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Abstract
Human cystatin C (HCC) binds and inhibits all types of cysteine proteases from the papain family, including cathepsins (a 
group of enzymes that participate in a variety of physiological processes), which are some of its natural targets. The affinities 
of diverse proteases for HCC, expressed as equilibrium binding constants (Kb), range from 106 to 1014 M−1. Isothermal titra-
tion calorimetry (ITC) is one of the most useful techniques to characterize the thermodynamics of molecular associations, 
making it possible to dissect the binding free energy into its enthalpic and entropic components. This information, together 
with the structural changes that occur during the different associations, could enable better understanding of the molecular 
basis of affinity. Notwithstanding the high sensitivity of modern calorimeters, ITC requires protein concentrations in at least 
the 10–100 μM range to obtain reliable data, and it is known that HCC forms oligomers in this concentration range. We pre-
sent herein a comparative study of the structural, thermal stability, and oligomerization properties of HCC and its stabilized 
variant (sHCC) L47C/G69C (which possesses an additional disulfide bridge) as well as their binding thermodynamics to the 
protease chymopapain, analyzed by ITC. The results show that, because sHCC remains monomeric, it is a better reporter 
than wild-type HCC to characterize the thermodynamics of binding to cysteine proteases.

Keywords  Stabilizing disulfide · Molecular dynamics simulations · Dynamic light scattering · Differential scanning 
calorimetry · Dimerization

1  Introduction

Cystatin C is an extracellular protein consisting of 120 
amino acid residues that is ubiquitous in human body flu-
ids, initially identified as an endogenous cysteine protease 
inhibitor [1]. In recent decades, it has been found that human 
cystatin C (HCC) participates in a variety of processes, such 
as bone resorption [2], antigen presentation [3], modulation 
of inflammatory responses, and fibroblast proliferation [4]. 

Likewise, it is associated with brain development processes 
such as neuropeptide activation and degradation, neurite 
proliferation, and neuronal survival [5, 6]. HCC is prone to 
form dimers and higher oligomers via a domain swapping 
mechanism [7]; this process is more favored in the naturally 
occurring L68Q HCC mutant, the major constituent of amy-
loid deposits in patients with hereditary amyloid angiopa-
thy [8]. In addition, HCC has been found to colocalize with 
amyloid β-protein in amyloid deposits in the brain of patients 
with Alzheimer’s disease [9]. Domain swapping in the for-
mation of dimers and other oligomers of cystatin C, includ-
ing amyloid aggregates, totally disrupts the binding epitope, 
rendering all these species inactive as inhibitors of proteases 
of the papain family. Nilsson et al. [10] produced two vari-
ants of HCC with one additional disulfide bridge that pre-
vents the domain swapping process; one of these monomeric 
variants is the double mutant L47C/G69C, hereinafter called 
stabilized HCC (sHCC), whose three-dimensional (3D) 
structure (3GAX, PDB) [11] is compared with the dimeric 
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one (1G96, PDB) [7] obtained from wild-type HCC single 
crystals grown from protein solutions at concentration of 
10 mg mL−1 [12] in Fig. 1. When sHCC is incubated in the 
presence of the reducing agent dithiothreitol (DTT) under 
conditions that produce oligomers from HCC, dimers and 
higher oligomers are also formed [13, 14]. sHCC shows the 
canonical structure of the cystatin family: a large α1 helix 
that runs across a five-stranded antiparallel β-sheet, with 
connectivity (N)–β1–α1–β2–L1–β3–(AS)–β4–L2–β5–(C), 
where AS is a large “appending structure” outside the core 
of the molecule, located on the opposite side of the binding 
epitope to papain family proteases, the wedge-like struc-
ture constituted by the loops L1 and L2 and the N-terminal 
region. Residues at this end that have been identified as main 
contributors to the affinity and selectivity for different pro-
teases are L9, V10, and the evolutionarily conserved G11 
[15, 16].

