgSQy, 300 mM methionine, 120 mM Cagl75 mM 66 | o
thiamine, 15 mM FeSg) containing®N-ammonium sulfate 44

(Cambridge Isotope Laboratories) as nitrogen source. The

cultures were induced with 0.5 mM IPTG for 20 h when -

cell density reached an QR of 0.2. The protein was 30 S u
purified as described above and concentrated to approxi- C— "
mately 0.1-0.2 mM. Buffer was exchanged using Sephadex

G15 columns. 'H—1N HSQC @7) spectra were acquired

at 500 MHz using a Bruker DRX500 spectrometer equipped 21.5 »

with a 5 mmtriple resonance!fd/*3C/**N) actively shielded
X,y,z gradient probehead and Bruker pulse field gradient
accessory. Water suppression was achieved using the
WATERGATE sequence2@), employing typically 1 ms
gradient pulses of 15 G/cm and a 3-9-19 binomial sequence.
The carrier frequency was shifted to the middle of the NH
frequencies (7.3 ppm) to increase digital resolution in the
proton dimension. NMR spectra were acquired at°@0

Cystatin C | g e ss—— ‘h

14.3 &

1 2 3 4

Ficure 1: SDS-PAGE analysis of L68Q and wild-type cystatin

. e . . C produced by cytoplasmatiE. coli expression. Samples were
with the acquisition time varying between 4 and 14 h/Spec- |naged on a 15% polyacrylamide gel under reducing conditions and

trum. A wide pH region was initially covered (8.5, 7.8, 7.0, stained by Serva Blue following electrophoresis: lane 1, total cell
and 6.0) to identify conditions giving the best NMR results. extract of E. coli BL21(DE3) expressing wild-type cystatin C
Because of an exchange broadening of amide signa|s’(constru_ct PET3a-cystatin C); lane 2, total cell extract of bacteria
especially seen for the dimeric form at high pH values, EXPressing L68Q cystatin C (construct pEF3£8Q cystatin C);

. . ’lane 3, purified inclusion bodies from L68Q cystatin C expressing
experiments carried out at pH above 7.0 were generally notpacteria resolvedni 6 M guanidinium hydrochloride; lane 4,
very successful. The final choice, pH 7.0 (50 mM phosphate refolded L68Q cystatin C.

buffer, containing 0.15 M NaCl), was a compromise which

involved partial dimerization of the monomeric sample.
ANS Binding and Fluorescencezluorescence emission
spectra were recorded at 2& in a Perkin-Elmer LS50

high amounts of secreted protein10 mg/L). In contrast,
high expression yields>30 mg/L) with similar amounts
produced for both cystatin variants were obtained using the

