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Proteins in their functional forms play a vital role in all major processes in the cell.
Protein misfolding has been associated with a large number of diseased states.
Intrinsically Disordered Proteins (IDPs) have gained much attention because of their
involvement in key cellular processes and predominance in diseased states. A number of
neurodegenerative diseases including Alzheimer’s, Parkinson’s and Huntington’s
diseases have been correlated with the aggregation of IDPs.

α-synuclein is a 140 amino acid archetypal IDP implicated in the pathology of
Parkinson's disease. Aggregation of α-synuclein is sensitive to changes in amino acid
substitutions along the sequence and changes in chemical environments. Characterizing
the monomeric form is essential to understanding the conformational changes leading to
the aggregated state. In this work, ensembles of structures generated from Replica
Exchange Molecular Dynamics simulations were used to characterize aggregation-prone
states of monomeric form of α-synuclein.
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The conformational characteristics of α-synuclein were evaluated in terms of the
statistical properties of the chain over a range of solvent conditions and comparing with
predictions from polymer theory, using temperature as a proxy for solvent quality.
Results of this work indicate that α-synuclein behaves as expected for a homopolymer
chain at extremes of solvent quality while at intermediate values, the identity of the
monomeric units along the sequence significantly influence the polymeric and
conformational characteristics of the chain. Comparison of the back-calculated
experimental parameters for the simulation ensemble with that of the NMR observation
shows that ensembles that fit to experimental parameters describing both local and longrange characteristics, represented by the experimental Residual Dipolar Couplings (RDC)
and Paramagnetic Relaxation Enhancements respectively, provides a better representation
of the experimental ensemble.
The conformations of the neutral and low pH ensembles of α-synuclein were
characterized by integrating molecular simulations with experimental NMR observations,
to elucidate the effect of the altered charge distribution with change in pH on the
structural properties of these ensembles. The results from this study indicate a significant
structural reorganization with change in pH in terms of the long-range interactions,
compaction of the C-terminal region at low pH leading to faster aggregation at low pH.
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Chapter 1
Background and Motivation
1.1 Introduction
Proteins constitute one of the most complex classes of biomolecules that carry out a
diverse range of vital function in all cells. Proteins are involved in almost all of the
cellular functions including signaling, catalysis, molecular transport, structural support
and movement etc. To perform their function, proteins self-assemble into unique threedimensional folded conformations, facilitated by non-covalent interactions including
electrostatic, Van der Waals, hydrophobic and hydrogen bonding interactions.
A majority of proteins typically fold into stable structural motifs corresponding to
the native conformation. Occasionally, proteins tend to fold incorrectly, leading to their
misfolding. Protein misfolding leads to the exposure of aggregation-prone hydrophobic
residues, which are normally buried in the native conformation, consequently promoting
protein aggregation (Figure1.1 Schematic representation of protein misfolding and
aggregation, leading to disease. Electron microscopy images were taken from Dobson,
Protein folding and misfolding (Dobson 2003).). A variety of human diseases are
associated with protein misfolding where proteins convert from their normally soluble
form to aggregates that accumulate in affected organs. The final forms of the aggregates
in all these diseased states include fibrillar plaques known as amyloid.
Intrinsically Disordered Proteins are implicated in a number of neurodegenerative
diseases including Alzheimer’s, Parkinson’s and Huntington's disease, Prion diseases,
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and type II diabetes (Dobson 1999; Lansbury 1999; Perutz 1999; Chiti and Dobson
2006). IDPs are best described as fluctuating ensembles of conformations in solution
lacking stable structure under physiological conditions (Dyson and Wright 2005) and are
typically characterized by their low sequence complexity, high net charge and low
hydrophobicity (Uversky, Gillespie et al. 2000).

Figure1.1 Schematic representation of protein misfolding and aggregation, leading to
disease. Electron microscopy images were taken from Dobson, Protein folding and
misfolding (Dobson 2003).