The affinity of HCC for proteases from the papain family 
varies, with equilibrium binding constants (Kb) between 106 
and 1014 M−1 [16–19]. This difference in affinity represents 
a change in the free energy of binding (ΔGb) of 46 kJ mol−1 
at 300 K. One question that arises is which contributions to 
the binding energetics in this group of HCC–protease com-
plexes explain this difference, the answer to which can be 
explored by determining the enthalpic and entropic compo-
nents of ΔGb for the binding of HCC to different proteases 
of known structures using isothermal titration calorimetry 
(ITC) [20]. It is worth mentioning that it is not possible to 
measure the binding thermodynamics of high-affinity com-
plexes (Kb > 108 M−1) through direct titration, even with the 
most sensitive microcalorimeters. However, strongly bind-
ing complexes can be characterized by displacement ITC 
[21]; in this mode of ITC, the receptor is first titrated with 
a weak ligand, then this bound ligand is displaced by titra-
tion with the high-affinity ligand. Analysis of both titrations 

gives the thermodynamic parameters for both binding pro-
cesses [21, 22]. Thus, the characterization of the binding of 
HCC to a protease whose affinity could be determined by 
direct titration (Kb < 108 M−1) is a necessary first step. The 
Kb value reported for HCC and active chymopapain (CP) is 
3.2 × 1010 M−1 [23]. Based on previous studies on the bind-
ing of chicken cystatin with active CP [24] and with CP 
blocked with iodoacetic acid [25], we decided to use CP in 
its carboxymethylated form to ensure that its Kb with HCC 
was < 108 M−1. ITC experiments require protein concentra-
tions much higher than those previously used in fluorimetric 
measurements. HCC binds cysteine proteinases as a mono-
mer; however, at concentrations higher than 0.20 mg mL−1, 
it forms dimers and higher oligomers. In this work, the bind-
ing thermodynamics of wild-type HCC and its stabilized 
monomer sHCC is studied and compared, and the use of 
the latter variant is proposed as a suitable substitute to char-
acterize the binding thermodynamics of HCC to cysteine 
proteases.

2 � Materials and Methods

2.1 � Protein Expression and Purification

The gene encoding mature HCC [26], including the initia-
tion codon, was synthesized and codon-optimized by Gen-
Script. This synthetic gene was cloned between the NdeI 
and BamHI sites of the pET-24a vector. Plasmid construc-
tion was transformed into competent cell Top 10F′ (Invitro-
gen) for DNA manipulation and SHuffle® T7 Express lysY 
(New England Biolabs) for protein expression according 
to the manufacturer’s protocol. Variant L47C/G69C HCC 
(sHCC), which possesses a new disulfide that prevents the 
domain swapping process [10], was obtained by sequentially 

Fig. 1   Domain-swapped dimer of human cystatin C (HCC) in green, 
superposed on the stabilized monomer sHCC in blue. Loops and 
β-strands are labeled, as well as the additional disulfide of sHCC 
shown in yellow. The three elements that constitute the inhibitor’s 

binding site to cysteine proteases, viz. two loops and the N-terminus, 
are highlighted in red on the sHCC backbone. Residues at this end, 
identified as main contributors to the affinity, are highlighted in dark 
blue (Color figure online)
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mutating residues Leu47 and Gly69 to cysteine. Mutagen-
esis was performed using the QuikChange II site-directed 
mutagenesis kit (Agilent). The mutagenic oligonucleotides 
were as follows: 5′-CCA​TTC​TCG​TGC​GTGT​CAG​GTG​
GTTCG-3′(L47C forward) and 5′-CGA​ACC​ACCTG​ACA​
CGC​ACG​AGA​ATG​G-3′ (L47C reverse); 5′-GGA​CGT​CGA​
ACT​GTGT​CGT​ACC​ACG​TGC​-3′ (G69C forward) and 
5′-GCA​CGT​GGT​ACG​ACA​CAG​TTC​GAC​GTC​C-3′ (G69C 
reverse). Codon substitutions were verified by sequencing 
the complete genes. HCC and sHCC were expressed from 
a single colony, which was incubated at 30 °C in lysogeny 
broth (LB) medium supplemented with 25 μg mL−1 kana-
mycin until the OD600 reached ~ 0.6. Protein expression 
was induced with a final concentration of 0.4 mM isopro-
pyl β-d-1-thiogalactopyranoside (IPTG) for 4 h. Cells were 
recovered by centrifugation at 3800 × g and resuspended 
in buffer [40 mM Tris, 50 mM NaCl, and 1 mM ethylen-
ediaminetetraacetic acid (EDTA), pH 8.0]. Cells were then 
lysed by ultrasonication (Sonifier 450; Branson Ultrasonics) 
employing 1.0 mM phenylmethylsulfonyl fluoride (PMSF) 
as protease inhibitor. The soluble fraction was obtained by 
centrifugation at 12,000 × g for 20 min at 4 °C. From these 
fractions, HCC and sHCC were purified by three chromato-
graphic steps by fast protein liquid chromatograph (FPLC) 
using an ÄKTAprime plus. In the first stage, both samples 
were loaded onto a size-exclusion Superdex 200 column 
equilibrated with 50 mM glycine, 30 mM NaCl, pH 9.3; 
in the second stage, the samples were subjected to anion 
exchange chromatography using a HiPrep DEAE FF 16/60 
column (40 mM Tris, pH 8.8), collecting the fractions that 
were not trapped (loaded) in the matrix. Finally, the proteins 
were obtained by size-exclusion chromatography performed 
on a Sephacryl 200 column (50 mM glycine, 30 mM NaCl; 
pH 9.3). The proteins were concentrated by ultrafiltration 
between each stage, while for the second stage, they were 
dialyzed against 40 mM Tris, pH 8.8. Proteins were stored 
at –70 °C.

