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Abstract Atomistic molecular dynamics simulation has
been used to probe the effect of the A30P mutation on the
structural dynamics of micelle-bound, helical «Synuclein
when released in an aqueous environment. On the timescales
simulated, the effect of the mutation on the secondary
structure is restricted to local changes close to the mutation
site in the N-terminal helical domain. The changes are tran-
sient, and all residues except Lys23 recover their initial
structure. The local behavior due to the mutation gives rise to
a global difference in the A30P mutant in the form of a per-
manent kink in the N-terminal helical domain.
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Introduction

Spontaneous aggregation of alpha synuclein (aS), a
~14.5 kDa protein present in neuronal cytosol, is the
causative factor of Parkinson’s disease (Iwai et al. 1995).
Although its physiological action is unclear, monomeric oS
is involved in neurotransmitter release (Lotharius and
Brundin 2002; Norris et al. 2004) and in ER/Golgi traf-
ficking (Cooper et al. 2006), or is associated with synaptic
vesicles (Cookson 2005; McLean et al. 2000). Residues
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61-95 are associated with aggregates of the non-amyloid
component (NAC) in Alzheimer’s disease plaques (Uéda
et al. 1993). The monomeric form is believed to have no
stable tertiary structure in an aqueous environment,
whereas it assumes helical conformations when bound to
amphiphilic micelles and lipid bilayers (Chandra et al.
2003; Davidson et al. 1998; Eliezer et al. 2001; Uversky
et al. 2001). In vivo, approximately 15 % of «S is mem-
brane-bound at any given moment, and the seeding of
aggregation of cytosolic &S has been found to be initiated
by the membrane-bound form (Lee et al. 2002). It prefer-
entially binds to anionic membranes but also binds to
neutral membranes (Mihajlovic and Lazaridis 2008).
Because, in vivo, aS co-exists in aqueous media with the
lipid-bound form, it is plausible that helix<coil« f-sheet
transitions could constitute important, early components of
the fibrillogenesis pathway, understanding of which could
help reveal the importance of helical or partially folded
intermediates in amyloidogenesis (Abedini and Raleigh
2009; Dobson 1999; Hauser et al. 2011; Kelly 1998).
Early-onset Parkinson’s disease has been linked to three
point mutations (A30P, AS3T, E46K) in «S (Kriiger et al.
1998; Polymeropoulos et al. 1997; Zarranz et al. 2004).
In vitro studies indicate that the rate of fibrillation increases
with A53T and E46K (Conway et al. 1998; Greenbaum et al.
2005) and that A30P promotes formation of prefibrillar
oligomeric species (Conway et al. 2000). NMR analysis
suggests that A30P and A53T do not affect the protein’s
global structural properties except for some minor perturba-
tion around the A30P mutation site (Bussell and Eliezer
2004). But analysis of C, secondary shifts reveals that A30P
mutation reduces the helical propensity and elongates the
fibrillization lag phase (Bussell and Eliezer 2001, 2004).
Despite numerous studies, the mechanistic importance
of mutations in affecting oS behavior remains incompletely
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understood. The A30P mutation is a particularly interesting
case, because proline, usually found at helical ends, in turn
regions, or at the edge strands of beta sheets, behaves as a
structural disruptor when occurring mid-sequence in a protein
(Barlow and Thornton 1988). In «S, this mutation has been
found to cause several interesting alterations to the protein’s
intrinsic structural dynamics (Bussell and Eliezer 2004;
Ulmer and Bax 2005). Experiments and simulations indicate
that in a lipid environment it gives rise to destabilization
upstream and downstream from the mutation site (Bussell and
Eliezer 2004; Ulmer and Bax 2005), and reduces helical
propensity and lipid binding affinity (Jensen et al. 1998;
Jo et al. 2002; Perlmutter et al. 2009). The strong interactions
of WT oS when bound to micelles are found to induce strainin
the protein structure which is released with the A30P muta-
tion (Ulmer and Bax 2005; Ulmer et al. 2005). However, it
remains to be understood whether the strain is also present
when the helical micelle-bound form is released into the
aqueous environment, and the extent to which the A30P
mutation affects the structural persistence of the WT form,
hence reflecting the difference between the two variants in the
early components of fibrillogenesis, as discussed earlier.