Parkinson’s disease (PD) is the second most prevalent of the late onset
neurodegenerative diseases. -synuclein is the primary protein component of the Lewy
body deposits that are the diagnostic hallmark of PD (Spillantini, Schmidt et al. 1997). synuclein is a highly conserved, intrinsically disordered protein (IDP) that is expressed in
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high levels in the brain (Rochet and Lansbury 2000). The monomeric conformation of synuclein is described as a 140-residue archetypal IDP. The sequence of α-synuclein has
an uneven distribution of charged residues along the chain and is divided into 3 regions –
the N-terminal domain (residues 1-60) with a balanced distribution of positively and
negatively charged residues corresponding to a polyampholyte chain, the Non Amyloidbeta Component of Alzheimer’s disease (NAC, residues 61-95), which forms the
hydrophobic core of the protein having minimal charged residues and the highly acidic
C-terminal domain (residues 96-140) with a predominance of negative charges
characteristic of a polyelectrolyte chain.
-synuclein can adopt different conformations under various conditions. The Nterminal region of -synuclein has been shown to form amphipathic helices upon binding
to lipid surfaces (Eliezer, Kutluay et al. 2001). Recent reports also suggest that the
physiological form of -synuclein might actually be a stable helical tetramer (Bartels,
Choi et al. 2011; Wang, Perovic et al. 2011). A conformational change to the monomeric
form of α-synuclein leading to its aggregation into fibrils has been shown to play a key
role in the pathology of Parkinson’s disease (Spillantini, Schmidt et al. 1997; Goedert
2001; Moore, West et al. 2005). Characterizing the monomeric form is important for
understanding the conformational changes leading to the aggregated state.

