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Chicken cystatin (cC) mutant I66Q is located in the hydrophobic core of the protein and increases the propensity for
amyloid formation. Here, we demonstrate that under physiological conditions, the replacement of Ile with the Gln in the
I66Q mutant increases the susceptibility for the disulfide bond Cys71–Cys81 to be reduced when compared to the wild
type (WT) cC. Molecular dynamics (MD) simulations under conditions favoring cC amyloid fibril formation are in
agreement with the experimental results. MD simulations were also performed to investigate the impact of disrupting the
Cys71–Cys81 disulfide bond on the conformational stability of cC at the atomic level, and highlighted major disruption
to the cC appendant structure. Domain swapping and extensive unfolding has been proposed as one of the possible
mechanisms initiating amyloid fibril formation by cystatin. Our in silico studies suggest that disulfide bond formation
between residues Cys95 and Cys115 is necessary to maintain conformational stability of the I66Q mutant following
breakage of the Cys71–Cys81 disulfide bridge. Subsequent breakage of disulfide bond Cys95–Cys115 resulted in large
structural destabilization of the I66Q mutant, which increased the α–β interface distance and expanded the hydrophobic
core. These experimental and computational studies provide molecular-level insight into the relationship between disul-
fide bond formation and progressive unfolding of amyloidogenic cC mutant I66Q.

An animated Interactive 3D Complement (I3DC) is available in Proteopedia at http://proteopedia.org/w/Journal:JBSD:23

Keywords: chicken cystatin; I66Q mutant; disulfide bond; molecular dynamics simulation.

Introduction

Human cystatin C (HCC) is an inhibitor of extracellular
cysteine proteinases, and is found in all body fluids and
tissues examined (Bobek & Levine, 1992). Human cysta-
tin C amyloid angiopathy (HCCAA) is a dominantly
inherited disorder characterized by tissue deposition of
amyloid fibrils in blood vessels that leads to recurrent
hemorrhagic stroke (Sanders et al., 2004). Wild type
(WT) HCC forms a part of the amyloid deposits in brain
arteries of elderly people with amyloid angiopathy
(Olafsson & Grubb, 2000). The genetic background of a
more severe HCCAA disease, which causes massive
amyloidosis, cerebral hemorrhage, and death in young
adults, is associated with a point mutation responsible
for the amino acid substitution, a glutamine residue
replacing a leucine residue at position 68 in the HCC

polypeptide chain (Abrahamson, 1996). Recent studies
showed that HCC associates with amyloid-β (Aβ) and
can inhibit formation of Aβ fibrils and oligomers both
in vitro and in mouse models of amyloid deposition, sug-
gesting a possible role for HCC in Alzheimer’s disease
AD (Kaeser et al., 2007; Mi et al., 2007).

Chicken cystatin (Cc) is the most well-characterized
member of the cystatin superfamily and displays similar
biophysical characteristics with HCC, especially in terms
of secondary structure and the amyloidogenic properties.
The 3D structure of cC has been characterized by X-ray
crystallography and nuclear magnetic resonance (NMR)
(Bode et al., 1988; Engh et al., 1993). NMR studies con-
firmed that the 3D structure of cC is similar to that
described for HCC (Ekiel et al., 1997). Residue 66 in cC,
corresponding to residue 68 in HCC, lies buried in the
hydrophobic core of the protein molecule. Research on cC
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variant I66Q demonstrated that I66Q has similar amyloi-
dogenic properties as HCC L68Q (He et al., 2005; Stani-
forth et al., 2001). The structures of both HCC and cC
consist of a large five-stranded antiparallel β-sheet
wrapped around a central α-helix, both structures possess
two disulfide bonds. The connectivity within the β-strands
is: (N)-β1-(α)-β2-L1-β3-(AS)-β4-L2-β5-(C), where AS is
a broad ‘appending structure’ (Grubb et al., 1984). Both
disulfide bonds of cC are located in the carboxy-terminal
of the protein. The Cys71–Cys81 bond is contained in the
AS and links a small segment of α-helical structure to the
main β-sheet of the protein, the other disulfide bond,
Cys95–Cys115, joins the two carboxy-terminal β-strands
of the main β-sheet (Figure 1, Bode et al., 1988).

