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We have performed replica-exchange molecular dvnamics simulations on 41 residue peptide mainly composed of
NAC (non AB component) sequence in a-Synuclein. To mvestigate conformational characteristics of intrinsically
unstructured peptides, we carried out structural analysis on the ‘representative structures” for ensemble of structures
occurring at different temperatures, The secondary structure profile obtained from our simulations suggests that the
NAC region of a-synuclein can be divided mto roughly three helical-like segments. It 1s found that the overall
helix-tum-helix like topology is conserved even though the conformational fluctuations grow as the temperature
increases. The coordinate-based and the distance-based representative structures exhibit noticeable differences at
higher temperatures while they are similar at lower temperatures. It is found that structural variations for the
coordinate-based representative structures are much larger, suggesting that distance-based representative structures
provide more reliable information concerning characteristic features of intrinsically unstructured proteins. The
present analysis also indicates that the conformational features of representative structures at high temperanures
might be related to those in membrane or low pH environment.
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Introduction

Many neurodegenerative diseases such as Alzheimer’s.
Creutzfeldt-Jacob. and Parkinson’s disease are known to be
related with the formation of amyloid-like fibrils at neuronal
surface.”” Extensive experimental researches have been
performed to reveal the pathologies of these diseases. in
particular, the mechanism of formation of oligomers or
fibrils.™ Despite considerable advances in experimental
works, detailed information concerning atomic level features
of structures and formation mechanism of protein aggregates
are rather limited. Part of the reason is due to the non-crystalline
and insoluble nature of amvloid fibrils. More importantly.
corresponding proteins are intrinsically unstructured and
exhibit high conformational plasticity. which is very sensitive
to environmental conditions” The characteristics of the
so-called “intrinsically unstructured™ or “intrinsically disor-
dered” proteins have been actively investigated in recent
vears.”" There has been an increasing recognition that study
of unfolded or partially folded states of natively or intrinsically
unstructured proteins are essential to understanding some
biological processes. Actually, numerous proteins lacking
intrinsic globular structure under physiological condition
have been recognized and many of them are found to be
involved in important regulatory functions inside cell.” It is
known that such inherent flexibility of those proteins acts as a
functional advantage such that they can bind multiple targets
depending on cell conditions. Rapid turnover in solution state
allows the sensitivity of cell evcle to external conditions.’
With a rapid increase in available computational resources,
one of the most direct and prominent theoretical approaches to
investigate the structural and dvnamical aspects of protein
misfolding aggregation on molecular level is to perform

systematic molecular dynamics simulations.” Computational
studies provide an integral part of multidisciplinary approaches
for elucidating various amyloid assemblies.’”

A number of recent observations implicate g-synuclein in
the pathogenesis of Parkin's disease PD)." In particular. the
fibrillization of a-synuclein is the primary component of Lewy
bodies (LBs) and Lewy neumntis (LNs) that are diagnostic
hallmarks of PD.""'’ It has been suggested that g-synuclein
plays an important role in the pathogenesis of several neuro-
degenerative disorders. Experimental studies. based on circular
dichroism (CD) or other optical methods. showed that ¢-
synuclein did not appear to possess a well-defined native
structure, making it a member of intrinsically unstructured
proteins.’ 1 It was also noticed that a-synuclein exhibited a
remarkable conformational plasticity depending on the envi-
ronment.'” The flexible structure of g-synuclein makes it
versatile for its interaction with other proteins.” a-Synuclein
was shown to adopt mostly helical secondary structure upon
association with small unilamellar vesicles or detergent
micelle surfaces.'” The detailed structure and dvnamics of
micelle-bound a-synuclein were determined by NMR studies
r»e,ceml_v.21 a-Synuclein is 140 residue protein primarily found
in neural tissue. especially in presynaptic terminals. It is
reported that the region called non-amyloid component (NAC)
corresponding to 61-93 amino acid sequence of human o-
synuclein plays a crucial role in fibril formation.™