Starting with the micelle-bound conformation, we have
compared the early structural evolution of the monomeric
WT and A30P mutants of «S by using atomistic molecular
dynamics (MD) simulation. Although neither form unfolds
completely within the simulation time of 90 ns, our anal-
ysis reveals key differences in their intrinsic structural
dynamics, attributable to the N-terminal region. The
backbone RMSD of the A30P mutant attains a high but
stable value at approximately 20 ns, whereas that of the
WT protein continues to increase throughout the simula-
tion. Our torsional angle-based structural persistence data
indicate that unlike the WT, the first helical domain of the
A30P undergoes a transient loss in secondary structure
because of weakening of the backbone hydrogen-bonding
network. The loss of helicity is localized, occurring at least
five residues away from the mutation site toward the
N-terminus, but gives rise to a kink-like feature that per-
sists even after the secondary structure is recovered. Our
results indicate that on release into the aqueous environ-
ment, the A30P form of the micelle-bound protein releases
structural strain more easily than the WT form. We discuss
the implications of our observations in the aggregation
pathway of aS.

Computational methods
MD simulations

The micelle-bound form of aS (PDB entry 1XQ8) was the
starting structure in our study (Ulmer et al. 2005). This
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structure comprises an N-terminal helical domain (Val3-
Val37), a well-ordered extended linker (Leu38-Thr44), a
C-terminal helical domain (Lys45-Thr92), another linker
(Gly93-Lys97), and a highly disordered tail (Asp98-
Alal40) (Ulmer et al. 2005). The tail region (residues
96-140) was truncated to study the enhanced fibrillization
propensity (Crowther et al. 1998; Hoyer et al. 2004) while
selecting the helical domains. The structure was mutated at
position 30 with proline in the trans conformation to obtain
the A30P form (Ulmer and Bax 2005). Four chloride
counterions were added to neutralize each system, which
were then solvated explicitly with approximately 9,000
TIP3P water molecules (Jorgensen et al. 1983). The box
dimensions used for the systems measured approximately
60, 102, and 46 A. The systems were simulated using the
NAMD?2.7 simulation package (Kalé et al. 1999) and the
CHARMM?22 all-atomic force field with CMAP correction
(Mackerell 2004). The time step was taken to be 2 fs.
Initially, energy minimizations of 15,000 steps were per-
formed on the basis of the conjugate gradient method,
following which the systems were simulated at a pressure
of 1 atm. and a temperature of 310 K. Constant tempera-
ture was maintained using Langevin dynamics with a col-
lision frequency of 1 ps~'. The Nosé—Hoover Langevin
piston (Feller et al. 1995) maintained constant pressure,
and SHAKE (Ryckaert et al. 1977) was used to constrain
the lengths of hydrogen bonds. Cutoffs of 12 A were used
with smooth truncation starting at 10 A. Long-range elec-
trostatics were calculated with particle mesh Ewald (PME)
(Essmann et al. 1995). Ninety-nanosecond simulation tra-
jectories were generated for both forms. VMD (Humphrey
et al. 1996) was used for visualization.

Structural persistence

We define the structural persistence, P, to characterize the
extent of secondary structure persistence of a chosen pro-
tein domain, relative to a reference structure. This variable
is calculated as:

1
P:

Nies
o (A9 /Ddu) (AU /M) (1)

res 7

Here, A¢; and Ay; are, respectively, the changes in the ¢
and s torsional angles of the j’th residue over a reference
structure, and the scaling factors A¢.x and Ay ., repre-
sent the maximum changes that can occur in the torsional
angles in the Ramachandran diagram. The maximum value
of the persistence, P = 1, is for a conformation whose
secondary structure is completely unchanged relative to the
reference. For a conformation in which nearly every resi-
due undergoes the maximum change in the torsion angles,
P is ~e 2. Lower values indicate less overall persistence
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of secondary structure, and thus P is a measure of the
global extent of structural disorder of the chosen domain
compared with the reference structure.