luminescence spectrophotometer at an excitation wavelengthtwo cytoplasmatic expression vector constructs (Figure 1);
of 385 nm and total fluorescence emission monitored L68Q and wild-type cystatin C were both expressed at a level
between 400 and 600 nm. The concentration of completely corresponding to 40% of the tot&d. coli protein. The
monomeric or dimeric cystatin C samples, isolated by SEC cytoplasmatic expression yields did not depend on temper-
(above), was adjusted by ultrafiltration to 0.22 mg/mL in 5 ature and both expressed cystatin variants were found in the
mM Tris-HCI buffer, pH 8.5. Different pH values were insoluble fraction after sonification, indicating aggregation
accomplished by adding 20 of 1 M buffer stock solution and accumulation in inclusion bodies. The obtained yields
to 180uL of monomeric cystatin C solution, so that a final of wild-type and L68Q cystatin C were similar under all
concentration of 0.20 mg/mL cystatin C in 100 mM buffer conditions supporting inclusion body formation. By contrast,
was achieved. ANS (Sigma) was added from a 10 mg/mL growing of the cells in minimal medium and inducing
stock solution to a final concentration of 0.05 mg/mL. After expression with lactose lead to expression of soluble wild-
adjusting the pH and adding ANS, the spectra were im- type cystatin C found in the cytoplasm but resulted in no
mediately recorded. detectable expression of the L68Q variant.
RESULTS The inclusion bodies formed at expression using the
cytoplasmatic constructs were purified and resolved in 6 M
Expression and Refolding of L68Q Cystatin M a guadinium hydrochloride. The highly enriched §0%),
previous study, we found that periplasmatic expression yields denatured inhibitor (Figure 1) was refolded by buffer
in E. coliof L68Q cystatin C relied on the temperature during exchange on a SEC column. The fractions containing
expression16). The ability to modulate the temperature to refolded, monomeric protein were collected. Both wild-type
increase the yields was, however, limited to the-33 °C and L68Q cystatin C displayed a single sharp band at-SDS
range by our routinely used temperature-controlled expres-PAGE (Figure 1) and at agarose gel electrophoresis. The
sion vector. To overcome this limitation, the coding obtained yields after refolding were approximately 2 mg/L
sequences for human wild-type and L68Q cystatin C, alone bacterial culture. N-Terminal protein sequencing demon-
or preceded by thE. coli OmpA signal sequencéd ), were strated that the first 10 amino acids of the purified proteins
cloned into the phage T7 based expression vector pET3a. Awere SSPGKPPRLYV, i.e., coinciding with the native cystatin
comparison of the periplasmatic expression levels using theC sequence29). The efficient cleavage of the methionine
two OmpA containing constructs at different temperatures residue encoded by the expression constructs from cystatin
(25, 30, and 37C) revealed that only low amountsQ.5 C is consistent with the subsequent residue being &&r (
mg/L) of L68Q cystatin C were properly secreted to the Both refolded cystatin variants were inhibitory active against
periplasm, whereas the wild-type cystatin C construct yielded papain, indicating a correct folding. The refolded L68Q
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Ficure 2: Circular dichroism spectra of L68Q and wild-type cystatin C under different pH conditions. (A) Far UV CD spectra were
collected for the isolated cystatin variants in 5 mM Tris buffer, pH 8.5. (B) Far UV CD spectra obtained in 5 mM acetate buffer, pH 4.5.
Dashed line, L68Q cystatin C; solid line, wild-type cystatin C.

cystatin C was studied by far-UV CD spectroscopy and the 70
obtained spectra were compared with those for wild-type
cystatin C produced by periplasmic expression. The spectra
were almost identical (Figure 2a) and in full agreement with
a properly folded protein with proportions af-helical
structure-strands, turns, and random coiled structure similar
to what has been determined for recombinant wild-type
cystatin C by NMR spectroscopyl 7). Additional strong
support for homogeneity and a fold similar to that of wild-

60
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301

20F

A Dimer amount / total protein [%]

type cystatin C was given by NMR data (see below). oF - -

L68Q Cystatin C DimerizationTo investigate dimeriza- I
tion, analytical HPLC-SEC was used as a method with 4 > 6 7 8 ? o
capacity to detect monomeric cystatin C and its oligomers pH

under nondenaturing, nonaffecting conditions. The chro- FIGURE3: Influence of pH on the dimerization of L68Q and wild-
matography buffer, 50 mM ammonium bicarbonate, pH 7.8 type cystatin C. The buffers used were acetate, phosphate, Tris-

- . T " HCI, or carbonate, adjusted to pH values from 4 to 11 in a
containing 100 mM NaCl, had no effect on dimerization at oncentration of 20 mM. Buffer exchange was performed on a

25 °C up to at leas2 h incubation. Because the starting desalting column prior to incubation. The samples were incubated
monomer concentration was critical for a proper interpreta- at 25°C for 24 h at a concentration of 0.1 mg/mL. Amounts of
tion of our experiment, the cystatin preparation was con- dimer and monomer were determined by HPLC-SEC. L68Q cystatin
centrated by ultafiltration directly after refolding, followed C (®): wild-type cystatin C #).

by rapid buffer exchange on a desalting column. The amount . . . . .
of dimer formed under these conditions was reproducibly similar to that of the native monomeric form of L68Q cystatin
less than 10%. In Figure 3, the influence of pH on L68Q C present "%t pH 7:59.0. W.e never opserveq aggregation
cystatin C dimer formation is shown. The monomeric or substantial loss of protein during incubation at the low
cystatin variant was stable between pH 7.5 and 9.0. At pH values.