Conformational characterization of IDPs like -synuclein is challenging because of
their highly flexible nature and the resulting lack of a stable 3D structure. NMR
observations and computational simulations have been routinely used to characterize the
conformational characteristics of intrinsically disordered proteins (Dyson and Wright
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2004; Eliezer 2009). Characterizing the conformations of the monomeric state of IDPs
including -synuclein is important for understanding the conformational changes leading
to aggregation.
Peptides in solution, like intrinsically disordered proteins, are best characterized as
conformational ensembles. Consequently, peptides can serve as useful test systems for
examining methods for combining simulation and experiments to structurally
characterize polypeptide ensembles. Chapters 3 and 4 of the thesis explore the
approaches to integrating NMR and computation using minipeptide systems to study
peptide conformational ensembles. The first peptide system, GB1, is comprised of the Cterminal β-hairpin of the B1 domain of G-protein, which has been shown by NMR and
fluorescence measurements to form a β-hairpin in solution (Blanco, Rivas et al. 1994;
Munoz, Thompson et al. 1997). Conformational ensembles of this peptide were generated
using the AGB-NP implicit solvent model and temperature Replica Exchange Molecular
Dynamics (270-690 K). Results show that peptide ensembles in the middle range of
temperatures near 400 K provide the best fit to the low temperature (278 K) experimental
NMR data, thereby providing a set of models for visualizing the heterogeneity present in
the experimental ensemble and also an approach that can be used to help calibrate the
effective potential. The second minipeptide study explores the correlation between C
chemical shifts and helical content of the S-peptide ensembles. Results show that while in
general there is a correspondence between helicity and the chemical shift deviation
(CSD), on the edges of the helical segments, CSD can under- and over-estimate the
percent helicity of the polypeptide ensemble.
Chapters 8 and 9 of the thesis investigate the conformational properties of -
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synuclein under a variety of conditions including temperature, electrostatics and the
sequence identity. In chapter 8, a combination of computational simulations and polymer
theory are used to characterize the statistical properties of -synuclein under different
solvent conditions, using temperature as a modulator for solvent quality. Results indicate
that at extremes of solvent quality, -synuclein scales as expected for homopolymer
chains while the effect of sequence identity impacts the scaling at intermediate solvent
conditions.
Rate of fibrillation of -synuclein is highly dependent on the sequence identity and
solution conditions (Conway, Harper et al. 2000; Conway, Lee et al. 2000). The primary
sequence shows an uneven distribution of charged residues with a net charge of -9 at
neutral pH. Change in pH from neutral to low pH has been shown to accelerate
fibrillation of -synuclein. The second study described in chapter 9 investigates the effect
of pH on the conformational properties of -synuclein by comparing the conformational
characteristics at neutral and low pH conditions. The results suggest that there is a
significant structural reorganization in terms of the long-range intra-chain contacts with
change in pH from neutral to low pH conditions. The structural changes observed at low
pH highlight the effect of very different charge distributions in the N, NAC and Cterminal domains on the structural reorganization observed with change in pH.
In the studies presented, NMR and computational simulation approaches have been
integrated to characterize and explicitly visualize conformational properties of partially
stable minipeptides and the intrinsically disordered ensemble of -synuclein under
different environmental conditions.
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2. Chapter 2
3. Conformational Sampling using Replica Exchange Molecular Dynamics
Simulations
4. 2.1 Introduction
The energy landscape of proteins is characterized by rugged surfaces with conformational
multiple minima. The barriers surrounding the low energy minima make it difficult to
achieve adequate conformational sampling using the traditional molecular dynamics
approaches. These simulations often get trapped in one of a large number of local energy
minima posing a major challenge for simulation approaches. To overcome this problem,
Sugita and Okamoto introduced the replica exchange molecular dynamics method
(REMD) based on a new generalized ensemble algorithm (Sugita and Okamoto 1999).
REMD is an advanced sampling technique used for enhanced sampling of the rough
energy landscapes of biomolecules such as proteins where random walks are performed
in energy space. This allows the simulations to sample more conformational space and
pass energy barriers compared with traditional MD approaches. This technique is a result
of application of the parallel tempering method to molecular dynamics simulations.
Comparison of REMD with regular MD simulations has shown that REMD samples
about five times more conformational space within the same time scales than MD
(Sanbonmatsu and Garcia 2002). Another important advantage is that REMD provides
estimates of free energies since it samples from the canonical ensemble over each of the
different simulation temperatures.

9
Replica exchange sampling (Figure 2.1) involves running independent simulations of
systems with similar potential energies simultaneously over a specified temperature
range. Each simulation is called a replica and each conformation that is simulated at the
different temperatures is termed a walker. For a system of N atoms, the Hamiltonian of
the system H(X) (X represents the state of the system or the point in phase space) is the
sum of the potential and kinetic energies. In the NVT ensemble (or canonical) ensemble,
each state (x) with the Hamiltonian H(q,p) is weighted by a Boltzmann factor as

WB (x;T )  e  H (q, p)
Here, q and p represent the coordinate and momentum vectors respectively, 
corresponds to the inverse temperature.
Since the replicas (temperatures) are non-interacting, the weight factor for state X is
given by the product of the Boltzmann factors. For the convergence of the exchange
between replicas, satisfying the detailed balance condition for the transition probability
w(X- X  ) is sufficient. Here, Peq represents the equilibrium probability of state X.

Peq (X,T )w(X  X )  Peq ( X ,T )w( X   X)
Rescaling of the momenta ( pi  (Tj / Ti )pi ) following exchange of temperatures results
in the kinetic energies to cancel out. Periodic exchange of walkers between replicas at
adjacent temperatures is possible with this exchange being accepted based on the
Metropolis criterion.

