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Abstract The crystal structure of the human cystatin C
(hCC) dimer revealed that a stable twofold-symmetric dimer
was formed via 3D domain swapping. Domain swapping
with the need for near-complete unfolding has been pro-
posed as a possible route for amyloid fibril initiation. Thus,
the interesting interactions that occur between the two mol-
ecules may be important for the further aggregation of the
protein. In this work, we performed steered molecular dy-
namics (SMD) simulations to investigate the dissociation of
the 32 and (3 strands in the hCC dimer. The energy
changes observed during the SMD simulations showed that
electrostatic interactions were the dominant interactions in-
volved in stabilizing the two parts of the dimer during the
early stages of SMD simulation, whereas van der Waals
(VDW) interactions and electrostatic interactions were
equally matched during the latter stages. Furthermore, our
data indicated that the two parts of the dimer are stabilized
by intermolecular hydrogen bonds among the residues
Arg51 (2), GIn48 (32), Asp65 (3), and Glu67 (33), salt
bridges among the residues Arg53 (32), Arg51 (32), and
Asp65 (33), and VDW interactions among the residues
GIn48 (2), Arg51 (2), Glu67 (3), Asp65 (33), Phe63
(f3), and Asn61 (33). The residues GIn48 (32), Arg51
($2), Asp65 (33) and Glu67 (33) appear to be crucial, as
they play important roles in both electrostatic and VDW
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interactions. Thus, the present study determined the key
residues involved in the stabilization of the domain-
swapped dimer structure, and also provided molecular-
level insights into the dissociation process of the hCC dimer.
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Introduction

More than 20 proteins or their proteolytic products are now
known to form amyloid fibrils in human proteins [1]. Hu-
man cystatin C amyloid angiopathy (HCCAA) is a domi-
nantly inherited disorder characterized by tissue deposition
of amyloid fibrils in blood vessels that leads to recurrent
hemorrhagic stroke [2]. In addition, it has been reported that
human cystatin C (hCC) can bind to A3 peptide and affect
its amyloid fibril formation in Alzheimer’s disease [3]. The
native structure of each cystatin molecule consists of a five-
stranded antiparallel 3-sheet wrapped around a long central
helix. In the morbid state, the original monomer exchanges
its B 1-(x)-2 domain with the same part of the other mono-
mer, forming a dimeric structure which is the basic unit of
pathogenic amyloid fibrils [4]. Such large-scale structural
rearrangements must involve partial unfolding of the origi-
nal native structure of the monomer and refolding of the
hybrid structure. Recently, an analogous domain-swapping
process, propagating in an open-ended fashion, has been
suggested to be the fundamental mechanism of HCC oligo-
merization in the context of amyloid fibril formation [5], so
domain swapping is pivotal for structural stabilization en
route to oligomerization. Consequently, the interesting
interactions between the two molecules constituting the
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domain-swapped dimer are of great importance, not only
for the dimerization reaction but also for the subsequent
oligomerization process, since structural rearrangement
within the dimer is certainly a prerequisite for oligomer
formation.

According to the 3D structure of the hCC dimer, one
monomer binds to the other through two major interaction
regions: a peripheral region formed by the appendant struc-
ture (AS) and part of helix (32, and a central region formed
by (32 and 33 [6, 7]. Our previous molecular dynamics
studies showed that AS plays an important role in the
unfolding of the monomer, and a distorted AS was favorable
to intermolecular interactions between the two cystatin
monomers [8]. Further studies suggested that the “clothes-
pin” structures formed by interactions between AS and the
(32 helix were responsible for stabilizing the structure of the
domain-swapped dimer [9]. On the other hand, Rodziewicz-
Motowidto et al. reported that the point mutation V57N in
the L1 loop in the B1-L1-2 fragment of hCC gave rise to a
much broader L1 loop, leading to easier conversion to the
more stable dimeric form than seen for the other hCC
mutants [10]. However, a close study of the intermolecular
interactions between (32 and (33 within the dimer is yet to be
performed. Structurally, both of the two (3-strands are locat-
ed within the central region of the dimer, which leads us to
believe that they should play an important role in stabilizing
the whole dimer structure.

Classical molecular dynamics (MD) methods are mainly
applied to simulate systems under equilibrium conditions
[11]; applying these methods to nonequilibrium systems
(such as those undergoing domain swapping) requires im-
mense computational power and is extremely time consum-
ing. In the work described in this paper, we utilized steered
molecular dynamics (SMD)—which was used to study li-
gand-receptor or protein—protein unbinding through appli-
cation of the time-dependent external forces—to obtain the
process details of domain-swapped cystatin dimerization by
studying the reverse process [12]. Moreover, we believed
that SMD simulation studies on the dissociation process
would provide valuable information on the structural rear-
rangement that occurs within the dimer.