Chymopapain (CP) was purified from a commercial 
extract (Sigma C-9007). One hundred milligrams of extract 
was dissolved in 50 mL phosphate-buffered saline (PBS) 
buffer (50 mM NaH2PO4/Na2HPO4; pH 7.0) in the presence 
of 20 mM cysteine; this mixture was stirred for 10 min at 
room temperature. To block the active-site cysteine of the 
protease, iodoacetic acid at final concentration of 30 mM 
was added to the solution; this reaction was left for 1 h with 
agitation in the dark, then the excess acid was removed 
by dialysis against PBS buffer. Finally, S-carboxymethyl-
chymopapain (cmCP) was obtained in pure form by cation 
exchange chromatography using a Mono S 5/50 GL column 
(GE) with a NaCl gradient from 0 to 1.0 M.

The protein concentration was determined at 280 nm with 
a NanoDrop 2000 (Thermo Scientific) using extinction coef-
ficients (ε) of 11,100 M−1 cm−1 for both HCC and sHCC 

[17] and 51,000 M−1 cm−1 for cmCP [27]. The homogeneity 
of the proteins was verified by sodium dodecyl sulfate (SDS) 
polyacrylamide gel electrophoresis (PAGE) and matrix-
assisted laser desorption–ionization (MALDI) time-of-flight 
(TOF) mass spectrometry.

2.2 � Mass Spectrometry

Molecular weight measurements were performed using a 
MALDI-TOF mass spectrometer (AutoFlex Speed MALDI-
TOF/TOF) equipped with a nitrogen ultraviolet (UV) laser 
(337 nm). Mass spectra were obtained in positive ion and 
linear mode with an accelerating voltage of 20 kV. α-Cyano-
4-hydroxycinnamic acid (CHCA) was prepared as a satu-
rated solution in 0.1% trifluoroacetic acid (TFA) in water/
acetonitrile (1/1, v/v) and employed as a matrix for the 
analysis.

2.2.1 � Molecular Weight of Recombinant HCC and sHCC

Both 1 μL CHCA matrix solution and 1 μL pure protein 
sample (HCC or sHCC, 1 mg mL−1) were applied onto a 
stainless-steel plate, mixed, and air-dried.

2.2.2 � Confirmation of Formation of New Disulfide Bridge

Two aliquots of sHCC were dried by vacuum centrifuga-
tion and dissolved in 10 µL 50 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES), 5.0 M guanidin-
ium chloride, and 1.0 mM EDTA pH 9.0 buffer. Samples 
were denatured at 85 °C for 15 min. One aliquot was used 
to determine the presence of free cysteines, for which the 
alkylating agent iodoacetamide was added to final concen-
tration of 10 mM and incubated for 1 h at room temperature 
in the dark. The other aliquot was used to obtain the mass 
of the reduced and alkylated protein; in this case, the sam-
ple was first treated with 10 mM DTT for 15 min at 80 °C, 
then sulfhydryl groups were alkylated with iodoacetamide 
at final concentration of 25 mM and incubated for 1 h at 
room temperature in the dark. This last sample was loaded 
onto Zip-Tip C18 tips that had been previously activated and 
equilibrated and eluted in a mixture of 70% acetonitrile and 
0.1% trifluoracetic acid. HCCA​ was also used as the matrix.