P({Ti ,Tj }  {Tj ,Ti })  min(1, exp[( j  i )(Ui U j )])
where the inverse temperature βi(j) = 1/KTi(j), and Ei(j) is the potential energy of the ith (jth)
replica. The acceptance probability ratio is dependent on the temperature differences
between the adjacent replicas. Exchange between replicas is accepted if Ui ≥ Uj (when Ti
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< Tj). The exchange probabilities will be zero if the energy distributions of the adjacent
replicas do not overlap with each other.
The exchange between replicas at different temperatures provides better sampling of the
conformational energy landscapes of molecules for shorter simulation time scales. The
choice of the temperature range and the interval between adjacent temperatures is crucial
since this affects the acceptance probability for exchange of walkers between replicas. An
acceptance ratio of 15-20% for exchanges across all temperatures indicates a valid choice
of temperatures.

Figure 2.1 (A) Schematic representation of the replica exchange molecular dynamics
method. (B) REMD allows the exchange of low temperature replicas that are trapped in
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local minima and exchange with other replicas to overcome energy barriers and move
towards the global minimum.

5. 2.2 Advantages and potential issues of the REMD method
In the REMD approach, the move upward of one replica is coupled with the move
downward of another replica. The probability weight factors are calculated from this
coupled exchange as a product of the Boltzmann factors for each temperature or replica.
This provides a significant advantage as it does not require any initial simulations for
determining the weight factors that are required for the generalized ensemble algorithm
(Hansmann and Okamoto 1997). Another major advantage of the REMD approach is the
enhanced exploration of the conformational landscapes of biomolecules. REMD samples
more conformational space than MD under comparable simulation times.
One of the problems of the replica exchange approach is that the number of temperatures
required is dependent on the number of replicas, which in turn is largely influenced by
the size of the system (number of atoms). Larger systems therefore require more replicas.
The efficiency of the replica exchange approach is another important challenge – a
number of studies have addressed this issue (Zheng, Andrec et al. 2007; Nadler and
Hansmann 2008; Sindhikara, Meng et al. 2008; Zhang and Ma 2008; Zheng, Andrec et al.
2008). It was shown that the efficiency of complex systems is limited by the timescale of
conformational relaxation within the free energy basins (Zheng, Andrec et al. 2007;
Zheng, Andrec et al. 2008).

The use of implicit solvent models to simulate protein structures greatly reduces the
system size and therefore enhances the efficiency of the simulation. Implicit solvent
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models have been used successfully to model minipeptides and small IDPs (Weinstock,
Narayanan et al. 2007; Weinstock, Narayanan et al. 2008; Ganguly and Chen 2009;
Vitalis and Pappu 2009; Mao, Crick et al. 2010). Replica exchange simulations using
implicit solvent models have been used to study intrinsically disordered proteins
(Jonsson, Mohanty et al. 2012; Zhang, Ganguly et al. 2012).

6. 2.4 REMD parameters used in this study
The REMD algorithm, implemented in the IMPACT simulation package (Banks, Beard et
al. 2005) was employed to generate the conformational ensembles of the two
minipeptides – GB1-peptide and S-peptide; and the intrinsically disordered -synuclein.
Simulations were performed using the AGBNP implicit solvent model (Gallicchio and
Levy 2004; Gallicchio, Paris et al. 2009) and the OPLS-AA force field (Jorgenson,
Maxwell et al. 1996; Kaminsky, Friesner et al. 2001). All simulations were initiated with
a fully extended conformation of the peptide and protein systems. The simulations
typically start with a short minimization, using the conjugate gradient method, followed
by a production run for a total of 10-25 ns (for the different systems studied) over a range
of 20 temperatures. The molecular simulation time-step was set to 1.5 fs and exchanges
were attempted every 1000fs (1ps).
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Chapter 3
Distinguishing among structural ensembles of the GB1 peptide: REMD
simulations and NMR Experiments
3.1 Introduction
Peptides in solution, like intrinsically disordered proteins, are best characterized as
conformational ensembles. Consequently, peptides can serve as useful test systems for
examining methods for combing simulation and experiments to structurally characterize
polypeptide ensembles. Structural characterization of these dynamic systems is critical to
understanding the principles of protein folding and to understand the basis of protein
misfolding that results in proteins aggregation and disease. One approach to
characterizing these conformational ensembles is to integrate computational approaches
with NMR data (Lindorff-Larsen, Kristjansdottir et al. 2004).