In order to study the intermolecular binding of the 32 and
3 regions in the domain-swapped hCC dimer, the 32
region was pulled away from the (33 region at a constant
velocity. The conformational changes that occur during the
unbinding process were explored by investigating crucial
interactions among activated residues in both the 32 and 33
strands. By comparing the results for interaction energy,
hydrogen bonds, salt bridges, and hydrophobic interactions,
it was possible to identify the key residues involved in the
pivotal interactions between the two monomers. The infor-
mation obtained from these results may aid our understand-
ing of the closed domain-swapping mechanism of the hCC
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dimer as well as the propagated domain-swapping mecha-
nism associated with oligomerization.

Methods
Model construction

The model of the hCC dimer molecule used in our study was
constructed according to the X-ray crystal structure and coor-
dinates of the human cystatin C dimer (PDB ID: 1T1J), which
was obtained from the RCSB Protein Data Bank [6].

MD and SMD simulations

The MD simulation was performed using the Gromacs 4.0
program [13] at the Computer Center of Liaoning Univer-
sity (CCLU) on a dual-core Pentium 2.8G processor in a
Linux cluster. GROMOS96 43al [14] force-field parame-
ters were used in all of the simulations performed in this
study. Integration time steps of 2 fs were used throughout
the whole simulation. The short-range nonbonded interac-
tions were defined as van der Waals and electrostatic
interactions between particles within 0.9 nm. Long-range
electrostatic interactions were calculated with the particle
mesh Ewald (PME) method [15] with a maximum FFT
grid spacing of 0.12 nm and cubic interpolation. Periodic
boundary conditions were activated in the simulations.
Bonds containing hydrogen atoms were constrained using
the SHAKE algorithm with a relative tolerance of 10> A.
The dimeric hCC model was solvated in a water box
containing 39,110 SPC216 water molecules [16] and neu-
tralized by adding three Cl counterions. The volume of
the cubic box was 20%20%x20 nm’. The solvated and
neutralized systems were energy-minimized for 20 ps.
Afterwards, the backbone atoms of the structure were
fixed while the side chains and solvent were allowed to
move under minimal restraint for a further 10 ps, followed
by completely unrestrained equilibration for 12 ps, at a
constant temperature of 300 K and a pressure of 1 atm,
within a water box, using periodic boundary conditions in
the NPT ensemble. Following equilibration, the production
run was carried out over 3 ns with the temperature kept
constant at 300 K, pH 7. In all simulations, the tempera-
ture was maintained close to the intended values by
weakly coupling to an external temperature bath with a
coupling constant of 0.1 ps. The protein and the rest of
the system were coupled separately to the temperature
bath.

Afterward, SMD simulations with constant velocity
were performed. In this process, keeping the center of
mass of the 33 region (residues Gly59 to Gly69) fixed,
external steering forces were applied to the reference
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Fig. 1 Ribbon representation of the hCC dimer. The pulling region of
32 and the fixed region of (33 are highlighted in cyan and red,
respectively. The green balls show the centers of mass of the Cx
atoms, to which fixed and harmonic potentials were assigned, and the
spring with arrow shows the direction of movement of 32 from (33 in
the SMD simulations

point (the center of mass of the (32 region, i.e., residues
Argd5 to Val57) to pull the 32 domain along the pre-
defined direction (Fig. 1). During the SMD simulations,
the force was only applied along the pulling direction.
Based on the 3D structure of the hCC dimer and the
hypothetical domain swapping mechanism, the pulling
direction in the system was assigned to all pairs contrib-
uting hydrogen bonds between the pull regions to
achieve effective separation of 32. The trajectories were
saved every 0.5 ps, and steering forces were recorded
every 10 fs. Three trajectories along the each pathway
were recorded.

Analysis of the trajectories

The secondary structure of the protein was determined using
the DSSP program [17]. Visual Molecular Dynamics
(VMD) software [18] and the LigPlot program [19] with
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appropriately developed original scripts were used for sys-
tem visualization and analysis. Root mean square deviations
(RMSD) were calculated for all «-carbon atoms, with the
first frame of the trajectory used as the reference.