Results and discussion

We present representative “snapshots” of the protein from
the WT and A30P trajectories in Fig. 1, from which
emerge several aspects of the structural evolution, and
some interesting differences between the “global” behav-
ior of WT and A30P monomers. First, the initial, micelle-
bound structure does not seem to undergo extensive
unfolding in water within the simulation timescale. Second,
the loss in helicity seems to be transient and localized
in small, contiguous domains within the N-terminal and
C-terminal helical domains. Although no noticeable
helicity loss is found in the N-terminal domain (residues
Val3-Val37; henceforth referred to as N-helix) in the WT
trajectory, transient “local” level helicity losses are noticed
in the A30P trajectory. Closer inspection reveals that the
helicity loss occurs away from the site of the mutation,
toward the N-terminus (i.e. “upstream”), and is recovered
at the latter part of the trajectory. For the C-terminal helical
domain (Lys45-Thr92; henceforth referred to as C-helix),
there seem to be transient helical losses to a smaller extent
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Fig. 1 Snapshots of the WT (upper row) and A30P (lower row)
variants taken at 10, 45, and 80 ns of the respective trajectories. The
N-helices of WT and A30P are shown in blue, and yellow,
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for both mutants. The snapshots also suggest that the
helical domains bend and form distinct kinks. The N-helix
forms distinct kinks only in the A30P trajectory, which
persists after the helicity has been recovered. On the other
hand, bends in the C-helix appear in both trajectories, and
seem to be more transient in nature.

In Fig. 2, we have plotted the root-mean-squared devi-
ations (RMSD) of backbone atoms of the WT and A30P
proteins obtained over the simulations, relative to the initial
structure. The RMSD for the WT protein rises steadily over
the 90 ns, indicating a gradual but steady change in
structural evolution. On the other hand, the RMSD for the
A30P variant initially rises rapidly (by nearly 10 A), fol-
lowed by a nearly 70 ns period of marked stability. Thus,
on the whole, the A30P variant has an initial phase wherein
it undergoes a rapid structural change, and the resulting
stable structure persists for longer. The mean RMSD value
of the WT over the entire simulation trajectory is 10.5
(£3.2) A. For the A30P, the mean value over the first 20 ns
is 9.7 (£3.3) A; it is 12.4 (£0.9) A for the latter part.

To quantify the extent of structural persistence of
the micelle-bound structure, and to probe the effect of the
proline mutation on evolution of the structure at the
“global” and “local” scales, we obtained the persistence,
P, as defined by Eq. (1), for different domains along the
trajectories, with the original structure as the reference.

respectively. The proline mutation in A30P is marked with CPK
representation. C-helices are shown in orange
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Fig. 2 Evolution of the backbone RMSDs of the WT (in black) and
A30P (in red) as a function of simulation time

In Fig. 3, we show P obtained for the whole protein, and
individually for the N and C-helices. When considering the
entire protein, P consistently has a high value (0.85 or
more) throughout the simulation time. Thus, at the scale of
the full protein, the overall structural integrity of both the
whole WT and A30P systems is largely maintained. At the
level of the individual helical domains, P remains high,
but interesting differences between WT and A30P are
observed. For the N-helix in WT, the mean value of
P fluctuates over the simulation, and is 0.93 (40.01). For
the helix in A30P, on the other hand, there is a dramatic
drop between 25 and 30 ns, which recovers after 65 ns. We
note that the drop commences at approximately the same
time as the RMSD value attains the high, stable value, and

is coincident with the onset of the upstream helical losses
and bending in the N-helix. The mean P values between
0-25, 30-60, and 70-90 ns for the A30P N-helix are 0.93
(£0.01), 0.82 (£0.04), and 0.91 (£0.01), respectively. For
the C-helix, P follows a pattern that is independent of the
N-helix in both trajectories. Whereas P for this helix is
high for both systems (~0.9 or more), the values are
slightly higher for the A30P, but merge during the last
~ 25 ns. Thus, the slightly higher whole protein P of A30P
over the WT during the first ~20 ns should be attributable
to unfolding differences in the C-terminal domain; the fall
and subsequent merging with the value of WT at ~25 ns is
because of significant unfolding in the N-terminal domain.

