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Abstract

Chicken cystatin variant I108T is a mutant in the hydrophobic core of the molecule. It has 
shown many amyloid-prone characteristics in our previous experimental study. To explore 
the detailed structural and dynamic properties of the amyloidogenic mutant I108T, 10 ns 
molecular dynamic simulations of the I108T mutant and wild-type chicken cystatins were 
performed in this study. Our results suggested that the I108T mutant, which exhibited larger 
secondary structural fluctuations and hydrophobic core expanding tendency compared with 
the wild-type chicken cystatin, is a new amyloidogenic form of chicken cystatin, and there-
fore supported the hypothesis to some extent that site mutations in the hydrophobic core 
might induce the domain swapping.

Key words: Chicken cystatin; Molecular dynamic simulation; Amyloidosis; hydrophobic 
core; domain swapping.

Introduction

The cystatins are tight and reversible binding inhibitors of the papain-like cysteine 
proteinases. They form a superfamily of sequentially homologous proteins, of 
which human cystatin C (HCC) and chicken cystatin (cC) are representative (1, 2). 
A leucine 68 to glutamine variant (L68Q) of human cystatin C (HCC) is believed 
to be the causative agent of an amyloidotic disease, hereditary cystatin c amyloid 
angiopathy (HCCAA), which is a dominantly inherited disorder characterized by 
tissue deposition of amyloid fibrils in blood vessels (3). The L68Q variant can form 
highly domain-swapped dimers at physiological protein concentrations, thus form-
ing part of the amyloidgenic deposits in the brain arteries, which may lead to fatal 
cerebral hemorrhage and cause death in young adults (4, 5).

Unfortunately, HCC monomers are extremely unstable in pathological conditions 
and there are only dimers present, which prevented us to study the mechanism of 
domain swapping (6, 7). Chicken cystatin (cC) has a number of similar structural 
characteristics to HCC. More importantly, cC has the experimental convenience over 
HCC of a higher thermodynamic stability for the folded state (8), and cC monomers 
are present in physiological condition. This advantage makes cC protein ideally 
suited for further studying the mechanism of cystatin c-type amyloidogenesis at the 
molecular level (9). Recently, cC model has been used by more and more research-
ers to study the mechanism of domain swapping and amyloid formation (9–11).

Abbreviations: MD: HCC - Human cystatin C; cC - Chicken cystatin; WT - Wild-type; I108T - An 
isoleucine 108 to threonine mutant of cC; I66Q - An isoleucine 66 to glutamine mutant of cC; L68Q - A 
leucine 68 to glutamine mutant of HCC.
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Structurally, similar to HCC, each cC consists of a large five-stranded anti-parallel 
b-sheet wrapping around a central b-helix. The connectivity within the b-sheet 
is: (N)-b1-(a)-b2-L1-b3-(AS)-b4-L2-b5-(C), where AS is a broad ‘appending 
structure’ unrelated to the compact core of the molecule (12). Residue 66 in cC, 
corresponding to residue 68 in HCC, is located in the hydrophobic core of the 
protein molecule. Research on cC variant I66Q has confirmed that I66Q has simi-
lar amyloidogenic capacity compared with HCC L68Q under physiological condi-
tions (9). By using the cC model that is thermodynamically stable, Sanders et al., 
have revealed that under conditions leading to the formation of amyloid deposits, 
cystatin forms a tetramer through structural rearrangement of domain-swapped 
dimers prior to amyloidogenesis (8).

Interestingly, our previous study also revealed that the nonglycosylated form 
of I108T, another mutant in the hydrophobic core in cC, showed a blue shift in 
the far-UV circular dichroism (CD) spectroscopy analysis compared with that 
of the wild-type (WT) cC. The result indicated that the helix content decreased 
obviously in protein structure in the I108T mutant (11). In addition, similar to 
I66Q, the thioflavin T (a fluorophore widely used to detect amyloid structure 
in proteins) fluorescence value of I108T showed remarkable increase after 18 
days of incubation. Furthermore, typical amyloid fibrils were clearly observed 
for the nonglycosylated form of I108T in the electron microscopy (EM) after 
35 days of incubation, while no fibrils were observed for the WT cC (11). Such 
effects were found to be similar in amyloid mutant protein I66Q (11). These 
surveys suggested I108T might be a new amyloidogenic cC mutant. Neverthe-
less, up to now, detailed structural and dynamic information, which would be 
useful to illustrate the mechanism of amyloid aggregation, has yet not been 
investigated.