higher pH, a dimerization event was evident. Lowering the ~We have earlier demonstrated that pH values—3.@

pH similarly resulted in dimerization. At pH 6.0, the achieve mild denaturation and result in dimerization of wild-
dimerization rate was maximally accelerated and lead to type cystatin C17). In agreement with this but in contrast
almost complete dimerization afté h of incubation at 25 to what was observed for L68Q cystatin C, a low degree of
°C. AtpH 4.5 and 4.0, the amount of dimer present directly dimerization of wild-type cystatin C was seen only for the
after buffer exchange even decreased during 24 h of measurement at pH 4.0 (Figure 3). Similar to what we
incubation. To confirm this observation, we dialyzed a 100% observed for the L68Q cystatin C dimer, the wild-type
dimer containing sample (produced as described undercystatin C dimer could be converted into a monomeric form
Experimetal Procedures) against acetate buffer at pH 4.5.by dialysis against acetate buffer, pH 4.5. This monomer-
The amount of monomer formed after 20 h dialysis was 85% ization process reached 38% after 20 h of incubation
(Figure 4). The newly formed monomer revealed a stability (Table 1).
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100 above that cystatin dimerization never proceeded to comple-
tion (Figures 3 and 4). Under conditions strongly supporting
dimerization of L68Q cystatin C, like pH 6.00d M NacCl,
the amount of dimer reached approximately 80% at equi-
librium. Similar to the experiments conducted at low pH
and by decreasing the ionic strength, we investigated the
reconversion of L68Q cystatin C dimers in physiological
buffer (PBS; pH 7.2). The amount of monomer formed from
a 100% dimerized sample after dialysis for 20 h against this
buffer was 18% (Table 1). The amount obtained after
% L m B > > dialysis against 50 mM ammonium bicarbonate buffer, pH

time [h] 7.8, the buffer chosen for dimer production by heating, was
Ficure 4: Influence of ionic strength on the dimerization of L68Q Zl.mllar.(lr_l((’/o%. Tthlés’ %nfequég“um betvyeeg mc:jnomir a.rld
cystatin C. Cystatin C was concentrated by ultrafiltration to 0.3 Imer IS fikely at hand for Q cystatin C under physi
mg/mL, followed by buffer exchange on a desalting column. The ological conditions.
samples were incubated at 26 for 24 h at a concentration of 0.1 Structure of L68Q Cystatin CNMR spectroscopy was
mg/mL. Amounts of dimer and monomer were estimated by HPLC- jsed to obtain structural information for L68Q cystatin C
ﬁEC; O M NaCl @); 0.1 M NaCl {#); 0.2 M NaCl @); 0.5 M and to study the dimerization process at amino acid resolu-

aCl (a); 1 M NaCl (v). . . .
tion. The signals in dH—'N HSQC spectrum of mono-

Table 1: Conversion of L68Q and Wild-Type Cystatin C Dimers mer,lc wild—type cys.tatm C at pH_ 7.0 (Figure 5a) Were,
into Monomera assigned by comparison with published results for cystatin
C at pH 6.0 18), to allow interpretation of pH 7.0 spectra
of L68Q cystatin C (Figure 5, panels b and c). The spectra

Dimer amount / total protein [%]

monomer/total amount of protein (%)

buffer Z‘;”S‘:;%’rﬁ’ec CyLS?;% c of wild—type and L68Q cystatin C showed similar, good
dispersion of the amide signals with no evidence for an

sE'gHCQ' pH7.8,0.1 M NaCl 1g 1187 unfolded or misfolded form of the L68Q variant, confirming
H,0 12 33 successful refolding of the L68Q cystatin C samples from
20% ethanol/HO 10 30 inclusion bodies. Amide signals for 25 amino acids and the
acetate, pH 4.5 38 85 indole NH of Trp106 in the L68Q variant were assigned in
a1.68Q and wild-type cystatin C dimers were producedzbh of an unambiguous way, as they were only minimally shifted