To date, 3D domain swapping has been observed in
more than 30 different proteins (Ivanova, Sawaya, Gin-
gery, Attinger, & Eisenberg, 2004; Janowski et al., 2001;
Knaus et al., 2001). HCC is the first disease-causing
amyloidogenic protein whose oligomerization has been
shown to occur via a 3D domain swapping process, with
the L68Q variant showing a greater propensity for this
process (Sanders et al., 2004; Staniforth et al., 2001).
Previously, using molecular dynamics (MD) simulation,
our group demonstrated that the hydrophobic core region
of cC I66Q mutant was expanded compared with WT cC
and AS had larger displacements in the I66Q mutant,
these structural difference persisted throughout the whole
time course of the simulation (Yu et al., 2012). These
findings suggested that the AS in amyloidogenic cystatin
may play an important role in opening the native struc-
ture and triggering the process of domain swapping.

Recently, disulfide bond and salt bridge formation
have been identified as specific interactions that can sta-
bilize aggregation–prone interfaces in native protein con-
formations and thus prevent structural rearrangements
that are required for misfolding and aggregation (Pech-
mann, Levy, Tartaglia, & Vendruscolo, 2009). A previ-
ous study by Björk and Ylinenjarvi showed that the

Cys95–Cys115 disulfide bond, but not the Cys71–Cys81
bond of cC, is of more importance for maintaining the
native conformation of cC and is crucial for its protein-
ase-binding ability (Björk & Ylinenjarvi, 1992). The for-
mation of disulfide bonds has been associated with
stabilizing interaction between protein secondary struc-
tures, for example, disulfide bonds that close long loops
are reportedly more efficient for stabilizing proteins than
those closing short loops (Abkevich & Shakhnovich,
2000). In addition to loops (Schirra, Guarino, Anderson,
& Craik, 2010), disulfide bridges are also known to sta-
bilize β-sheets (Venkatraman, Nagana Gowda, & Bala-
ram, 2002) and α-helices (Kibria & Lees, 2008) in the
correct conformations of proteins. However, their effect
on turn structures (e.g. β-turn or hairpins) depends on
the amino acid content of the turn (Santiveri, Leon, Rico,
& Jimenez, 2008). Taken together, this led us to hypoth-
esize that the formation of either one, or both, of the two
native disulfide bonds of cC may be a critical factor for
sustaining and stabilizing the native structure; and con-
versely, breakage of either one, or both, might be influ-
ential in the process of domain swapping and hence
amyloid formation.

In this study, we have used a combination of biochem-
ical and computational approaches to investigate the
influence of the Cys71–Cys81 and Cys95–Cys115 disul-
fide bonds on stability of cC I66Q mutant. Our results
demonstrate the significance of both disulfide bonds in the
formation of cC I66Q mutant native structure and provide
further insight into key determinants that influence domain
swapping in cC and hence amyloid formation.

Materials and methods

Expression and purification of recombinant cCs

pPICZαA expression vectors encoding both WT and
I66Q mutant cC proteins were introduced into Pichia
pastoris, and protein was expressed and purified as
described previously (He et al., 2005). However, the
ammonium precipitation approach was not performed,
following cell lysis and the insoluble protein aggregates
were removed by centrifugation, the supernatants were
diluted one in five and applied on a CM-Toyopearl col-
umn. The absorbed recombinant cC proteins were eluted
using a gradient of 0–.5M sodium chloride in 20mM
Tris–HCl buffer, pH 7.5 and fractions collected. The pro-
tein content of each fraction was determined by measur-
ing the absorbance at 280 nm as well as sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE).
The fraction containing the protein was collected and
dialyzed against deionized water to remove salt at 4 °C.