Molecular dynamics (MD) simulations can provide more detailed information on 
structural change at atomistic level and has been widely used in the amyloid protein 
studies. Several MD studies on amyloid peptides and proteins reported recently in 
this Journal (33, 35-39) explore their structural stability and aggregation behavior. 
Previous studies using MD simulations on HCC have revealed that the atomic 
details about the conformational change of HCC are responsible for the early 
stages of amyloid formation (13). Recently, Liu et al., have studied the domain 
swapping mechanism of HCC through MD simulations (14). They reported that 
the interior hydrophobic core of the L68Q variant is relatively unstable, resulting 
in domain swapping more readily compared to WT HCC under conditions favoring 
this process.

Yet up to now, the monomeric model used in HCC study is homologously con-
structed based on the known X-ray crystal structure of dimeric HCC (PDB entry 
1G96), while there is no way to verify its accuracy. Fortunately, the monomeric 
structure of cC has been confirmed by X-ray crystallography and nuclear magnetic 
resonance (NMR) spectroscopy (12), which enables us to apply MD simulation 
studies in I66Q variant, and the results matched well the experimental data in our 
previous study (15, 16).

Therefore, in order to further investigate the structure and dynamic characteristics 
in I108T mutant, we have performed several 10-ns-long molecular dynamics simu-
lations of the cC I108T mutant in this study taking the wT cC as the comparison. 
Our computational methods complemented the experimental approaches to study 
the conformational changes of the new mutant I108T at the atomic level during the 
early stage of cystatin amyloid fibrils formation. These results may help us reveal 
the inherent properties of the new amyloidogenic-prone chicken cystatin mutant 
I108T and obtain new insight into the effect of site mutation of the hydrophobic 
core on amyloidosis mechanism.
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Materials and methods

Construction of I108T mutant cC monomer models

The model of the monomeric molecule used in our work is based on the X-ray crys-
tal structure of the coordinate of monomeric chicken cystatin (PDB entry 1CEW), 
which was obtained from RCSB protein data bank (2). The model of I108T mono-
mer was constructed using homologous modeling method through the online  
service of Swiss Model (http://swissmodel.expasy.org/) (17-19).

Molecular dynamics simulations

All molecular dynamic (MD) simulations were performed using Gromacs 4.0 
program (20-23) at the Supercomputer Center of Liaoning University (SCLU) on 
dual-core Pentium 2.8G processor of Linux cluster. GROMOS96 43a1 (24) force-
field parameters were used in all simulations in this study. The time-steps were  
2 fs throughout the whole simulations. The bonded interactions were calculated at 
every time-step, the short-range nonbonded interactions at every two time-steps, 
and the long-range electrostatics interactions at every four time-steps. The pair-list 
of the nonbonded interaction was recalculated every 20 time-steps with a pair-list 
distance of 14 Å. The short-range nonbonded interactions were defined as van der 
Waals and electrostatics interactions between particles within 12 Å. A smoothing 
function was employed for the van der Waals interactions at a distance of 10 Å. 
The particle mesh Ewald (PME) method (25, 26) was used for full evaluation of 
electrostatic interactions. Periodic boundary conditions and water wrapping were 
activated in the simulations. The SHAKE routine with a tolerance of 10-5 Å was 
used in all simulations.

Each monomer model was solvated in a water box containing 10124 spc216 water 
molecules (27) and neutralized by adding 14 Cl- counterions. The minimum dis-
tance of a protein atom to the edge of the water box was 10 Å. The solvated and 
neutralized systems were then energy-minimized for 20 ps. Afterwards, the back-
bone atoms of the structure were fixed, while the side chains and solvent were 
allowed to move unrestrainedly for further 10 ps, followed by totally unrestrained 
equilibration for 12 ps, at constant temperature 300k (Langevin damping dynam-
ics) and 1 atm pressure (Langevin piston pressure control) within a water box using 
periodic boundary conditions in the NPT ensemble. After equilibration the produc-
tive run was carried out at 330 K���������������������������������������������������, �������������������������������������������������pH2 for 10 ns. The atomic coordinates and veloci-
ties were saved every 1 ps, and coordinate trajectories were saved every 0.5 ps for 
subsequent data analysis. 