2.3 � Circular Dichroism

To evaluate the structural integrity of the recombinant pro-
teins, their circular dichroism (CD) spectra in the far-UV 
region were obtained. Previously, HCC and sHCC samples 
were dialyzed against 10 mM phosphate buffer (NaH2PO4/
Na2HPO4), pH 7.0, and their concentrations were adjusted to 
0.10 mg mL−1. CD spectra were obtained at 25 °C in a Jasco 
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J715 spectropolarimeter using a 0.10-cm cell. The spectrum 
corresponding to the buffer was used as a blank.

2.4 � Dynamic Light Scattering

Dynamic light scattering (DLS) analysis of HCC and sHCC 
solutions was performed at 25, 35, 50, and 65 °C using a 
Zetasizer NANO (Malvern, UK) equipped with temperature 
control. Proteins were dialyzed against 20 mM phosphate 
buffer with NaCl (56 mM, pH 7.0) and filtered through a 
membrane with pore size of 0.1 µm. The samples were ana-
lyzed at concentration of 0.40 mg mL−1. Prior to DLS meas-
urements, the samples were equilibrated for 3 min at each 
desired temperature. At least three replicates of each sample 
were performed with multiple (≥ 10) data acquisitions.

2.5 � Size‑Exclusion Chromatography

Both HCC and sHCC solutions were dialyzed in membranes 
with a molecular cutoff of 6–8 kDa against 20 mM phos-
phate buffer with 100 mM NaCl, pH 7.0 and filtered through 
a pore size of 0.22 µm. Solutions with two protein concentra-
tions, viz. 0.20 and 0.40 mg mL−1, were prepared for both 
inhibitors. Aliquots of both proteins at 0.40 mg mL−1 were 
incubated at 65 °C for 45 min, then cooled to room tem-
perature. The samples were loaded into a Superdex 75 HR 
10/30 column previously equilibrated with 20 mM phos-
phate buffer with 100 mM NaCl, pH 7.0, with a flow rate of 
0.75 ml min−1 using an ÄKTA FPLC system.

2.6 � Differential Scanning Calorimetry

Protein denaturation is a process that can be thermally acti-
vated and can be followed by differential scanning calorime-
try (DSC) by analysis of the first heating. The thermal dena-
turation of HCC and sHCC was followed by DSC by heating 
at a rate of 90 K h−1 in a VP‐DSC capillary (GE Healthcare) 
automated with a 0.1-mL cell volume. Sweeps were obtained 
from 15 to 110 °C. For these experiments, the samples were 
dialyzed in a cellulose membrane with a molecular cutoff 
of 6–8 kDa against 20 mM phosphate buffer, with 60 mM 
NaCl, pH 7.0, then filtered through a membrane with pore 
size of 0.22 µM. Both samples were taken at concentration 
of 0.40 mg mL−1. Protein solutions were degassed with vac-
uum agitation, as was the end-of-dialysis buffer, which was 
used as a reference. The data obtained were analyzed using 
software developed by MicroCal implemented in Origin 7 
(OriginLab, Northampton, MA). The “non-2-state model,” 
which is a two-state model that differentiates the calorimet-
ric enthalpy (ΔHcal) from the van’t Hoff enthalpy (ΔHvH), 
was used for the analysis of the data.

2.7 � Isothermal Titration Calorimetry

To evaluate the activity of the HCC and sHCC inhibitors, 
their binding to cmCP at 35 °C was studied using a Micro-
Cal iTC200 calorimeter. Samples of HCC, sHCC, and cmCP 
were simultaneously dialyzed against 10 mM phosphate 
buffer (NaH2PO4/Na2HPO4), pH 7.0, with 78 mM NaCl to 
give an ionic strength of 0.10 M. The solutions were filtered 
through a membrane with pore size of 0.22 µm and degassed 
under vacuum with mild agitation before each experiment. 
For the HCC/cmCP system (cell/syringe), the concentrations 
of the samples were 0.020 mM and 0.135 mM, respectively, 
while for the cmCP/sHCC system, the concentrations were 
0.020 mM and 0.140 mM, respectively. The calorimeter cell 
was filled with 200 µL HCC or cmCP, while the syringe 
was filled with 40 µL cmCP or sHCC as appropriate. The 
titration consisted of 21 injections of variable volume with 
constant agitation at 300 rpm. The data obtained were ana-
lyzed using Origin software with the model of one binding 
site. Prior to analysis, the data were corrected by subtracting 
the heats of dilution of the injectant into the buffer solution 
in the cell using the same injection program.