In this work. we investigated conformational characteristics
of a peptide mainly composed of NAC sequence of «-
synuclein. which is known to be intrinsically unstructured and
strongly hydrophobic. We performed replica-exchange
molecular dynamics (REMD) on NAC peptide to sample the
conformations more efficiently. In the previous work, we
carried out structural analysis by introducing ‘representative
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structure for ensemble of structures occurnng dunng the
overall trajectory.™ It was found that representative structures
can provide useful information about structural characteristics
of intrinsically unstructured proteins such as a-synuclein. In
the present work. the effect of temperature on stability and
conformational change 15 examined 1n detail. The present
study is expected to provide possible structural features of o-
Synuclein with relation to fibril formation.

Model and Simulation Details

We have performed replica-exchange molecular dy namics
simulation on the residues 38-98 of human o-synuclein
N-terminal and C-terminal are blocked with Ace and Nme
group. respectively. All-atom zﬂxl\ABER(pann%):4 foree field
was used with with GB/SA wmphcit water model.™ The
solution pH 1s set to be neutral by default. Berendsen ther-
mostat™ for temperature control with coupling parameter
0.2ps and cutoff 9.0 A was used during the whole simulation.
Simulation was performed using TINKER package.:" In our
simulation. fully extended peptide of 41 residues was minimized
and equilibrated for a several hundred picoseconds and after
equilibration is achieved. conformations are randomly chosen
from the trajectory to be used as 1nitial conformations of each
replica for REMD simulations. The number of replicas is 18
and the total length of simulation 1s 12 ns. The temperature
distribution is 270. 284. 299, 314, 330, 348, 366. 385. 403,
426,448,471, 4935, 521. 348. 377. 607. 638 (K). Among these,
we used the trajectories corresponding to the first 9
temperatures for analyvsis. The exchange ratio between each
neighboring pair of replicas are nearly uniform with the
magnitudes in the range of 0.10 ~ 0.23. The time step is 2 fs
and the coordinate Is collected every 0.3 ps.

Secongary structure contents are obtained using DSSP
program™ and radius of gvration 1s calculated in TINKER
package. Ph1 and Ps1 angles used to draw Ramachandran plot
are also obtaned from the result of DSSP program. The angles
of terminal residues and glycine residues are neglected. The
angle space between the maximum and minimum values are
divided by 200 gnids for Phi and Ps1 angles, respectively and
the number of data is counted for each of 200 x 200 bins. For
clear presentation of the Ramachandran plot. we plot -RTlogN;
instead of N, where R is the gas constant. T is the temperature
(K). and Ny is number of data in (7 7)-bin. For contact maps.
we measured the distances between alpha carbon atoms for all
pairs of residues. The distances are classified into 3 cases : # <
6A.6A<r<8A andr > 8 A, which are marked as different
colors 1n contact map.

The time evolution of sampled PC (principle component)
space can be a measure of the convergence of trajectory. To
examine the convergence of trajectory for 299 K. we calculated
the first twwo major principle components about alpha carbon
coordinates of the whole trajectory and projected the trajectory
onto the two principle axes. We divide the PC space into 50 x
50 gnds. trace the projected trajectory 1n the PC space. and
count the number of visited gnds as a function of tume. We
used Ptraj module in AMBERS to perform PC analysis.

In order to examine the conformational charactenstics of a
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representative structure” for ensemble of structures occurnng
during the overall trajectory. we determined an average
structure in two different ways.: first, we simply averaged the
C. coordinates of individual structures in the ensemble of
structures. and calculated C, RMSD value of each structure in
the trajectory with respect to the coordinate averaged structure.
The structure corresponding to the lowest RMSD value may
be considered as the coordinate averaged representative
structure. Least-square fitting of the structures is performed
before averaging coordinates. using the McLachlan algon’tlml'g
which is implemented in the program ProFit.” RMSD
calculation was carned out using MMTSB toolset.