incubation at 42 and 7%C, respectively. To obtain samples containing between the two cystatin C variants and many additional
100% ddmt;er;’E tcheﬂ:nonomelr f’a‘:tior&_ rfma&”ing _aﬁteé_f?eat":% "f‘;as signals were found at exactly the same positions for the two
s o ales were e sl diferent et vaants. s chemical shifs are extremely sensitive o botr
and monomers were assessed by HPLC-SEC. global and local conformational changes, the close match
of the 'H—N HSQC spectra is supportive for similar
To investigate the role of hydrophobic interactions for conformations of wild-type and L68Q cystatin C. Some few
dimer formation, we incubated monomeric L68Q cystatin C signals of wild-type cystatin C were strongly shifted in the
in refolding buffer (ammonium bicarbonate buffer, pH 7.8) spectra of the L68Q variant, including the signals for Leu/
at different NaCl concentrations for 24 h (Figure 4). During GIn68, Leud?7, and Gly69. These shifts represent local
the firg 4 h of incubation, no increased amounts of dimers influence on chemical shifts by the Leu/GIn68 substitution.
could be observed under salt-free conditions. After 24 h of From a comparison of théH—N HSQC spectra of
incubation, the amount of dimer was still below 20%. A partially (50%) and completely dimerized L68Q cystatin C
clear correlation between ionic strength and degree of samples (Figure 5, panels b and c, respectively), it is clear
dimerization could be observed for all salt concentrations that the chemical shifts of nearly all amide signals of L68Q
analyzed. A 1 M NaCl, the final dimer amount was cystatin C are the same, demonstrating that dimerization does
approximately 80%. In control experiments, no influence not cause major global changes in the protein as it does not
of up to 1 M NaCl on wild-type cystatin C dimerization could affect the majority of amino acids in the molecule. Only a
be observed. Additionally, an effect of ionic strength on few signals, including those of the indole NH of Trp106 and
the reconversion of L68Q cystatin C dimers could be shown. the amides of Val57, GIn107, and Thr109 appear as doublets
Dialysis of a L68Q cystatin C dimer sample againsOH  on the HSQC spectrum of the mixture of both forms (Figure
resulted in approximately 33% remonomerization after 20 h 5b), representing different environments in the dimeric and
incubation (Table 1). But lowering the ionic strength even the monomeric form. These are the same signals as the ones
more by dialyzing against 20% ethanol in distillated water, which were significantly affected in wild-type cystatin C
we were not able to increase the amount of reconvertedupon dimer formation and correspond to locations on the
monomers. In contrast to what was observed for L68Q hydrophobic, proteinase-binding interface participating in the
cystatin C, the reconversion to monomers from wild-type dimerization of the inhibitor X8). Thus, the NMR results
cystatin C dimers was not affected by ionic strength, which provided evidence that the L68Q cystatin C dimer is
is in agreement with previous results for the wilype structurally very similar to the wilettype cystatin C dimer.
cystatin C dimer, concluding that the protein is trapped pH-Dependent Structural Changes in L68Q Cystatin C.
energetically in the dimerl(). The binding of the hydrophobic dye ANS is a widely used
Equilibrium between Monomeric and Dimeric L68Q tool to identify and characterize partly folded states of
Cystatin C. It was observed in the experiments described proteins, including molten globule state&l). ANS binds
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: K V2 the samples at 385 nm immediately after mixing. Wild-type cystatin

C dimer (#); L68Q cystatin C dimer ¥); L68Q cystatin C

rEee monomer M); wild-type cystatin C monome®); buffer (a).

1250 Amax (Figure 6), in total agreement with the NMR and CD
, results (Figures 2a and 5). The increased fluorescence
41300 intensities and the shifts df.x of the spectra obtained with
! the dimeric forms indicate a larger hydrophobic area on the
c co2 T 1000 surface of the dimer than on the surface of the monomer,
w e for both cystatin C variants.
g‘.?; %‘5‘ R ¥ 71080 To establish a possible correlation between dimerization
oti TP gl caused _by lowering pH (shown in 'Flgure 3) and the
e g;_? aﬁ-“«““-" concomitant exposure of hydrophobic groups, the ANS
€. o s equo7 fluorescence emission at 480 nm of freshly refolded L68Q
K54 _*zw“ - “-:.'.'95:, ‘ " {11801°N cystatin C was recorded as a function of pH. Because of
‘ N . Ve the high emission of the dimeric form, the spectra were
Rl . .
{1200 recorded before a substantial amount of dimer had been
formed. Following this approach, the amount of dimer could
J1z50 be kept below 10% during the recording of spectra, as seen
by parallel analysis of samples by SEC. Additionally, the
o , 1300 influence of ANS on the conformation of the proteidd)
. . ) x , ‘ P L) ppm was kept as low as possible this way. The fluorescence
om0 BI'SH A emission intensity obtained for wild-type cystatin C was