2.8 � Molecular Dynamics Simulation

The 3D structure of monomeric HCC was constructed 
from the sHCC PDB file (3GAX) [11], changing Cys47 
and 69 to Leu and Gly, respectively, followed by an energy-
minimization protocol. Prior to molecular dynamics (MD) 
simulations, the side-chain ionization states in both HCC 
and sHCC at pH 7.0 were established using the pKa values 
as estimated using the PROPKA subroutine in the PDB-
2PQR server [28]. MD simulations were performed using 
GROMACS 5.0.7 software [29] with the optimized potential 
for liquid simulations (OPLS) force field [30]. Both proteins 
were placed at the center of a cubic box with its nearest 
edge 12 Å away from the protein. Approximately 20,500 
extended simple point-charge (SPC/E) water molecules were 
required to fill the box, and one chloride ion was used to 
neutralize the net charge of each protein. The total number 
of atoms was 63,232 and 63,229 for the HCC and sHCC 
systems, respectively. Energy minimization was performed 
using the steepest-descent algorithm for 1000 steps followed 
by thermal equilibration (100 ps), restricting the position of 
the heavy atoms of the proteins by fixing a harmonic force 
constant of 1000 kJ mol−1. MD simulation was performed 
in an NPT ensemble with time step of 2 fs at temperature 
of 350 K or 450 K at 1.0 bar for 200 ns, using a V-rescale 
thermostat and Parrinello–Rahman barostat. A linear con-
straint solver (LINCS) [31] algorithm was applied to limit 
the length of all covalent bonds. A cutoff of 1.0 nm was 
applied for short-range electrostatic and van der Waals inter-
actions, while long-range electrostatic forces were treated 
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with the particle mesh Ewald method [32]. Two replicates 
were performed for each system.

3 � Results

3.1 � Structural Analysis of HCC and sHCC

The molecular mass of the recombinant inhibitors, wild-
type cystatin C (HCC) and its disulfide-stabilized double 
mutant L47C/G69C (sHCC), determined by MALDI-TOF 
mass spectrometry, was 12,537 Da and 12,575 Da, respec-
tively (Fig. S1, Online Resource 1), consistent with the 

backbones of both proteins being cleaved at their N-termini, 
losing their first eight amino acids. This unexpected cleav-
age of HCC has been reported previously [33, 34], although 
the full-length protein has also been obtained [10, 16–19]. 
Both inhibitors folded with identical secondary structures 
as judged from their far-UV CD spectra (Fig. 2). Using this 
spectrum and the K2D2 program [35], a content of 34% β 
structure and 9% α was predicted, while that reported for 
the crystallographic structure of sHCC (3GAX, PDB) [11] 
is 47% β and 13% α.

The presence of the additional disulfide introduced into 
sHCC, in addition to the two present in the wild-type HCC, 
was verified by mass spectrometry, as shown in Fig. 3. After 
confirming the absence of free cysteines in the nonreduced 
protein, the mass increment due to the reaction of iodoaceta-
mide with the denatured and reduced protein corresponds 
to the carbamidomethylation of six cysteines, indicating the 
presence of three disulfides in sHCC [36].