The second way of analyzing ensemble of structures 1s to
use distance matrix.”’ We calculated an inter-distance matrix
for every possible C, pairs for individual structure and
obtamed averaged distance matnx for the ensemble of stru-
ctures. In order to compare the distance matrix of individual
structure with the averaged distance matrix, we calculate the
distance root-mean square deviation (dRMS) as

ARMS = \/22[17.,(-*)—5_..]: /n(n—l )

where D (x) refers to the distance between atoms 7 and ; in
structure xand O, is the /7 component of the averaged distance
matrix. The structure corresponding to the lowest dRMS
value may be considered as the distance averaged representa-
tive structure.

Results and Discussion

Fig. | and Table 1 show the temperature dependence of
various secondary structural contents. Secondary structures
usually show strong force field dependence. In particular.
recent study showed that several versions of AMBER force
fields produce different structural and thermodynamics
properties and lead to force-field dependent foldimg mechanmsms. 3=
It should be noted that some of the results from the present
calculations have intrinsic limitations attributed to the force
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Figure 1. Temperature dependence of the fraction of secondary
structure contents for NAC peptide of a-synuclein. H: a-helix, G:
31p-helix, I w-helix, T: turn, S: bend. R: random coil.
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tield and solvation model used in the study. For example. high
content of 31p-helix may be a foree Tield artilact.™™ Even
though the structures of @-synuclein are known to be mostly
disordered without definite secondary structures, the secondary
structure prolile obtained from our calculations suggest that
the NAC region can be divided into roughly three helical-like
segments. This result is qualitatively consistent with cxpcrimcm}'i
and computational prediction of nonnative sequence pro-
pensity.” 1Lis found that the a-helix content slightly decreases
as the temperature is raised while the turn increases. On the
contrary, it is also noted that the overall change of {u-helix +
310-helix) content as a function of residuc number is not so
large when the temperature is varied. It can be concluded that
the overall helix-tuwrn-helix like topology is conscrved cven
though the conformational tluctuations grow as the tempera-
ture increases.

Conservation of characteristic conlormational features
under temperature variation is also illustrated in the representative
structures shown in Figs. 2 and 3. Fig. 2 shows distance-based
representative structures at various temperatures. It is shown

Table L. The [raction ol secondary structure contents (in %) for NAC
peptide of -synuclein. obtained from simulation trajectories at
different temperatures.

Temperature (K) a-Helix 3j-Helix w-Helix  Turn Bend
270 40.3 19.55 011 26.1 5.09
284 3884 200133 0.14 265 497
299 3763 2033 0.14 2712 484
314 3725 1989 016 276 4.79
331 372 18.98 0.25 27.92 3.0
348 3539 1913 0.28 28536 575
366 3396 18.68 (.35 2966 615
385 2.0 18.97 .42 31.01 648
4035 2887 20015 .47 31.95 7.03

270K 284K 299K
314K 331K 348K
366K 385K g«ﬁ;\@

Figure 2. Distance averaged representative structures {or NAC
peptide ol u-synuclem. obtained from simulation trajectories at
ditferent temperatures.
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that contormational flexibility increases and the overall
compaciness deercases at higher lemperatures, which is demon-
strated by the increases in the average radius of gyrations as
shown in Fig, 4, Tig, 5 shows the average solvent accessible
surlace area (SASA). which can provide additional inlotmation
about the overall compactness and flexibility of the representa-
tive structures. The representative structures clearly suggest
that the overall topological features - helices and turns - are
not varicd much as the temperature is raised. Fig. 3 shows
coordinate-based representative structures at various tem-
peratures. It is shown that the coordinate-bascd and the
distance-based representative struciures exhibil noticeable
differences at higher temperatures while they are similar at
lower temperatures. 10 can be argued that coordinate-based
representative structures are poor in describing the overall
topological features because it is difficult to obtain consistent

KT

270K 284K 299K
314K 331K 348K
366K 385K 405K

Figure 3. Coordinatc avcraged representative structures for NAC
peptide of g-synuclein, obtained from simulation trajectorics at
difterent temperatures,
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Figure 4. Temperature dependence of the average radius of gyration
tor NAC peptide of a-svnuclein.
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Figure 5. lemperature dependence of the average solvent accessible
surfacc arca (SASA) for NAC peptide of g-synuclein.