Tricine–SDS-PAGE

The Tricine–SDS-PAGE was run under nonreducing
conditions. The protein samples were fractionated by

Figure 1. Structural representation of chicken cystatin, the
two disulfide bridges are displayed by red sticks, colored
magenta, yellow, and cyan are the α–helix, the β-strand, and
the loops, respectively.
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Tricine–SDS-PAGE as described by Schägger (2006).
The sample (30 μL) was pretreated by mixing with 10
μL 4� SDS-PAGE loading buffer (Buffer B: 12% SDS
(wt/vol), 30% glycerol (wt/vol), .05% coomassie blue
G-250 (Serva), 150mM Tris/HCl (pH 7.0) in a .5mL
centrifugal tube). To examine disulfide bond status, dithi-
othreitol (DTT) was added at different concentrations: 0,
1, 2, and 4mM. After mild shaking for 5 s, the samples
were incubated at 37 °C for 10min, then each sample ali-
quot (10 μL) was loaded to the sample wells. Electropho-
resis of the protein was performed on 16% separating
gel containing glycerol and 4% stacking gel. The gels
were kept at a constant voltage of 60 and 120V at stack-
ing and resolving gel, respectively. Protein staining was
carried out using coomassie brilliant blue.

Circular dichroism analysis

Far-ultraviolet (200–260 nm) circular dichroism (far-UV
CD) spectra were measured to estimate the conforma-
tional change in recombinant cystatins according to the
method of Kato and Tanimoto (Kato, Tanimoto, Muraki,
Kobayashi, & Kumagai, 1992). Recombinant cystatin
solutions were adjusted to .05mg/mL with 10mM phos-
phate buffer (pH 7.0). CD spectra were recorded at 25 °
C on a J-600 spectropolarimeter (Jasco, Tokyo, Japan)
with a 1.0 cm cuvette.

Construction of different I66Q mutant cC monomer
models

The model of the monomeric molecule used in our work
is based on the X-ray crystal structure of the coordinates
of monomeric chicken cystatin (protein data bank [PDB]
entry 1CEW), which was obtained from research collab-
oratory for structural bioinformatics Protein Data Bank
(Bode et al., 1988). The model of I66Q monomer was
constructed using homologous modeling method through
the online service of Swiss Model (http://swissmodel.
expasy.org/). In this study, the same PDB file of WT and
I66Q mutant cC was used to construct different initial
conformations for simulations: the native state (referred
to as NAT), the disulfide bond between Cys71–Cys81
reduced state (this disulfide bond broken state is abbrevi-
ated as DBBS C71-C81), Cys95–Cys115 reduced state
(DBBS C95-C115), and both disulfide bonds reduced
state (DBBS BOTH).

MD simulations

All MD simulations were carried out by GROMACS
4.0.7 software package (Hess, Kutzner, Van Der Spoel,
& Lindahl, 2008) with constant number, pressure,
temperature, and periodic boundary conditions. The
V-rescale and Parrinello–Rahman algorithms have been
applied for temperature and pressure coupling, respec-
tively. The GROMOS96 43a1 (Scott et al., 1998) force
field was applied in all simulations. The models were

immersed in the cubic boxes filled with water molecules
with a distance between peptides and box edges of at
least 10Å. Each monomer model was solvent in a water
box approximately containing 10,124 simple point-
charge water molecules (Berendsen, Postma, van
Gunsteren, & Hermans, 1981) and neutralized by adding
14 Cl� counter ions. The linear constraint solver method
(Berendsen et al., 1981) was used to constrain bond
lengths, allowing an integration step of 2 fs. Electrostatic
interactions were calculated with the particle mesh Ewald
algorithm (Essmann et al., 1995). All calculations were
carried out with a cutoff of 9Å. The solvated and neu-
tralized systems were then energy-minimized for 20 ps to
remove bad contacts. Afterwards, the backbone atoms of
the structure were fixed, while the side chains and sol-
vent were allowed to move unrestrained for 40 ps. After
equilibration, the total of four independent simulations
was carried out at 330K, pH2 for 20 ns, respectively.