To elucidate the local, residue-level unfolding behavior
because of the mutation, we recalculated P for three-
residue groups in the N and C-helices. In Figs. ESM-1
and ESM-2 in the Supplementary Material, we compare
P for groups within the N-helix from the WT and A30P
trajectories. Comparison with the evolution of P for the
entire N-helix confirms that the disorder due to the muta-
tion arises upstream, toward the N-terminus. Residue
groups downstream (K3,TK34) and at the mutation site
(A29PGg3;) have high P values (~0.95) throughout the
simulation. The domain-level drop in P observed for the
entire N-helix at 25 ns is clearly found to be due to residue
groups Ky53QGys, Aj7AAe, and G4VVie Groups
V26AE28, EzoKTzz and AllKE13 have hlgh but ﬁuctuating
P values with no evident correlations with the domain-level
trend. Notably, although P is recovered for A;;AA 9 and
G14V Ve, the decrease in P persists for K;3QG,s for the
remaining simulation time; this is, thus, the only domain

Fig. 3 Plots of the persistence, T I !
P, of the WT (in black) and

A30P (in red) variants as a 0.9 : _ .
function of simulation time, i : ’
shown for a the whole peptide %08l

segments, b the N-helix, and B
¢ the C-helix 0.7+
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with a permanent secondary structure change due to the
mutation. Further, as backbone hydrogen bonding networks
in alpha helices are of the type i « i + 4 (the arrow
indicating the direction of hydrogen bond), the absence of
the (NH) group at the location of the mutation should cause
a cascading weakening of structural hydrogen bonds
towards the N-terminus. Individually, we find that Lys23
has the greatest “permanent” drop in P at 25 ns (by
approx. 0.6; data not shown); P for other residues recovers
close to 65 ns. On the other hand, “local” P values in the
C-terminal domain are not clearly different; transient
helical unfolding from Gly67—Val74 is noticed in both the
variants (Figs. ESM-3, 4).

To probe the propensity for helical bending, we evalu-
ated the bend angles in the N-helix, 6; (defined as the angle
at Lys23, i.e. between Val3—Thr22 and GIn24-Val37) and
in the C-helix, 0, (the angle made by the residue stretches
Lys45-Val66 and Thr75-Val95, for which structural per-
sistence is higher). In Fig. 4, we have compared histograms
of 0, and 0, over segments of the simulation trajectory
chosen when P for the N-helix in A30P did not undergo
significant changes (0-20, 30-50, and 70-90 ns). For the
WT trajectory, the distribution of 6, peaks between 160°
and 170°, and does not change significantly during the time
periods chosen. However, for A30P, this distribution shows
a clear shift in the peak maximum as time progresses.
Within the first 20 ns, most conformations correspond to a
nearly unbent N-helix, with a distinct peak in 6; at ~ 160°,
and a smaller peak at ~120°. Between 30 and 50 ns, we
find distinct shifts in the peak, with significant contribu-
tions from “kinked” conformations where 6; peaks at

120 150 180 30 60 90 120

6, (degrees)

150 180

~75° and ~115°. In the last 20 ns of the simulation, the
distribution peaks strongly at ~65°, showing a distinct
tendency of the first helical domain to bend in the A30P
trajectory.

The distributions for the bending angle 0,, on the other
hand, are not clearly different between the simulated WT
and A30P systems. For WT, the initial peak (at ~ 140°) for
0-20 ns shifts towards a slightly higher value (~ 160°)
between 30 and 50 ns. For the last 20 ns, the distribution
(which peaks at ~130°) is broader, with no clear prefer-
ence for either the straightened or the bent form. For A30P,
the first 20 ns correspond to two distinct peaks (at ~ 80°
and ~ 160°). However, between 50 and 70 ns, the peak at
~80° is lost, signifying a decrease in the bent structures.
For the last 20 ns, the distribution actually contracts around
the peak of ~140°, also revealing a final preference for
neither straight nor bent structure. Therefore, we find no
clear correlation between the trends of 0, and 0,.