Figure 3.1 Representative conformation of GB1 peptide
GB1 peptide (Figure 3.1) is a small dynamic peptide system, which has been studied
extensively using both experimental and computational approaches (Munoz, Thompson
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et al. 1997; Ferrara, Apostolakis et al. 2000; Zagrovic, Snow et al. 2002; Gnanakaran,
Nymeyer et al. 2003; Felts, Harano et al. 2004a). It is comprised of the C-terminal βhairpin of the B1 domain of G-protein, which has been shown by NMR and fluorescence
measurements to form a β-hairpin in the intact protein (Gronenborn, Filpula et al. 1991)
and also in the isolated form in solution (Blanco, Rivas et al. 1994; Munoz, Thompson et
al. 1997). Blanco et. al., determined the population of -hairpin to be ~42% at 273K
based on NMR measurements. The GB1 peptide has been used in a number of simulation
studies for a variety of reasons including the determination of the free energy landscape
of the peptide, and also to test the effectiveness of the implicit solvent model for
simulations (Garcia and Sanbonmatsu 2001; Zhou, Berne et al. 2001; Felts, Harano et al.
2004a).
In this study, replica exchange molecular dynamics simulation of the GB1 peptide has
been performed in which peptide ensembles were generated over a series of 20
temperatures. The peptide ensembles ranged from being most ordered at 270K to being
most disordered at 690K (Felts, Harano et al. 2004b; Andrec, Felts et al. 2005). The
structural ensembles obtained over each of the 20 temperatures were compared with
experimental NMR measurements including HA and HN chemical shifts, J scalar
couplings and NOEs obtained for the peptide at 278K, to determine which of the
simulation ensembles best fit the experimental data.
NMR parameters back calculated from the simulation ensembles were compared with
those experimental parameters described above all show a clear minimum in the
intermediate temperature range of 381 - 442 K. These results indicate that the
intermediate temperature ensembles are most similar to the experimental ensemble. The
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identification of ensembles best fitting to experiment provides a set of models for
visualizing the heterogeneity present in the experimental ensemble, in addition to an
approach that can be utilized to calibrate the effective potential.

3.2 Methods and Results
The procedures and results for this study are presented as a reprint of the paper published
in the Journal of American Chemical Society 2007, 129: 4858-4859.
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Supporting information
Distinguishing among structural ensembles of the GB1 peptide:
REMD simulations and NMR experiments
Methods and Materials
1) 1H-NMR spectroscopy
GB1 peptide (Ac-GEWTYDDATKTFTVTE-NH2) NMR samples were prepared by
dissolving lyophilized GB1 peptide directly in a solution of 10 mM phosphate buffer with
10% (v/v) D2O. NMR sample concentrations were 0.3 to 0.5 mM at pH 7.0. All NMR
experiments were performed on a Varian Inova spectrometer operating at a proton
frequency of 600 MHz. TOCSY spectra were acquired with an 80 ms DIPSI2 spin lock
mixing time and WATERGATE solvent suppression from 278K to 318K with 5 degree
increments. 2D NOESY spectra were recorded at 150 ms and 200 ms mixing times with
WATERGATE solvent suppression at 278K. Proton chemical shifts are presented in
TableS1. The summary of intra-, sequential and long-range NOE connectivities is shown
in figure S1.
15