Analytic methods

The GROMACS package was used for most analyses
performed. Secondary structure analyses were carried out
employing the defined secondary structure of protein
(DSSP) method (Kabsch & Sander, 1983). The Visual
Molecular Dynamics software (VMD) was used to pro-
duce all images. The root-mean-square deviations
(RMSD) were calculated for all alpha– carbon (C) atoms
with reference to the first frame of the trajectories.
H–bonds were calculated by a distance cutoff of 3Å and
an angle cutoff of 120°.

Results

Different disulfide bond status exists between WT cC
and I66Q mutant

Staniforth et al. demonstrated that in contrast to WT cC,
which had an immeasurably slow dimerization rate, the
I66Q cC mutant dimerizes spontaneously and rapidly at
room temperature in the absence of denaturant
(Staniforth et al., 2001). Therefore, in order to investi-
gate the role that the disulfide bond formation may play
in dimerization, we decided to assess the disulfide bond
states of I66Q compared to WT under conditions that
I66Q spontaneously dimerizes.

Generally, Laemmli SDS-PAGE was primarily used
for separating proteins > 30 kDa, while Tricine–SDS-
PAGE was used preferentially for the optimal separation
of proteins < 30 kDa. Thus, to detect the different disul-
fide bond forms in the two cC proteins, we developed a
protein laddering map using Tricine–SDS-PAGE, which
is mainly based on a similar method using SDS-PAGE
(Wu et al., 2010). Compared with reducing SDS-PAGE
under extensively reducing conditions, the electropho-
retic mobility of proteins containing incomplete disulfide
bonds on nonreducing SDS-PAGE has a minute
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difference due to different compact conformations of
proteins with disulfide bonds. Using Tricine–SDS-PAGE
which enables a better resolution compared to SDS-
PAGE, such structural differences are clearly visible. Fig-
ure 2 shows that WT cC exhibits three disulfide bond
variants: these being the protein with two disulfide
bonds, one disulfide bond, and no disulfide bonds (fol-
lowing reduction by DTT), respectively. In contrast, after
reduction with DTT or nonreducing sample buffer fol-
lowed by incubation at 37 °C for 10min, the I66Q
mutant showed only two disulfide bond variants: these
containing one disulfide bond and no disulfide bond,
respectively. This suggests that one of the two disulfide
bonds that exists in WT cC has been disrupted during or
before the process of dimerization, in the I66Q mutant.

Dynamics of cC structural changes

It has been proved that in MD simulations, high temper-
ature and low pH value can accelerate protein unfolding
without changing the pathway of unfolding (Day,
Bennion, Ham, & Daggett, 2002). Therefore, we
performed the simulations under the extreme conditions
with the elevated temperature of 330K (57 °C) and pH2,
to correspond with the conditions that were chosen in
our previous experiments (He et al., 2005; Yu et al.,
2010, 2012) and further make the system reach the equil-
ibrated regions at a minimum of simulation time and
computational expense. The RMSDs of the backbone
alpha carbon atoms of cC during molecular dynamic
simulations were calculated for all simulations. The
RMSD value reached a relative equilibrium region at
10 ns in both I66Q and WT cC (Figure 3(A)), and energy
analysis showed all system reached convergence (data
not shown).

In two WT simulations (native and both disulfide
bonds reduced) and the I66Q native simulation, the
RMSDs are similar at around .25 nm during the 20 ns
simulations. However, the residue averages of the root-
mean-square fluctuations (RMSF) values and secondary
structure contents during the 20 ns MD simulations show
that the untwisting of the Helix 2 of WT DBBS BOTH,
I66Q NAT are more apparent compared to WT NAT and
the Helix 1 content of I66Q NAT is slightly reduced
(data not shown). Owing to that change in the content of
Helix’s 1 and 2 has an obvious influence on cystatin
amyloidogenic properties (He et al., 2005; Yu et al.,
2010, 2012), these results suggested that the three
systems may exist some differences in aggregation capa-
bilities although three RMSDs are similar. In contrast,
other conformations of I66Q series with different disul-
fide bond variants showed higher RMSDs than both WT
simulations and the I66Q native simulation. Interestingly,

Figure 2. I66Q mutant exhibits different disulfide bond
variants under physiological conditions compared with WT cC.
A, B Tricine–SDS-PAGE patterns of WT and I66Q cC mutant
following incubation with or without different concentrations of
DTT. After incubation, the samples were subjected to
nonreducing Tricine–SDS-PAGE. ‘+ ’ represents reaction of cC
with 8mM DTT, this concentration of DTT is sufficient to
maintain both disulfide bonds in the reduced state, while ‘–’
represents no DTT treatment.