3.2 � Oligomerization of HCC

To test the capacity of HCC to dimerize and to confirm 
the elimination of this phenomenon in sHCC [10], size-
exclusion chromatography (SEC) experiments were 
performed in a previously calibrated Superdex 75 col-
umn (Fig.  4). At 25  °C and protein concentration of 
0.20 mg mL−1, the chromatogram of HCC showed a main 
peak associated with the monomer and a smaller peak 
related to the dimer (cyan curve). Doubling the concentra-
tion of HCC to 0.40 mg mL−1 caused a rise in the propor-
tion of the dimer peak (blue line). In addition, heating an 
aliquot of this last sample for 40 min at 65.0 °C and cool-
ing to 25 °C led to further dimer formation (red curve). 
On the other hand, a concentrated (0.40 mg mL−1) and 

Fig. 2   Far-UV CD spectra of human cystatin C (solid line) and sta-
bilized cystatin C (dotted line) at 0.10 mg mL−1 in 0.010 M sodium 
phosphate, pH 7.0 at 25 °C

Fig. 3   Quantification of disulfide bonds in sHCC by MALDI–TOF 
mass spectrometry. a Mass spectrum of the native protein, which was 
identical to that of the denatured and nonreduced protein after treat-

ment with iodoacetamide. b Mass spectrum of the totally reduced and 
carbamidomethylated protein
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heated sample of sHCC was eluted as a single peak in the 
zone corresponding to the monomer (black line), the same 
peak observed for a dilute (0.20 mg mL−1) and nonheated 
sample (not shown). Solutions of HCC at 0.40 mg mL−1 
formed higher-order oligomers upon heating at 65 °C, 
according to DLS experiments, while under the same 
conditions, sHCC remained a monomer (Fig. S2, Online 
Resource 1).

3.3 � Thermal Stability of HCC and sHCC

The thermal stability of both inhibitors was analyzed by 
DSC. Endotherms obtained at the same protein concentra-
tion and solvent conditions as used in the SEC and DLS 
experiments are shown in Fig. 5. The thermal denaturation 
of both inhibitors was irreversible; i.e., after the first heat-
ing scanning, no significant change in the heat capacity of 
the solution was observed upon cooling and reheating. Even 
though equilibrium equations are not applicable under these 

Fig. 4   Size-exclusion chromatograms of HCC and sHCC in a Super-
dex  75 column: HCC at 0.20  mg  mL−1 (cyan line and triangles), 
HCC at 0.40 mg mL−1 (blue line and circles), HCC at 0.40 mg mL−1 
heated at 65  °C and cooled (red line and circles), and sHCC at 
0.40  mg  mL−1 heated at 65  °C and cooled (black line and circle). 

The continuous line in panel B is the linear regression of the green 
data points, representing the peak positions and molecular weights of 
γ-globulin (158 kDa), ovalbumin (44 kDa), myoglobin (17 kDa), and 
vitamin B12 (1.35 kDa) (Color figure online)

Fig. 5   DSC thermograms of HCC (a) and sHCC (b). The protein 
concentration for both samples was 0.40 mg mL−1 in 20 mM phos-
phate buffer, pH 7.0, with 56  mM NaCl. Scans were obtained at 

90 K h−1. Continuous lines are fits to the experimental data (dashes) 
using a reversible two-state model
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conditions, the calculation of the van’t Hoff enthalpy (ΔHvH) 
and its comparison with the calorimetric enthalpy (ΔHcal) 
can help to compare the molecularity of the processes [37]. 
Table 1 presents the values of ΔHcal and ΔHvH obtained 
from the analysis of two independent scans, such as those in 
Fig. 5, assuming an equilibrium two-state model. The last 
column presents the factor by which ΔHvH is greater than 
ΔHcal.

3.4 � Molecular Dynamics Simulations of Thermal 
Unfolding of the Inhibitors

During the 200-ns MD simulations of both proteins in 
explicit solvent at 450 K, unfolding of both polypeptides was 
observed. However, while HCC lost the α-helix in the first 
15–30 ns, sHCC took more than 100 ns (Fig. 6a). The mobil-
ity of both chains was very similar at 350 K, as indicated by 
their almost superimposable root-mean-square fluctuation 
(RMSF) profiles (Fig. S3, Online Resource 1), which are 
directly related to the profiles of B-factors according to the 
equation B

i
=

8�2

3
RMSF

2

i
 [38]; at 450 K, the mobility was 

only slightly greater in HCC, even near the location where 
the new disulfide bridge was introduced in sHCC. A notable 
exception was the N-terminus, including the α-helix, which 
was much more mobile in the wild-type cystatin C (Fig. 6b).