We point out here that for the A30P trajectory, the initial
drop and subsequent stability in 6; (Fig. ESM-5) is remi-
niscent of the temporal pattern of the backbone RMSD.
Thus, the kink formation in the first helical domain is the
main structural effect of the mutation at the “global” level.
This is confirmed by evaluating the backbone RMSDs
individually for the N and C-helices (Fig. ESM-6).

Conclusions

We have reported the effect of the A30P mutation on the
early structural dynamics of the micelle-bound structure
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of «S when released in an aqueous environment. Globally,
high structural persistence is observed for both the WT
and mutant forms on nanosecond timescales. However,
the A30P mutation is found to cause partial unfolding in
the N-terminal domain. The loss of helicity in this domain
is transient, and all residues except Lys23, located seven
residues upstream from the site of the mutation, fully
regain their helical conformation. We find that the sudden
drop in the persistence for the N-helix of A30P is nearly
commensurate with the onset of a kink-like feature. The
kink formation is stable, and does not reverse with
recovery of overall helicity for most residues. We find
that the sharp increase in backbone RMSD of the A30P
trajectory at ~20 ns is commensurate with a drop in 0.
Unlike the persistence, the starting value of 6; is not
recovered. Thus, the higher, stable RMSD in the A30P
variant in the latter part of the trajectory is because of the
formation of a stable kink in the N-helix. This is con-
firmed by comparing the backbone RMSD plots of the
individual helices with 0.

It is noted here that micelle-bound monomeric oS is
reported to be a strained structure (Ulmer and Bax 2005),
and the proline mutation has been shown to be of key
importance in the release of strain of the A30P form by
either upstream or downstream helical destabilization
(Bussell and Eliezer 2004; Ulmer and Bax 2005). Our MD
simulation results suggest that in an aqueous environment
the transient structural disorder upstream from the mutation
site and the permanent kink formation in the N-helix of the
A30P could be a key mechanism of strain release. In
comparison, the extent of strain released in the C-helix
should be comparable in both mutant varieties. Continuing
studies by our group will focus on relationships among
thermodynamic aspects of the structural changes and
associated strain release. As a preliminary analysis, we
have compared temporal patterns of the energies of back-
bone hydrogen-bonding network of the N and C-helices for
both trajectories (Fig. ESM-7). The data show that the
A30P mutation transiently weakens the hydrogen-bonding
network associated with the structure of the N-helix; the
magnitude of the destabilization from 25 to 60 ns is greater
than 400 kcal mol~'. Comparison with the P for the
N-helix suggests that entropic effects have an important
role in the helical unfolding. We note that the hydrogen-
bonding network in the C-helix remains unaffected, reit-
erating that structural dynamics of the two domains are
independent within the timescales simulated.

Destabilization of the backbone hydrogen-bonding net-
work in the A30P mutant could be one of the key reasons
for recovery of the helical structure on the timescales
simulated. However, because all mutant forms of mono-
meric oS are experimentally found to be intrinsically
unstructured in water, the helical reformation itself should
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be transient when longer timescales are considered.
Therefore, the unfolding pathway of the protein may
involve populations of structures of different helicity.
Longer trajectories (possibly up to the microsecond time
range or longer) will be required to reveal in detail the
interplay between the different thermodynamic and kinetic
factors that eventually lead to total unfolding of the peptide
in an aqueous environment. Further, longer simulations
involving multiple monomers will be able to demonstrate
how structural features arising because of the mutations
and encountered along the unfolding pathway can modu-
late the self-assembly process. For example, the kink in the
A30P trajectory may affect the relative proximities, and
thereby the interaction strengths, of key residues that par-
ticipate in the self-assembly mechanism.

Single-point mutations in the amino acid sequence of oS
are responsible for significant alterations to the protein’s
structural behavior and self-assembly. Clearer, molecular
level understanding of the structural dynamics underlying
the protein’s mutant forms is essential for understanding
their complex aggregation behavior. Our results revealing
important differences between the intrinsic structural
dynamics of the A30P variant and the WT form are,
therefore, relevant in describing the very early steps of self
assembly of «S.
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