Figure 3. (A) RMSDs of the Cα-positions during the 20 ns simulations. (B) Far-UV CD spectra for WT and I66Q mutant in native
state and in presence of increasing amounts of denaturant.
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the RMSD of Cys95–Cys115 reduced form (I66Q DBBS
C95-C115) is broadly comparable with the simulation in
which both disulfide bonds are reduced (I66Q DBBS
BOTH), but is higher than the simulation for the Cys71–
Cys81 reduced form (I66Q DBBS C71-C81). The results
of I66Q DBBS C71–C81 and I66Q DBBS C95–C115
are consistent with a previous study in which it was sug-
gested that the less accessible Cys95–Cys115 disulfide
bond of cC, (compared to the more accessible Cys7l–
Cys81 bond), is of greater importance for maintaining
the conformation of the inhibitor required for binding of
target proteinases (Bjork & Ylinenjarvi, 1992).

In addition, this result also suggests that the confor-
mational stability of I66Q is more responsive and sensi-
tive to changes in disulfide bond status compared to WT
cC. Thus, MD simulations predict a much-increased fluc-
tuation in structural conformations for the Cys95–Cys115
reduced I66Q mutant. These structural changes could be
much more pronounced in a multimolecular system, and
hence could possibly aid in inducing domain swapping
between I66Q mutant molecules.

I66Q cC mutant showed significant structural changes
under denaturing conditions comparing with WT cC

To assess if conformational stability of I66Q is indeed
more sensitive to disulfide bond status compared with
WT cC, far-UV CD spectra were recorded for both WT
and I66Q cC mutant in native and increasingly denatur-
ing conditions (in presence of 1–4M GdmCl) (Figure 3
(B)). The unfolding profile of WT cC and I66Q cC
mutant was assessed at 37 °C with different GdmCl con-
centrations for 30min period using far-UV CD spectros-
copy. Up to a concentration of 3M GdmCl, both WT
and I66Q cC display a very similar denaturation profile
(Figure 3(B)). However, upon further reducing power of
4M GdmCl, a significant change in the secondary struc-
ture was observed for I66Q, which is in stark contrast to
WT cC which was not perturbed under these experimen-
tal conditions. These results suggest that the disruption
of disulfide bonds in the I66Q mutant greatly affects the
conformational stability of the compact structure of the
cC monomer, much more readily than the equivalent WT
cC monomer.

Analysis of the distance between sulfur atoms in
cysteine residues of I66Q mutant within various
disulfide bond variants

Previous studies have shown that domain swapping of
stefins (cystatin superfamily I) and Hcc requires that
almost the complete unfolding of native structure before
the two chains can rearrange and swap strands (Jerala &
Zerovnik, 1999; Zerovnik et al., 2011). Hence, to further
assess importance of sequence of disulfide bond break-
age in the unfolding process of I66Q cC mutant, we ana-
lyzed the distance between sulfur atoms in cysteine

residues started with the disulfide bond completely
reduced form (i.e. disulfide bond nonprotected form,
I66Q DBBS BOTH) during MD simulations (Figure 4).
Our data show that early in the simulation there is a
major structural change in the I66Q mutant that causes a
significant increase in distance ( > .8 nm at 2 ns) between
Cys71 and Cys81, while Cys95 and Cys115 distance
remains reasonably constant. Subsequently, later in the
simulation, the Cys95–Cys115 region begins to change
which may be a crucial factor in causing loss of enzy-
matic activity. This is corresponding with our previous
experimental finding, i.e. both the I66Q and WT cCs
have similar inhibitory activity toward papain (He et al.,
2005). Taken together, it suggests that at 37 °C the
Cys71–Cys81 disulfide bond might be disrupted in the
I66Q, while the Cys95–Cys115 disulfide bond might be
preserved in these conditions. We predict that the inher-
ent structural differences between the WT cC and the
I66Q mutant increases the probability of disruption of
the Cys71–Cys81 disulfide bridge and hence increases
the accessibility of the monomeric I66Q structure.