Analysis of the Trajectories

The secondary structure of the protein was determined by DSSP program (28). 
Visual Molecular Dynamics (VMD) and pymol program (29) with home-devel-
oped scripts were used for system visualizations and other analyses. The root mean 
square deviations (RMSD) were calculated for all alpha-carbon (C) atoms with 
reference to the first frame of the trajectories.

Results and Discussion

Dynamics of I108T structural changes

Molecular dynamics simulations of the fully solvated variant I108T and WT cC 
were performed. We have carried out an analysis on the secondary and tertiary 
structural fluctuations/changes to explore how the single-site mutation influences 
the native state at the various structural levels. The total energy of the simu-
lated systems was monitored to ensure energy conservation (Etot/Etot,0.002).  
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Due to the Berendsen temperature coupling, total energy during 10ns in all simula-
tions was completely conserved. The final temperature kept at 330 K as expected 
which indicated the simulated systems worked well.

In the experimental study of He et al., fibrils were found favored to be produced in 
solutions of low pH, and the production was accelerated by high temperature (11). 
In addition, it has been proved that in MD simulations, high temperature and low pH 
value can accelerate protein unfolding without changing the pathway of unfolding 
(30). Therefore, we performed the simulations under the extreme conditions with 
the elevated temperature of 330 K and pH 2, to correspond with the conditions that 
were chosen in the experiment by He et al., and further make the system reach the 
equilibrated regions at a minimum of simulation time and computational expense.

The overall stability of these monomers was evaluated using the Ca root-mean-
square deviation (RMSD) relative to the corresponding initial structure (Figure 1). 
When the system reached an equilibrated region, the average RMSD were 0.32 nm 
and 0.25 nm respectively for I108T and WT cC in the last 3 ns of the simulation. 

Figure 1:  The Ca RMSD of the I108T mutant (red) and WT (black) cC as a function of 
simulation time.

“Final structure” mentioned in the following parts is defined as the average of the 
last 3ns, according to the equilibrium result. The RMSD value of both I108T and 
WT exceeded 0.2 nm, indicating the conformational changes have taken place dur-
ing the simulations in both I108T and WT mutant cC. In addition, the RMSD value 
of I108T mutant was higher than WT cC monomer and exceeded 0.3, indicating 
that its secondary structure has probably changed. This suggested the increased 
structural change during the MD calculations of I108T mutant compared with WT 
cC was somehow related to amyloid fibril formation in cC. Although these struc-
tural changes of monomers are not dramatic at atomic level, there could be much 
more subtle influences in multi-molecules system.

Residue averages of the RMSF in I108T

According to the RMSD value, the overall stability of the I108T mutant decreased 
compared with WT cC. We further analyzed the residue averages of the root mean 
square fluctuations (RMSF) during the MD simulations to find the key domain 
which induced the instability in I108T mutant.

In Figure 2 A, the RMSF for the Ca atoms was presented. Overall, for most residues 
of both I108T mutant and WT cC, the RMSF values were basically similar, and 
residues in AS region have obvious larger differences. The a2-helix which involved 
in AS region was nearly destroyed in I108T (decreased from 6 residues to 0, cal-
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culated by DSSP algothrim), while it remained unchanged in WT cC (6 residues at 
the final state). Besides, another region that has slight difference is a1-helix, which 
is unchanged in I108T, while decreased from 15 residues to 13 residues in WT. 
This shortness in WT suggested that a1-helix might have the unfolding tendency in 
the extreme environment (330 K, pH 2). Threonine residue displaced isoleucine in 
I108T mutant cC prevented neighbored a1-helix in three dimensional from unfold-
ing. This speculation can be further validated because the a1-helix in I66Q also 
decreased to 13 residues in another study conducted by us (unpublished data).

Figure 2:  (A) The residue averages of the 
RMSF for the Ca atoms of I108T mutant 
(red) and WT (black) cC during the 10ns 
MD simulations. (B) Superposition of the 
Ca atoms of I108T mutant (red) and WT 
(black) cC structures at the end of the 10ns 
MD simulation.