3.5 � Protease–Inhibitor Binding Thermodynamics

The binding thermodynamics of the protease cmCP to both 
HCC and sHCC was studied by means of ITC. To obtain 
reliable ITC measurements with this protein–protein sys-
tem, we found the minimum concentration of protein in 
the cell to be approximately 0.020 mM and the minimum 
concentration of protein in the syringe to be approximately 
0.140 mM. Figure 7 presents the binding isotherms for 
the HCC/cmCP and cmCP/sHCC systems (cell/syringe) 
at 35 °C and pH 7.0.

The thermodynamic parameters for the formation of 
both complexes, viz. cmCP–CCH and cmCP–sCCH, are 
presented in Table 2. The equilibrium binding constant 
(Kb) of the protease was three times larger for sHCC than 
for HCC. The binding enthalpies for both complexes were 
very similar, so the moderately higher affinity of chymopa-
pain for sHCC was mainly due to a lower entropy diminu-
tion in the binding reaction. It is worth mentioning the low 
and similar value of n obtained for both complexes, which 
we cannot explain but which could be due to a fraction of 
chymopapain molecules that lost their ability to bind to 
the inhibitors.

Table 1   Analysis of DSC thermograms

a ΔHvH/ΔHcal ratio

Tm (°C) ΔHcal (kJ mol−1) ΔHvH (kJ mol−1) r2 Ratioa

[HCC] 78.6 ± 0.2 139.4 ± 11.4 405.5 ± 7.3 0.99 2.92 ± 0.19
[sHCC] 89. 5 ± 0.2 194.1 ± 19.6 358.8 ± 1.4 0.99 1.86 ± 0.20

Fig. 6   Molecular dynamics simulation results for calculated trajec-
tories of HCC and sHCC in explicit water solvent at 450  K during 
200  ns in NPT ensemble. a Changes in secondary structure and b 

mobility of the polypeptide chains as root-mean-square fluctuation of 
α-carbons (Color figure online)
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4 � Discussion

Recombinant human cystatin C (HCC) and its variant 
L47C/G69C with a new disulfide bridge (sHCC) were 
obtained in their folded and active conformations, both 
able to bind the cysteine protease S-carboxymethyl-
chymopapain (cmCP). As eventually happens for HCC 
[33, 34], both proteins were cleaved at the peptide bond 
between R8 and L9, losing their first eight amino acids; 
their CD spectra were identical (Fig. 2) and quite similar 
to that previously reported for HCC [39].

Monomeric wild-type HCC forms dimers [7] and higher 
oligomers [10] through a domain swapping mechanism. 
Here, we clearly observed the formation of dimers at HCC 

concentrations ≥ 0.20 mg mL−1 (Fig. 4). Additionally, 
heating HCC solutions to 65 °C increased the formation 
of dimers (Fig. 4) and promoted the generation of high-
molar-mass aggregates (Fig. S2), as also observed pre-
viously [39]. However, sHCC maintained its monomeric 
state even at high concentrations and temperatures (Figs. 4 
and S2) due to its additional disulfide link that precludes 
dissociation of domains.

The thermal unfolding of both inhibitors was irrevers-
ible. The DSC thermogram obtained for HCC was similar 
to that previously reported [40]. Using a concentration 
of 0.40 mg mL−1, we determined values for Tm and for 
the ratio (ΔHvH/ΔHcal) of 78.6 °C and 2.92, respectively, 
comparable to the values of 82.0 °C and 2.67 obtained pre-
viously with equally truncated HCC at 1.0 mg mL−1 [40]. 

Fig. 7   Calorimetric isothermal titration for binding of cmCP to CCH (a, b) and sHCC to cmCP (c, d). Titrations performed at 35 °C in 10 mM 
phosphate buffer (NaH2PO4/Na2HPO4), pH 7.0. Ionic strength adjusted to 0.10 M with NaCl

Table 2   Binding thermodynamics of S-carboxymethyl-chymopapain (cmCP) to wild-type human cystatin  C (HCC) and to its mutant L47C/
G69C (sHCC), at 35 °C and pH 7.0