Residue averages of the RMSF in various I66Q
simulations

To assess the detailed structural changes occurring in the
monomeric I66Q mutant with respect to different states
of disulfide bond breakage, we calculated the average
RMSF during the convergence period of MD simulations
(10–20 ns) of Cα for each residue of the protein (Figure 5
(A)). The RMSF results showed that the AS region
(consisting of Helix 2) has a comparatively large dis-
placement in all models, although this is much more
pronounced following disruption of the disulfide bridges.
Helix 2 partially unfolded to β-turns in each model lack-
ing disulfide bonds, but it maintains a helical structure in

Figure 4. Distance between sulfur atoms in cysteine residues
of I66Q DBBS BOTH.
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the native state model (Figure 5(B)). This data suggests
that the unfolding of Helix 2 is a major factor in the
large displacement of AS region in the I66Q mutant. Of
particular significance is that the Helix 1 region, which
is included in the α–β interface, also has very obvious
structural fluctuations in the completely reduced state
(I66Q DBBS BOTH) compared with the native state or
single disulfide bond disrupted models (Figure 5(A) and
(B)). This implies that the α–β interface may play an
important role in induction of domain swapping, and at
the very least that unfolding of the AS region may not
be the only structural factor influencing this process.

In order to assess the dynamic characteristics of the
structural changes in various states of the I66Q mutant
models, we used the DSSP algorithm to analyze the α-
helix and β-sheet content during the whole time frame of
the MD simulations (Figure 6(A) and (B)). The α-helix
content of various I66Q reduced disulfide states signifi-
cantly decreased throughout the MD simulation, which is
in contrast to the native state (Figure 6(A)). This differ-
ence is primarily caused by the unfolding of Helix 2 in
the AS region. Since the Cys71–Cys81 disulfide bridge
is located in the AS region, it is reasonable to presume
that the breakage of Cys71–Cys81 induced the unfolding
of Helix 2. Intriguingly, the α-helix content in the
Cys95–Cys115 reduced state decreased dramatically to
17% (18 residues), which is similar to the Cys71–Cys81
disulfide bond reduced system. It suggests that the
Cys71–Cys81 disulfide bond reduction is a prerequisite
for displacement of the AS region and unfolding of
Helix 2. In general, the β-sheet content fluctuated
dramatically during the whole 20 ns simulations, for all
I66Q models (Figure 6(B)). In the native state, the β-
sheet content initially decreases, but stabilizes at 43%
finally, similar to the other states by the end of the

simulation. These large and frequent perturbations sug-
gested that the β-sheet structures were extremely unstable
in these extreme conditions (pH2.0, 330K). However,
due to the restriction of simulation time scale, the β-sheet
content did not show significant change when assessed
at the simulation start and finish points.

Analysis of the α–β interface distance of various I66Q
mutant

Although the secondary structure analysis showed that
Helix 1 content did not change (data not shown), Helix
1 displayed a relatively large displacement during the
simulation (Figure 5(A)). We therefore analyzed the α–β
interface distance (the α–β interface distance was defined
as the distance between the mass center of α-helix and
mass center of β3–β4 strands), a factor already shown to
be important in domain swapping in the HCC L68Q
mutant (Rodziewicz-Motowidlo et al., 2006). We found
that each I66Q with reduced disulfide bonds exhibited a
larger distance between α and β interface compared to
the native I66Q mutant (Figure 7). The average distances
during the final 10 ns of the simulation were .731, .805,
.812, and .895 nm for native state, Cys71–Cys81 reduced
state, Cys95–Cys115 reduced state, and both reduced
state, respectively. The diagram clearly shows that Helix
1 of different disulfide bond reduced states has moved
away from the β-sheet interface, compared to the native
state. The calculations for hydrogen bond formation
between the α and β interface indicate a reduced number
of hydrogen bonds in the double disulfide bond reduced
states (data not shown). The larger α–β interface distance
displays a larger solvent accessible surface than that of
the native mutant and the increased flexibility of the
exchangeable fragment could explain the higher tendency
for dimer formation of the I66Q mutant.