For further observation of the structural changes in I108T mutant cC, we applied a 
visual analysis by superimposing alignment with VMD program. The final struc-
ture (after MD simulations) of I108T mutant was superimposed with the corre-
sponding final structure of WT cC for the Ca. In I108T mutant cC, the AS region 
showed a large displacement (residue shift 0.27 nm referred to WT cC). The AS 
region including the untwisted a2-helix turned beyond the protein domain. a2-he-
lix, which unfolded to turns, had a residue shift value of 0.26 nm, referred to WT 
cC, outside protein domain. The similar residue shift values between a2-helix and 
AS region illustrated that a2-helix had the same movement as the whole AS region. 
It suggested that the function deficiency of a2-helix probably related to the large 
displacement of AS region in I108T mutant cC.

According to the results of RMSF and superposition, the content and stability of a-he-
lix decreased largely for the whole structure. It suggested the helix unfolding process 
has somehow related to amyloid fibril formation in cC.

Generally, a representative character of amyloid protein is the increasing of b-sheet 
while decreasing of a-helix content in the secondary structure (31, 32), which the 
character I66Q mutant just had (15). Interestingly, I108T mutant cC did not show 
obvious b-sheet decreasing detected by CD method in our previous experimental 
study (11). The data did not correspond with the secondary structure changes in 
amyloid protein in general.

Although CD spectroscopy can be used to study how the secondary structure of a 
molecule changes as a function of the various denaturing agents, it cannot get the 
dynamics character of the structural changing process. In order to get the detailed 
information of the secondary structure changes in I108T mutant and WT cC, we 
defined the content of a-helix and b-sheet as a function of simulation time by DSSP 
algothrim (Figure 3).
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Our MD simulation results are in accordance with the experimental data in our 
previous study (11, 15) (Figure 3). In our MD simulations, initially, the a-helix 
contents were 22% (24 residues) in both I108T and WT cC. Next, a notable 
decrease of a-helix content for I108T mutant can be seen around 4ns. The  

a-helix content in I108T mutant dramatically decreased to 16% 
(17 residues). While in WT cC, that was 21% (23 residues) slightly 
altered at the final structure. To observe the a-helix unfolding event 
at 4ns moment, we applied a movie of I108T mutant cC dynam-
ics (movie not shown). At the point of 4.2ns, AS region including 
a2-helix had a sudden displacement outside the protein domain. 
Without the protection of neighboring domains, a2-helix is most 
likely unwound in the extreme solvent environment. The a2-helix 
unfolding event (6 residues to 0) is the reason why the a-helix con-
tent decreased around 4ns in Figure 3 A. Interestingly, in our MD 
simulations, the b-sheet content was slightly decreasing (Figure3 B). 
In I108T mutant cC, it changed from 48% to 43% (52 residues to 46 
residues) at the end of the 10ns simulations. In WT cC, the b-sheet 
content changed from 48% to 44% (52 residues to 48 residues). By 
determining the secondary structure changes during the whole simu-
lation time by DSSP, we found that the decreasing of b-sheet content 
was caused by the shortening of b2 and b3 in I108T mutant and WT 
cC. While in I108T mutant, b5 also tended to shorten because of the 
site mutation.

By observing the b-sheet content curve, we found that it shook dra-
matically between the value of 32 and 56 residues during the whole 
10ns simulations, both in WT and I108T mutant cC. The large and fre-
quent shaking suggested the b-sheet structure was extremely unstable. 
It should be protected by some structural factors, for instance neighbor-
ing domains or disulfide bonds and so on. The factors may keep the 
dynamic equimbrium of the b-sheet forming and unfolding process. In 
the extreme simulation environment we set, the factors are similar in 
WT and I108T mutant cC. That is the reason why the b-sheet content 
of I108T mutant is similar to WT cC. The shaking curves suggested 
the b-sheet tended to change, once the distinct factors changed in this 
extreme environment. The detailed information of the factors is not dis-
cussed in this article, and a further study on b-sheet restrict factors is 
in progress.

The secondary structure analysis referred to experiment data was illustrated in 
Table I. As described before, the secondary structure changes were corresponding 
well with the X-ray crystallography and CD spectroscopy data, both in a-helix and 
b-sheet. This also validated the accuracy of the MD simulation data from the per-
spective of molecular biology experiment. It can provide the basis for further study 
on more detailed information using MD simulation that cannot be obtained from 
the molecular biology experiment.

Table I
The content of a-helix and b-sheet in our MD simulations compared with the experimental 
data in previous studies.