coordinate averaging due to large conformational fluctuations
al higher temperatures, Table 2 shows the distances (C-RMSD
and dRMS) for the representative structures at different
temperatures, compared with the representative structure ot
299K, lor distance-based and coordinale-based structures, Tt
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Table 2. C,-RMSD and dRMS values tor the representative structure
of each temperature compared with the representative structure of
299 K.

Temperature (K) C.,-RMSD dRMS
270 6.94 317
284 0.26 329
314 553 297
331 592 302
348 5.21 323
366 7.68 2.80
385 7.46 6.27
405 9.06 836

is found that structural variations for the coordinate-based
representative structures are much larger. It can be concluded
that distance-based representative structures provide more
reliable information concerning characteristic features of
intrinsically unstructured proteins.

Figs. 6 and 7 show C-distance contact map at cach (em-
perature with respect to distance-based and coordinate-based
representative structures. respectively, It is found that as
temperature is raised, the ofl-diagonal blocks, in particular,
the broad cross-diagonal band regions at low temperatures

5 5 5
366K 385K

10

403K

Figure 6. C,-C, contact maps for distance-based representative structures of NAC peptide of a-synuclein. obtained from simulation trajectories

at different temperatures.
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Figure 7. C,-C, contuct maps for coordinate-based representative structures of NAC peptide of a-svnuclein, oblained from simulation

trajectorics at different temperatures,

disappear. 1t demonstrates that compact structures at low
femperatures become expanded by heating along with the
removal of 3-dimensional contacts between N-terminal and
C-terminal regions. It should be noted that the overall confor-
mational ¢nsemble is highly unstructured: the average Ca-
RMSD valuc with respect to the coordinated-average structure
is about 3-6 A with laruc fluctuations ** This is consistent with
the intrinsically unstructured properties of conformational
cnsemble, which is mainly contributed to the relatively weak
contacts between different scgments of the peptide. The
representative structures described in the above illustrate that
conformational charactenistics such as local secondary structures
and global topological features can be defined even for
proteins with large conformational fluctuations.

Extended beta shect and beta-bridge structures with charac-
teristic hydrogen bonds may not be casily formied for the NAC
peptide chain of 41 residues with highly hydrophobic sequence.
Recently. El-Agnaf ef o/ showed through their biochemical
analysis of the NAC peptide that NAC N-terminal region
corresponding to amino acid residucs 1-18 aggregates to form
amyloid fibrils. while the C-terminal region with residues of
19-35 remains soluble and flexible. ™ It is suggested that the
N-terminal region is responsible for the fibril formation., It 1s

also known that the N-terminal region of a-synuclein consis-
ting of 7 repeated units of 11 residucs is predicted to form
amphiphilic helices, while the C-terminal region enriched in
acidic residucs and prolines is expected to remain disordered.™
[t can be argued that the monomernic state of the NAC peptide
docs not cxhibit beta-like structures with random confor-
mations of C-tcrminal region and potentially helical confor-
mations of N-terminal region.

Uvaersky er al. showed that a decrease in pH or an increase
m lemperature transtorm g=synuclein into a partially folded
conformation.™ It is suggested that this partially folded inter-
mediate is critical for fibrillation. However. they did not identify:
the partially folded region cxactly. Extensive experimental
data support the hypothesis that pathological aggregation may
arise¢ from such partially folded intcrmediates. They are
usually supposcd to have sizable hydrophobic side chains on
their surtace. leading to aggregation facilitated by strong
hvdrophobic intcractions.”™ Our results indicated that the
NAC region scems to have a partially folded structure whose
temperature dependence is rather weak. It is more likely that
the rcgion of o-synuclein. whose folding increascs with
temperature. 1s cutside the NAC sequence. The increase in
fibrillation rate at low ptl may be attnbuted to the decrease in
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Figure 8. Ramachandran plots for NAC peptide of ¢g-synuelein, obtained from simulation trajectories at dilferent temperatures,