System (cell/syringe) Kb (M−1) × 10−6 ΔH (kJ/mol) ΔG (kJ/mol) TΔS (kJ/mol) n

HCC/cmCP 4.0 ± 1.7 –48.3 ± 1.5 –38.7 ± 1.4 –10.0 ± 1.8 0.73 ± 0.02
cmCP/sHCC 12.0 ± 2.5 –46.1 ± 0.6 –41.7 ± 0.5 –4.4 ± 0.8 0.75 ± 0.01
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The new disulfide bond in sHCC increased the conforma-
tional stability of the protein, shifting the Tm to 89.5 °C 
and decreasing the ratio ΔHvH/ΔHcal to 1.86 (Table 1). 
The stabilizing effect of the S–S crosslink results from 
a decrease in the conformational entropy of the unfolded 
chain, which has been estimated by the equation [41]

where n is the number of residues in the loop forming the 
disulfide bond, equal to 23 for the C47–C69 disulfide in 
sHCC. Thus, the entropy diminution caused by this bond 
(ΔΔS) calculated using Eq. 1 is 48 J K−1 mol−1. As a ref-
erence, assuming that both denaturations were reversible 
and the energetic stabilization of the new disulfide was 
entirely due to this entropic effect (i.e., ΔΔH = 0), a Tm 
value of 93.9 °C would be expected for sHCC (see Online 
Resource 1). On the other hand, the higher ΔHvH/ΔHcal ratio 
of 2.92 for HCC compared with 1.86 for sHCC reveals the 
higher-oligomeric nature of the species undergoing thermal 
denaturation in the case of HCC [37].

Molecular dynamics simulations of the thermal unfold-
ing of both inhibitors also reflected the higher stability of 
sHCC, particularly of the helix region, which took approx-
imately five times longer to unfold than in HCC (Fig. 6a).

Regarding ITC experiments, note that the propensity 
of HCC to dimerize limits its use at concentrations above 
0.20 mg mL−1, hindering its application as a titrant; thus, 
it was necessary to place it in the calorimetric cell and 
add the protease cmCP. In contrast, for the complex with 
sHCC, we filled the syringe with inhibitor at 1.76 mg mL−1 
and titrated it with the cmCP solution within the cell. The 
measured affinities of cmCP for both inhibitors were very 
similar, with Kb values of 4.0 × 106 and 12 × 106 M−1 for 
HCC and sHCC, respectively; this slightly greater affinity 
of the protease for sHCC compared with HCC was also 
observed previously with cathepsin B, with Ki values of 
0.23 nM and 0.37 nM, respectively [10].

The mean value of Kb for the complexes cmCP–HCC 
and cmCP–sHCC is 8.0 × 106 M−1, which, compared with 
the Kb of the active-CP–HCC complex of 3.2 × 1010 M−1 
[23], gives a decrease in affinity of 20.7 kJ mol−1 at 300 K 
( ΔΔGb = RT lnKb1∕Kb2 ). This reduction is mainly caused 
by the carboxymethyl group introduced at the sulfur atom 
of the catalytic Cys of CP, which hinders the interaction 
with HCC. In the case of the complexes of HCC with acti-
nidin and with carboxymethyl-actinidin, the respective Kb 
values are 5.3 × 107 M−1 and 8.3 × 105 M−1 [17], giving 
a ΔΔGb value of 10.4 kJ mol−1, which is only half the 
decrease in energy obtained with the chymopapain com-
plexes. This dissection of the binding free energy of these 
complexes into their enthalpic and entropic components 

(1)ΔS
(

J K
−1

mol
−1
)

= −8.8 − (3∕2)R ln n,

using ITC analysis will help to improve understanding of 
the molecular basis of these processes.

The ΔGb value for the complex of cmCP with sHCC was 
only 7.8% more negative than that with HCC (Table 2), 
and this difference was mainly due to the entropic com-
ponent ΔSb, which was –32.4 J K−1 mol−1 for HCC and 
–14.3 J K−1 mol−1 for sHCC. This lesser entropic decrease 
can be explained by restrictions imposed by the new 
disulfide in the free sHCC. Assuming that the final bound 
state in both complexes is equally restricted, those bond rota-
tions already restrained by the new link in the free sHCC 
will not contribute to the diminution of the binding entropy.

In conclusion, because stabilized human cystatin  C 
(sHCC) cannot form dimers or higher oligomers, it repre-
sents a better model than the wild-type inhibitor for studying 
the wide variation in affinity for different cysteine proteases. 
Characterization of the binding thermodynamics of sHCC to 
diverse cysteine proteases of the papain family could shed 
new light on the structural basis that determines the pro-
tein–protein affinities.
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