MDs*1 experimental*2

a-helix content b-sheet content a-helix content b-sheet content

WT 21% 44% 22%*3 48%*3
I108T 16% 43% 17%*4 48%*4

*1330 K, pH=2 *2298 K, pH=7 *3 the data determined by X-ray(2) *4 the data determined 
by CD spectroscopy which referenced to the X-ray data of WT(11)

Figure 3:  The content of a-helix (A) and b-sheet (B) in I108T mutant 
(red) and WT (black) cC as a function of simulation time.
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The Change of the Hydrophobic Core Results in I108T mutant

The interior hydrophobic core of cystatin provides the structural stability favoring 
the native state during the protein folding (2, 33). According to the hypothesis in 
previous study, hydrophilic residues in hydrophobic core mutated to hydrophobic, 
making the hydrophilic residues expanded, exposing inner hydrophobic core to 
hydrophilic solvent environment which enhanced the intermolecular hydropho-
bic interaction. This may cause the destabilization of the molecular a/b interface, 
leading to structural rearrangements and intermolecular domain swapping, and 
then induce the amyloid aggregation (5, 14, 34). The L68Q mutant in HCC and 
I66Q mutant cC might form highly domain-swapped dimers by such a mechanism 
(4, 5, 11, 13). 

In the case of cC, Val 14, segment Leu21-Met29 of H1, and segments Val44-Ala50, 
Leu62-Ile66, Thr93-Val99 and Ile108-Cys115 of b-strands 2-5 participate through 
their side chains in the formation of a hydrophobic molecular core (2). What has 
attracted our attention is that, similar to residue 66, residue 108 (located in b5) was 
also located in the hydrophobic core in cC. It strongly suggested that the mecha-
nism in which the site mutation of 108 has caused the amyloid aggregation might 
be similar to the site mutation of 66.

To analyze the behavior of the hydrophobic core in I108T mutant cC, we determined 
the structure drift and the side chain surface of the hydrophobic core throughout the 
MD simulations. Through the comparison of the hydrophobic core structure drift of 
WT and I108T mutant (Figure 4 A and B), we can learn that, in extreme conditions, 
the hydrophobic core of I108T was more flexible and free than WT cC, indicating 
that the hydrophobic core of I108T mutant was more unstable. 

In WT cC, the hydrophilic residues (109, 23, 46) of the hydrophobic core have 
slightly expanded, and the inner hydrophobic residues (110, 115) surrounded by 
the outer hydrophilic residues have expanded slightly beyond. We believed that 
such slight change is caused by the extreme conditions. While in I108T mutant cC, 
compared to WT, the outer hydrophilic residues (109, 23, 26 and 46) expanded 
dramatically, to the solvent environment by the enhancement of hydrophilic Thr 

Figure 4:  The hydrophobic core structures of cC. (A), (B) Superimpositions of the hydrophobic core snapshots of wt and 
I108T mutant cC, respectively. (black for the reference structure, red for b1, orange for b2, gold for b3, pink for b4, green for 
b5 and blue for the 108 residue. (C) The initial structure of the hydrophobic core of cC. (D), (E) Structure of the hydrophobic 
core of WT and I108T mutant cC respectively after 10ns simulation; In (C), (D) and (E), red indicate the hydrophilic residues 
and the blue indicate the hydrophobic residues.
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resiude at 108 site. Inner hydrophobic core extended outside to the solvent obvi-
ously (29, 45, 47, 49, 66, 99, 110, 111 and 115). The result is just in accordance 
with the hypothesis in previous study. 

According to both the experimental results on CD spectroscopy, thioflavin T fluo-
rescence value, EM data and the MD simulation results, I108T mutant exhibited a 
series of obvious amyloid characters. However, compared to the highly amyloido-
genic I66Q mutant, the I108T is an atypical amyloidgenic protein: i) the amyloid 
fibrils formation in I108T is not as significant as in I66Q; ii) the secondary struc-
tural changes are not as obvious as in I66Q and iii) the hydrophobic core expanding 
tendency in I108T are not as dramatic as in I66Q. Moreover, our simulation data 
in I108T study provided the potent evidence to the hypothesis that the mutations in 
the hydrophobic core might be closely associated with the amyliodsis formation. 
Meanwhile, the results strongly suggested that mutants with site mutation of other 
hydrophobic residues in the hydrophobic core might also be the amyloidgenic-
prone mutation through the similar mechanism. Further study in the mutation of 
these sites will be helpful to illustrate the domain swapping mechanism of the amy-
loid aggregation.
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