Results and discussion
Determination of the pulling velocity and spring constant

To equilibrate the interaction regions before performing
the SMD simulations, a 3 ns MD simulation of the fully
solvated hCC dimer was carried out at pH 7.0 and
300 K. The root-mean-square deviation (RMSD) profile
indicated that the conformation of the protein equilibrated
a short time after the beginning of the simulation, and
the RMSD values were generally stabilized at 0.40 nm
for all o-carbon atoms. The stable structure of the pro-
tein provides a reasonable starting point for the subse-
quent SMD simulations.

In constant velocity SMD (cv-SMD), the value of the
spring force varies significantly, depending on the pulling
velocity and spring constant. A previous study has shown that
a higher pulling velocity leads to disequilibrium, and may
introduce errors into the simulation results [20]. To avoid
inducing experimental errors in the system, and in accordance
with atomic force microscopy (AFM) experiments, the pulling
velocity should be as small as possible [21]. To choose a
suitable velocity for the hCC dimer system, we carried out
eleven simulations, each employing a different pulling veloc-
ity ranging from 0.003 nm/ps to 0.06 nm/ps. Figure 2a sum-
marizes the rupture forces caused by different pulling
velocities. There was an obvious linear dependency bet-
ween rupture force and pulling velocity when the velocity
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Fig. 2 a Computed rupture forces as a function of pulling velocity (V). The error bars give estimated uncertainties. The dashed line shows a
linear fit to the computed forces for V,,; <0.01 nm/ps. b Influence of the spring constant on the steering force of the dimer
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Fig. 3 Changes observed in the

structures of the 32 and (33

regions after SMD simulation. a

The positions of the residues in

the original structure that are Ligts
linked by hydrogen bonds. b oA
The positions of these related

residues after SMD simulation. ot
Hydrogen bonds are
represented by dashed blue
lines; other residues are
presented by thin gray lines

was <0.01 nm/ps. In the subsequent SMD simulations, the
lowest velocity of 0.003 nm/ps was chosen so that the external
harmonic potential did not appear to have any obvious influ-
ence on the structure of the (32 fragment.

When choosing the spring constant to use in the SMD
simulation, two major factors need to be considered; the
spring constant must be high enough to enable the local un-
binding potential to be determined, but it must not be so high
that the measured force is masked by background noise [21]. To
choose an appropriate spring constant, we performed six sim-
ulations with various spring constants ranging from 100 to
4,000 kJmol 'nm™? (Fig. 2b). The results showed that under
the same pulling velocity, the smaller the spring constant, the
later the occurrence of the peak force, and the more distinct the
peak. Spring constants of 4,000, 2,000, and 1,000 kJmol ™
nm > produced obvious fluctuations in the force curve across
the whole simulation. In contrast, spring constants of 100 and
300 kJmol 'nm 2 failed to produce sufficient fluctuations in
peak intensity, which suggests that these spring constants are
not enough to ensure the validity of the stiff-spring approxima-
tion for the guiding potential (Fig. 2b). A spring constant of
500 kJmol 'nm 2 produced measurable and reliable peak
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fluctuations with minimal background noise (Fig. 2b), and
was therefore chosen for subsequent SMD simulations.

Conformational changes of the hCC dimer

According to the RMSD values observed in the SMD sim-
ulations, obvious conformational changes occur in the hCC
dimer during the unbinding process (data not shown).
Figure 3a shows the original structure of the hCC dimer
after 3 ns of MD simulation. There are 15 hydrogen bonds
(blue) from the residues Arg45, Leud7, GIn4d8, Val50,
Arg51, Arg53, GIn55, and Val57 located on the 32 fragment
(red) to Arg69, GIn67, Asp65, Phe63, Asn61, and Val59
located on the 33 fragment (cyan) of the other monomer.
This hydrogen bond network is responsible for the structural
stability of the hCC dimer. After 1 ns of SMD simulation,
the 32 fragment apparently shifts from its original location
onto the 33 fragment side (Fig. 3b). The distances between
the center of mass of the 32 fragment and that of the (33
fragment before and after pulling were 0.23 nm and
1.47 nm, respectively. Because the pulling direction applied
to the system was chosen such that effective separation of

b [——Elec

Vdw

Time(ps)

Fig. 4 Time dependence of the interaction energy between the 32 and (33 regions during the SMD simulation. a Pulling 32 away from the 33
fragment on the left side of the hCC dimer; b pulling 32 from the 33 fragment on the right side of the hCC dimer
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32 was achieved, all 15 of the hydrogen bonds between
residues in (32 and those in (33 regions disappeared
(Fig. 3b). This indicated that 32 was completely pulled
away from (33 and that the hydrogen-bonded network was
clearly disrupted during this process.