nct charge, strengthening the intrinsic hydrophobicity and
Icading (o partial folding. Elcvated temperaturcs arc also
supposed to make similar effects. Reeent experiment showed
that a peptide composced of residues a-synuclem 71-82 iisell
can sell assemble o form a fibril-like structure.™ With respect
to membranc association. it was reported thal membrancs
accelerate the (ibrillation.™ 1t was also suggesied (hat acidic
lipid membranes may plav the same role as low pH. lcading to
partial folding via decrease in net charge of N-terminal region
of a~svnuclein. [t can be argued that the conformational features
of representative structures at high temperatures might be
related to those m membrane or low pH environment. Recenily,
Bisagha e «f. studicd the structurc and topology of NACU
peptide in the membranc-mimetic environment. ™ It is found
that in thc membranc-mimetic environment, NAC peptide
forms characteristic threc regions of helical conformation
with C-terminal region less stable. The lowest energy structures
were caleulated from NOE-based distance restraints and the
backbone dihedral angles were derived from chemical shifls.
It is notcd that the rcsulting topological and gcomctrical
{caturcs of the lowest encrgy structlures arc in closc agreement
with the representative structures at high temperatures in the
present study. Fig. 8 shows Ramachandran plots for diffcrent

temperatures. 1t 1s shown that the dihedral angles arc mostly
around the a-hchix region. Ramachadran plots also suggest
that dihedral angles corresponding to beta sheet conlormation
gradually appear as the (cmperature is increased. even though
the absolute valucs lor the fraction of beta contents [rom the
DSSP analysis arc less than 0. 1%,

We have measured the extent of convergence ol our simula-
tion trajectory by calculating the visited arca in PC spacc as a
function of time. It is noted that the convergence is not
completely reached and the last few ns trajecton scems to
show partial convergence. The poor convergence mav be duc
to the unstructured nature of the peptide m addition (o the
relatively short simulation time. In spiic of relatively low
convergence. consistent conformational characteristics can
be obtained through the ensembles of various temperatures.
The “Mcan Structure Hypothesis™ proposcd by Zagrovic ¢f
al’' suggested that the representative structures, obtained
from the unstructured conformational cnsemble. may be
related to the partially folded micrmediate.

Concluding Remarks

We have performed replica-exchange molecular dynamics
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simulations on 41 residue peptide mainly composed of NAC
{(non A3 component) sequence in ¢-synuclein. To investigate
conformational characteristics of intrinsically unstructured
peptides under different environments, we carried out structural
analysis on the ‘representative structures’ for ensemble of
structures occurring at different temperatures. Individual con-
formations obtained from the simulations of NAC peptide for
various conditions show flexible structures close to random
coil. Representative stmctures. by construction. contain collec-
tive information about ensemble of configurations obtained
from the simulations. They can provide useful information
about structural characteristics of intrinsically unstructured
proteins. The secondary structure profile obtained from our
simulations suggests that the NAC region of ¢-synuclein can
be divided into roughly three helical-like segments. It can be
argued that the monomeric state of the NAC peptide does not
exhibit beta-like structures with random conformations of
C-terminal region and potentially helical conformations of
N-terminal region. Partial beta sheet conformation gradually
appears as the temperature is increased. It is found that the
overall helix-tum-helix like topology is relatively conserved
even though the conformational fluctuations grow as the
temperature increases. The coordinate-based and the distance-
based representative structures exhibit noticeable differences
at higher temperatures while they are similar at lower tem-
peratures. It is found that structural variations for the coor-
dinate-based representative structures are much larger, sugges-
ting that distance-based representative structures provide more
reliable information conceming characteristic features of
intrinsically unstructured proteins. The present analysis also
indicates that the conformational features of representative
structures at high temperatures might be related to those in
membrane or low pH environment.
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