N labeled GB1 peptide was expressed in a GST fusion protein and cleaved by

AcTEV protease (Invitrogen Inc.). The sequence (ENLYFQGEWTYDDATKTFTVTE)
containing an AcTEV protease cutting site (cleaving between Q and G) and GB1 peptide
sequence were introduced into pGEX 4T-1 GST expression system. GST-GB1 fusion
protein was over-expressed by 1 mM IPTG induction for 4 hours at 37 C and was
purified by FPLC (GE Healthcare, Piscataway, NJ) using a GST affinity column. Pure
GST-GB1 fusion protein was digested by AcTEV protease for 3 hours at room
temperature; then GST protein, AcTEV protease and GB1 peptide were quickly separated
by Superdex-100 size exclusion gel filtration column. 0.5 mM 15N labeled GB1 peptide
was prepared for HNHA experiments1,2. 3JHNHA coupling constants were calculated using
the following equation: Icross / Idia = - tan2[  J (1+2)] where Icross and Idia are
intensities of cross and diagonal peaks, respectively; 1 and 2 are 12.57 and 12.49 ms,
respectively. The measured 3JHNHA coupling constants were listed in Table S1.
2) Computational Details
Replica Exchange Molecular Dynamics Simulations
REMD simulations were performed with 20 replicas run in parallel at the following
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20 temperatures: 270, 283, 298, 313, 328, 345, 363, 381, 400, 421, 442, 465, 488, 513,
539, 566, 594, 625, 656, and 690 K - for a total of 10 ns for each replica, with a time step
of 1 fs. Transitions between adjacent temperatures were attempted every 250 MD steps
using a Metropolis transition probability as detailed in our previous work3,4.
Configurations were saved prior to every attempted transition, leading to an ensemble at
each temperature containing 40,000 structures.
Replica exchange sampling was chosen to generate the peptide ensembles due to the
method’s ability to sample equilibrium distributions more completely than standard MD
sampling. Since we are not focused on dynamics of the solvent, we employed an implicit
solvent model, which is a more natural fit to replica exchange simulations than an explicit
water model. The implicit solvent model we used, AGBNP5, is based on a novel pairwise
descreening implementation of the generalized Born model and a recently proposed nonpolar hydration free energy estimator.
Prediction of HA and HN chemical shifts
SHIFTX was used to generate predicted shifts for all the residues in all 40,000
structures in the ensembles at each simulation temperature. SHIFTX6 is a hybrid
predictive technique that makes use of classical or semi-classical calculations for the
effects of ring currents, electric field, hydrogen bond and solvent effects combined with
empirical hypersurfaces that capture dihedral angle, sidechain, and nearest neighbor
effects that cannot be predicted by classical means. The developers of SHIFTX have
estimated correlation coefficients and RMS errors of 0.911 and 0.23 ppm for HA and
0.741 and 0.49 ppm for HN shifts. The lower accuracies for HN shifts may be due to an
incomplete quantitative understanding of all of the factors which influence the variability
of that shift.
Prediction of J-coupling constants
JHA-HN coupling constants were calculated from dihedral angles from each residue
in each of the peptide structures through a Karplus relationship
J(theta) = Acos2(theta) + Bcos(theta)+C. The values for the parameters A,B, and C were
taken from a recent study of coupling constants using ensembles of proteins conducted by
Vendruscolo and coworkers7.
Comparison of predicted HA and HN chemical shifts and J-coupling constants with
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experimental values
Mean agreement of the various physical parameters between simulation ensembles
and the experimental measurements , as shown in Figure 2 of the communication for HA
chemical shifts and in Figures S2 and S3 for HN chemical shifts and JHA-HN coupling
constants, were calculated by 1) using SHIFTX(or the Karplus equation) to generate
predicted shifts(coupling constants) for all the residues in all 40,000 structures in the
ensembles at each simulation temperature, 2) determining the deviation of those
shifts(couping constants) from experimental values for those residues, and then 3)taking
the RMSD of the means of those distributions. Error bars in these figures were generated
by using standard error propagation methods. They are dominated by experimental error,
so the error associated with the random coil curve are not perceptible on the scale
presented.
Figure S4 shows a comparison of the temperature dependence of the predicted and
experimental HN chemical shifts of individual residues. The experimental temperature
range, 278-318K is compared to average values from the simulation ensembles for
simulation temperatures 381-561K. 381K is matched with experimental low temperature
because that is where the HN rmsd plot has its minimum. The temperature dependence of
HN chemical shifts over this range of simulation temperatures matches the trends in the
experimental temperature dependence of the chemical shifts much more closely than the
range starting from the simulation ensemble at 270K (data not shown).
Quantitation of 1H-1H NOEs
1