Energy analysis of the dissociation process

The dissociation of 32 from (33 is a dynamic procedure that
is determined by the lowest free-energy state. In the non-
equilibrium SMD simulations, the changes in interaction
energy between the pulling regions were taken into account
during the pulling progress. As shown in Fig. 4a, the starting
point for the curve is the stable state with the lowest free
energy. After the first point, the system enters a nonequilib-
rium state because of the effect of the force applied. The
curve of the interaction energy decreases over time, which
indicates that there is a strong interaction between the (32
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Fig. 5 Plots showing the time dependence of the interaction energy for
various residues in the 32 and (33 regions during SMD simulation. a
Electrostatic interaction energies; b VDW interaction energies.
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Table 1 Residue pairs

involved in hydrogen Residue in 2 Residue in 3

bonding
Arg51(N) Asp65(0)
Arg51(0) Asp65(N)
Arg53(N) Phe63(0)
Arg53(0) Phe63(N)
GIn48(N) Glu67(0)
GInd8(0) Glu67(N)

and 33 fragments during the dynamic procedure. The total
energy reaches a minimum at about 100 ps, which suggests
that the interaction between the two 3 fragments increases
to the maximum, when the energy reaches the lowest value.
It is also clear that electrostatic interactions are dominant
during the early stages of SMD simulation (0~300 ps),
whereas both electrostatic interactions and VDW interactions
are equally matched during the latter stages (300~800 ps).
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Fig. 6 Energy analyses of four hydrogen bonds during SMD
simulation

After 800 ps, the energy curve quickly drops to zero,
which suggests that the 32 fragment has completely dis-
sociated from the (33 region. In addition, an analysis of
the interaction energy for the pulling region on the right
side of the hCC dimer gave similar results to a similar
analysis performed for the left side (Fig. 4b), which con-
firms that the structure of the hCC dimer in these regions
is symmetric [4].

To investigate the role of the residues linked by hydrogen
bonds in the pulling region, we analyzed the electrostatic
interactions and VDW interactions among residues in the
hydrogen-bonded network present in the 32 and 33 regions.
As shown in Fig. 5a, deep valleys in the interaction curves
indicated that the most important electrostatic interactions
between the 32 and 33 fragments are associated with resi-
dues Arg51 ($2) and Asp65 (B3) in the first phase
(0~300 ps), Arg53 (32) and Asp65 (33) in the second phase
(300~600 ps), and GIn48 (32) and GIn67 (33) in the third
phase (600~800 ps). The relatively flat interaction energy
curves of other residues suggest that they are less important.
Furthermore, Fig. 5b shows that several important VDW
interactions that occurred between the 32 and 33 fragments

sb-Arg51-Asp65

during the SMD simulation were associated with residues
GIn48 (32), Glu67 (3), Asp65 (33), Phe63 (33), and
Asn61 (33).

Analysis of hydrogen-bonding status during the dissociation
process

Hydrogen bonds are the most abundant type of non-
covalent interaction and are important for stabilizing
protein structures. Previous analysis of the hCC dimer
crystal structure revealed extensive electrostatic interac-
tions between the 2 and (33 regions [6]. We therefore
determined the interchain hydrogen bonds present dur-
ing the dissociation process (Table 1) and compared the
residue pairs involved in these hydrogen bonds with our
results for the residues associated with electrostatic
interactions between 32 and (33. The comparison indi-
cated that the hydrogen bonds Arg51(N)-Asp65(0),
Arg51(0)-Asp65(N), GIn48(N)-Glu67(0), and GIn48
(O)-Glu67(N) correlated exactly with the residues in-
volved in electrostatic interactions (Fig. 5a). However,
the hydrogen bonds Arg53(N)—Phe63(0) and Arg53(0)—
Phe63(N) did not correlate with the results for the
electrostatic interactions (based on electrostatic energy,
Arg53 should be linked to Asp65), suggesting that these
two hydrogen bonds are very weak and that Arg53
interacts with Asp65 through other types of electrostatic
interaction. To estimate the strength of these hydrogen
bonds, we further analyzed the interaction energy of the
four important hydrogen bonds listed above (Fig. 6).
The hydrogen bonds Arg51(N)-Asp65(0), Arg51(0)-
Asp65(N), GIn48(N)-Glu67(0), and GIn48(0)-Glu67
(N) were not broken until 600 ps and 800 ps into the
SMD simulation, respectively. This suggests that hydro-
gen bonds were not the dominant electrostatic interac-
tions during the early stages of SMD simulation
(0~600 ps), but the hydrogen bond GIn48(0O)-Glu67
(N) played an important role in the intermolecular in-
teraction during the middle stages of SMD simulation
(600~800 ps).