rather constant from pH 8.5 to 5.0 and increased below pH

FIGURE 5: 'H-N HSQC spectra of uniformly’*N-enriched 4.5 (Figure 6), seemingly in parallel to the formation of

cystatins. (A) monomeric wild-type cystatin C; (B) L68Q cystatin - . .
C, a sample containing similar amounts of the monomeric and dimers Shown.m Figure 3 and re(_:orded in the I|_terat|1®.(
dimeric form; (C) L68Q cystatin C in its dimeric form. Backbone | h€ ANS binding to L68Q cystatin C was also increased by

amide resonances are labeled according to sequential assignmentowering the pH (Figure 7). In the range between pH 8.5
performed for the wild-type cystatin C. Lines indicate shifts and 7.5 where L68Q cystatin C dimerization is low, the ANS
resulting from dimer formation. All spectra were acquired at 20 f,prescence intensity was unchanged and low. Between pH
pCH '980 mM sodium phosphate buffer containing 0.15 M NaCl at 7.0 and 6.0, the emission intensity was only slightly increased
(Figure 8) whereas the tendency to dimerize is drastically
to hydrophobic regions of proteins with an increase of increased (Figure 3). This shows that the L68Q cystatin C
fluorescence and with a blue-shift &f . reflecting the burial dimers are formed under conditions where little extra
of the ANS molecule in a more hydrophobic environment. exposure of hydrophobic surface is on hand. That is in
We compared the ANS binding to L68Q and wild-type excellent agreement with the NMR results, which demon-
cystatin C in their monomeric and dimeric forms at pH 8.5, strate structural conservation of the cystatin fold in the
the pH value where the L68Q variant is most stably dimeric form. Acidic pH (4.5 and below) caused a dramatic
monomeric (Figure 3). The obtained spectra of L68Q and effect on the binding of ANS. At those pH values,
wild—type cystatin C comparing the respective form (mono- dimerization is prevented and highly reversible. The spectra
mer or dimer) are very similar in fluorescence intensity and obtained at this low pH resemble spectra obtained from
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200 which may be stabilized by binding to the proteinase, and
; rapidly regains most of its activity after transference back
i to more neutral pH values. The easy and direct conversion
150F to the native monomeric form is further confirmed by the

: observation that the monomeric form present at low pH,
when analyzed by SEC, never showed the typical chromato-
Look gram obtained at refolding of cystatin C, which typically

: displays significant amounts of misfolded protein.

DISCUSSION

: Efficient production of properly folded wild-type cystatin
25k C and several variants of the inhibitor in a secretory,
temperature-controlleé. coli expression system has been
s s 6 7 5 9 reported 19, 34, 35). Earlier attempts to use this system
pH for the production of L68Q cystatin C resulted in insufficient
FIGURE7: ANS fluorescence intensity as a function of pH. Aliquots  Yields of soluble protein recovered from the periplasmic
of cystatin C were pH adjusted by adding concentrated buffer space 16). This indicated that the temperature necessary
(acetate, phosphate, or Tris buffer) to a final concentration of 100 to induce the expression system {312 °C) is in conflict

mM. The fluorescence intensity was measured at an emission,,: e ; ;
wavelength of 480 nm and an excitation wavelength of 385 nm. with stability of the expressed L68Q cystatin C, which tends

175F

125F

Fluorescence intensity

75E

50F

0

L68Q cystatin C @); wild-type cystatin C #). to di_meri_ze under these condition$6}[. The resm_JIts we
obtained in the present study using a temperature independent

molten globule-like intermediates of lysozyme ghwhcta- T7 expression system, which allowed expression of an OmpA

mase 82, 33) and differ drastically from obtained spectra signal peptide-L68Q cystatin C construct at lower temper-

of totally heat-denatured cystatin C. atures, demonstrate that the earlier low yields of L68Q