Figure 5. (A) Averaged Cα RMSFs per residue in water during the convergence period of MD simulations. The secondary structure
elements are also shown. (B) Superposition of various states of I66Q mutant structures at the end of the 20 ns MD simulation.
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The structural stability of the hydrophobic core results
in various I66Q states

The interior hydrophobic core of cystatin provides the
structural stability that favors the native state during the
protein folding process (Bode et al., 1988; Zhao et al.,
2009). In a previous study from our group, we demon-
strated that mutation of residues within hydrophobic core
induced expansion of the core and exposed an array of
inner hydrophobic residues to solvent environment (Yu
et al., 2010). This would most likely destabilize the
molecular α–β interface and may induce or influence
domain swapping. We therefore analyzed the effects of
disulfide bridge disruption on the structure of the cC
hydrophobic core by calculating the RMSD for
hydrophobic core residues during the 20 ns simulations.

Figure 8 shows that I66Q DSSB BOTH model is the
most unstable across the whole time frame of the simula-
tion. During the final 10 ns of the simulation, the I66Q
DBBS C95–C115 model has a very similar profile as the
I66Q DSSB BOTH model. The RMSD of I66Q DBBS
C71-C81 slightly exceeded that of I66Q native state at
various time points along the simulation, but at 20 ns
reached a similar value to the native form. The I66Q
DBBS BOTH and I66Q DBBS C95–C115 models main-
tain the largest RMSDs value by the end of the simula-
tions, indicating the hydrophobic core of these reduced
states was more flexible than the I66Q DBBS C71-C81
or the native state. This result suggests that disruption of
the Cys95–Cys115 disulfide bond is more influential in
inducing hydrophobic core expansion compared with the

Figure 6. The content of α-helix (A) and β-sheet (B) in various I66Q mutants as a function of simulation time.

Figure 7. The α–β interface distance as a function of
simulation time.

Figure 8. RMSDs of the hydrophobic core backbone during
the 20 ns simulations.
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Cys71–Cys81 disulfide bond. This finding matches well
with the structural data and conclusions presented in
Figures 3 and 4.

Discussion

The incomplete folding of some proteins leads to their
deposition in the form of amyloid fibrils, a state that is
the origin of a variety of human diseases (Grana-Montes
et al., 2012). The formation of disulfide bonds influences
the protein folding process and can impact on the forma-
tion of amyloid fibrils (Grana-Montes et al., 2012). The
I66Q mutation in the hydrophobic core of cC protein
destabilizes the native conformation and is associated
with pathological phenotypes similar to HCC protein.
Adapting Tricine–SDS-PAGE analysis, we demonstrate
for the first time that under the physiological conditions,
the I66Q mutant of cC is deficient in disulfide bond for-
mation compared to native cC. Our data suggest that
I66Q dimerization is much more likely to occur sponta-
neously compared to the native form. Taken together the
CD results and RMSDs of protein, Cα-positions suggest
that the conformational stability of I66Q is much more
sensitive and responsive to changes in disulfide bond
status compared to WT cC, indicating that the breakage
of disulfide bonds facilitates conversion of I66Q to an
unfolded form with a propensity for amyloid formation.
Accordingly, disulfide bond reduction in the I66Q mutant
may act as key molecular determinant of protein unfold-
ing and a pivotal triggering factor for domain swapping
and dimerization, in the context of fibrillation.