sb-Arg53-Asp65
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Fig. 7 The salt-bridge distances of Arg51-Asp65 (a) and Arg53—Asp65 (b) as a function of SMD simulation time
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Analysis of salt-bridge formation during the dissociation
process

Among the various types of electrostatic interaction, salt
bridges play a major role in determining the tensile strength
of protein—protein interactions. Thus, we evaluated the elec-
trostatic interactions by calculating the distances between all
charged groups in the pulling region. Based upon previously
published data, if the distance between two oppositely
charged residues was within 0.4 nm it was defined as a
strong salt bridge, and if the distance was within 0.6 nm it
was considered a weak salt bridge [22]. Figure 7 summa-
rizes the most important salt bridges that formed during the
dissociation process. These salt bridges occurred between
Arg53 (32), Arg51 (32), and Asp65 (33), and were directly
connected to parts of the strands close to the loop site, which
was important for stabilizing the dimer structure. The salt
bridges seemed to be relatively stable because of the low-
dielectric environment in the interior of 32 and (33. When
considered in parallel with the interaction energies of related
residues (Fig. 5b), these results indicate that Arg51-Asp65
is a strong salt bridge, while Arg53—Asp65 is a weak one. In
addition, the relationship between salt-bridge distance and
SMD simulation time suggested that these two salt bridges
could be the dominant electrostatic interactions during the
early stages of SMD simulation (0~600 ps).

Conclusions

Human cystatin C (hCC) was the first disease-causing amy-
loidogenic protein whose oligomerization was shown to be
dependent on domain swapping [4, 23]. Recent experiments
on hCC have shown that prevention of domain swapping
inhibits amyloid fibrils by up to 80 % [24]. However, the
exact mechanism of the dynamic process of domain swap-
ping performed by unfolded cystatin monomers is yet to be
elucidated. Based on the 3D structure of the hCC dimer,
interactions between the monomers occur through two ma-
jor interaction regions: a side region formed by the AS and
part of helix 32, and a central region formed by the (33 and
(32 strands [4, 7].

In this work, SMD simulations of the hCC dimer aimed at
investigating the dissociation of 32 from 33 were performed
for the first time. The results showed that the interactions
between the 32 and (33 regions during the SMD simulations
could be divided into three stages during 1 ns of SMD simu-
lation: (1) 0~300 ps, electrostatic interactions (strong salt
bridges) were dominant; (2) 300~600 ps, electrostatic inter-
actions (weak salt bridges) and VDW interactions were equal-
ly matched; (3) 600~800 ps, electrostatic interactions
(hydrogen bonds) and VDW interactions were equally
matched. Further study indicated that the intermolecular

hydrogen bonds among the residues Arg51 (32), GIn48
(2), Asp65 (33), and Glu67 (33), the salt bridges among
the residues Arg53 (32), ArgS1 (32), and Asp65, and VDW
interactions among the residues Gln48 ((32), Glu67 (33),
Asp65 (33), Phe63 (33), and Asn61 (33) together contribute
to stabilizing the two parts of the dimeric structure. The
residues GIn48 (32), Arg51 (32), Asp65 (33), and Glu67
(3) were found to be particularly important, as they played
important roles in both the electrostatic and VDW interac-
tions. Combining our SMD simulation results, the overall
conclusion was that the interactions between the two symmet-
ric 32 and (33 segments of the two molecules and the key
residues involved in these interactions play important roles in
increasing the binding affinity in this complex system and
binding the two molecules within it easily and tightly, al-
though these interactions or key residues are unlikely to
directly trigger the domain-swapping process.

Analyses of our simulation results provided more de-
tailed information on the formation of the domain-
swapped hCC dimer. Moreover, the results of this study also
provide important clues about the propagated domain-
swapping mechanism, as the dissociation of the hCC dimer
is a prerequisite for this mechanism. In fact, the actual
domain swapping may not simply be the reverse of the
hCC dimer unbinding process, so it will be necessary to
screen a series of related mutants to verify the hypothesis we
have developed based on SMD simulations and biological
experiments. Nevertheless, these findings will provide new
insights into the mechanism of hCC domain swapping, and
should prove helpful when attempting to find methods of
preventing hCC amyloid fibril formation.
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