Low pH was also found to influence the secondary cystatin C are not mainly due to induction temperatures
structure of L68Q cystatin C. The CD spectra obtained at conflicting with stability of the cystatin C variant in the
pH 4.5 with the two cystatin C variants differ significantly periplasm. High amounts of L68Q cystatin C could be
(Figure 2b). The spectrum of L68Q cystatin C at this low obtained using a signal peptide-lacking construct under
pH value agrees with a substantial amount of retained conditions where the expressed protein accumulates in the
secondary structure, but with an increased amount of randomform of inclusion bodies in the T7 system. But under
coil structure compared to wild-type cystatin C as indicated conditions where inclusion body formation is avoided, the
by secondary structure predictions. T7 system resulted in soluble protein in the cytoplasm for

To investigate the influence of the observed structural wild-type cystatin C and was unsuccessful for L68Q cystatin
changes on the inhibitory activity of cystatin C, we measured C. This suggests that an intracellular protein folding/stability
inhibition of cathepsin B activity under titrating conditions problem, rather than limitations in the periplasmic secretory
(i.e., at an enzyme concentration 100-fold higher than the system, is the main cause for the previous low yields. On
Ki value for the cystatin €cathepsin B complex, 0.3 nM).  the other hand, similar in vitro refolding rates from inclusion
Cathepsin B is enzymatically active at pH 4.5, but unstable bodies were observed for wild-type cystatin C and the
above neutral pH16). At pH 6.5, cathepsin B remained amyloidogenic L68Q variant. It thus seems that the in vivo
stable during a 30 min measurement and was efficiently picoenviromental conditions are important either for the
inhibited by both wild-type and L68Q cystatin C. The intracellular stability of readily folded cystatin C or for the
dimerization of L68Q cystatin C occurring at pH 6.5 is slow folding itself, which results in an impeded transport out of
under the conditions which, as in the case of the ANS the cell. This may be one reason for the lower cystatin C
binding, were chosen to minimize dimerization. Conse- levels found in body fluids of HCCAA patients, who are
quently, during continuous recording of the inhibition rate, heterozygous for L68Q cystatin G)(
we never observed a recovered cathepsin B activity which It is known that various hereditary amyloidosis syndromes
would have resulted from formation of the inhibitory inactive are characterized by point mutations leading to the production
dimeric cystatin form in the equilibrium assayg). Nev- of amyloidogenic protein variant®). It has been shown
ertheless, the conditions caused the structural changedor some of these proteins that the amyloidogenic variants
observed by ANS-binding and CD experiments. Inhibition can form native folds32, 36). As shown by our present
of cathepsin B at pH 6.5 (taken for 100% inhibitory activity) CD, NMR, and ANS-binding results, the secondary and
decreased to 28% remaining inhibitory activity at pH 4.5 in tertiary structures of L68Q cystatin C are similar to those of
case of L68Q cystatin C, whereas wild-type cystatin C wild-type cystatin C, although the native form for which this
retained 76% of its inhibitory activity at pH 6.5 when assayed is valid is stable under much more narrow conditions. The
at pH 4.5. Preincubation of L68Q cystatin C at pH 4.5 for native form of L68Q cystatin C is further confirmed by the
30 min, which results in formation of the monomeric conserved function of the variant as a proteinase inhibitor
intermediate (Figures 2b and 7), followed by activity (16), which requires the correct arrangement of three different
measurement at pH 6.5, resulted in 79% of the inhibitory structural parts of the inhibitoB{). By structural alignment
activity displayed by the preparation originally (97% activity of human cystatin C18) with chicken cystatin38, 39) the
for wild—type cystatin C in a parallel control experiment). Leu/GIn 68 residue appears to be located in the hydrophobic
Thus, the monomeric form present at low pH is a stable core of the protein. As known from other proteins, mutations
intermediate with partially conserved inhibitory activity, inthe hydrophobic core can decrease protein stabiify(
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42), and in some cases, such destabilization results in amyloidmolten globule-like intermediate would also support a
formation @3—45). In the case of cystatin C, the Leu68 structural rearrangement resultingdrsheet-based aggrega-
GIn substitution seems to destabilize the protein to the degreetion (31), as has been reported fofifeptide 46) and prion
that the mild denaturation required for dimerization occurs fibril formation (47).

under close to physiological conditions, and could be
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