As Bjork and Ylinenjarvi previously reported, the
short-range Cys95–Cys115 disulfide bond was consid-
ered to be more important in stabilizing global folding of
the WT cC, rather than the Cys71–Cys81 disulfide bond
(Bjork & Ylinenjarvi, 1992). When assessing the molec-
ular distances between the disulfide forming residues in
the fully reduced I66Q model, we found that larger per-
turbations were found in the Cys71–Cys81 region of the
protein (Figure 4). Similarly, our recent study assessing
the role of the AS structure in dimerization of cystatin
prior to domain swapping, also demonstrated that the
disulfide bond within the AS (Cys71–Cys81) in cC I66Q
was dramatically perturbed from 10 ns in the simulation;
while in WT cC, this region was relatively stable (Yu
et al., 2012). Overall, the data suggest that the AS
domain and disulfide bridge Cys71–Cys81 have a higher
propensity for structural perturbation than the region of
the protein harboring the Cys95–Cys115 disulfide bond.
Furthermore, the breakage of the Cys71–Cys81 disulfide
bond has a high impact on the I66Q mutant’s unfolding
process and may play a major role in triggering domain
swapping and dimerization. Further analysis of the struc-
tural change in various reduced states of the I66Q mutant
confirmed that the decrease α-helical content is mainly

due to the unfolding of Helix 2 in the AS region.
Although the breakage of Cys95–Cys115 disulfide bond
also resulted in a similar decrease of α-helical content,
the breakage of the much more highly accessible Cys71–
Cys81 disulfide bond would have a greater impact on
protein unfolding due to disruption of Helix 2 and there-
fore displacement of the AS region.

It has been proposed that in the case of L68Q variant
of HCC, this mutation most likely destabilizes the α–β
molecular interface through repulsive forces on the α-
helix due to the larger and chemically incompatible side
chain at position 68, thus inducing the molecule to unfold
into the α- and β-subdomains (Janowski et al., 2001). Our
observations support this proposal since the breakage of
either of the two disulfide bonds in I66Q causes a dra-
matic increase in the α–β interface distance. The larger
RMSDs value at the end of the simulations for I66Q
DBBS BOTH and I66Q DBBS C95-C115 variants illus-
trated that the hydrophobic core in these variants was
more flexible than the other variants, indicating that the
Cys95–Cys115 disulfide bond is of more significance in
inducing hydrophobic core expansions compared with the
Cys71–Cys81 disulfide bond. Our previous data measur-
ing enzyme activity of the I66Q monomer suggested that
the I66Q mutant maintained the conformation required
for inhibition and binding of target proteinases and lead
us to speculate that the Cys95–Cys115 disulfide bond of
I66Q is preserved in the monomeric state (He et al.,
2006). An additional research issue to be tackled is
whether there are big/subtle differences in each building
blocks’ secondary structure of the I66Q mutant and its
disulfide bridge reduction variants, further in silico stud-
ies on some geometrical properties, such as the number
of hydrogen bonds, the number of native contacts, the
solvent accessible surface area, and Rg values would
provide an explicit interpretation.

Our observations are also in accordance with the
study of Kolodziejczyk et al. (2010), in which they found
that ionizing radiation-driven disruption of a disulfide
bonds in HCC resulted in breakage of the Cys73–Cys83
disulfide bridge (corresponding to Cys71–Cys81 bridge
in cC) of HCC molecule A (molecule A and B are the
two monomers en route to dimerization). In contrast, the
second native disulfide bond, Cys97–Cys117 (corre-
sponding to Cys95–Cys115 bridge in cC), remained
intact in both molecules (Kolodziejczyk et al. 2010).

In summary, we have demonstrated experimentally
that the I66Q mutant of cC is altered in terms of the num-
ber of disulfide bridges present in the structure, compared
to native cC. In silico studies suggest that this difference
may represent a key factor in determining the molecular
level propensity of the I66Q mutant to undergo domain
swapping and formation of amyloid fibrils. Further exper-
imental and computational studies on the relationship
between disulfide bond formations with a variety of cC
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mutants will provide valuable insight and help elucidate
the possible direct and indirect influence of disulfide bond
status on domain swapping, dimerization, and amyloid
fibril formation of the cystatins.
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