H-1H NOE intensity, because it arises from a dipole-dipole interaction is related to
r-6 ,where r is the interproton distance. In the fast limit, assuming the members of the
ensemble interconvert very rapidly (e.g. a time scale of ~100 ps or faster), NOE
intensities scale with distance as <r-3>2.8,9 Therefore, <r-3> averaged interproton distances
were calculated over the simulation ensembles when comparing NOE derived distances
in the simulation ensembles and in the NMR structure of the G-protein.
There is an angular average involved in the exact calculation of the spectral density
and the fast motional averaging order parameter. 8,10-13 However, it is common practice in
the field, as documented by a long line of papers in the literature9,14-19, to ignore the
angular averaging effects on the calculation of NOEs from molecular dynamics
trajectories. The rationale is that the effect of fast angular averaging on NOE intensities
is likely to be small compared with that of distance averaging. Even if angular averaging
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is not ignored, the argument can be made that the effect is likely to be small because it
enters as a root sixth power. The order parameter, S2, introduced by Lipari and Szabo
incorporates the angular term. The effect on NOEs enters the calculation as (S2)-1/6. This
means that for example, even for values of the order parameter of S2 ~0.6, which
represent a significant amount of internal angular motion, the order parameter term (S2)1/6
does not deviate greatly from 1, minimizing the influence of this term on the effective
distances extracted from NOE measurements on structural ensembles.

Selection of NOE intensities
All interresidue backbone-backbone NOEs observed in the peptide were included in
Figure 3. Backbone-sidechain and sidechain-sidechain NOEs were omitted because of
the difficulties in averaging sidechain protons.
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residues HN
Gly 41
Glu 42
Trp 43

8.67
8.65

H
H
3.72,
3.82
4.40 1.83, 1.97
4.91 3.20

H

H

Others

3

JHNHA (Hz)

6.89
2.14, 2.20
1

H : 7.15
H1: 10.10

7.79
6.73

H: 7.43
H2/3: 7.20, 7.48
H:7.10
Thr 44
Tyr 45

8.52
8.56

4.38
4.33

1.20
2.77, 2.86

Asp 46
Asp 47
Ala 48

8.17
8.44
8.40

4.58
4.32
4.25

2.47, 2.69
2.65
1.47

Thr 49
Lys 50
Thr 51

7.80
8.11
7.69

4.25
4.08
4.47

4.25
1.86, 1.93
4.12

Phe 52

8.61

4.97

2.99

Thr 53
Val 54
Thr 55
Glu 56

8.63
8.47
8.47
8.27

4.47
4.21
4.38
4.13

4.06
1.78
4.21
1.90, 2.05

1/2

H : 6.66
H1/2: 6.66

N/A
8.56
8.00
5.84
5.38

1.17
1.35
1.15

1.65



H :2.97
H1/2: 7.21
H1/2: 7.32
H: 7.21

1.15
0.73, 0.81
1.2
2.21

N/A
7.16
8.92
6.80

8.89
7.01
8.12
7.23

Table S1. Proton chemical shift assignments and 3JHNHA measurements at 278K.
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Number

NOE

Number

NOE

Number

NOE

1

47HA-48HN

10

53HA-54HN

19

48HA-50HN

2

45HN-46HN

11

55HA-56HN

20

47HN-49HN

3

47HN-48HN

12

54HA-44HN

21

48HN-50HN

4

48HN-49HN

13

43HA-55HN

22

49HN-51HN

5

51HN-52HN

14

52HA-46HN

23

46HA-51HN

6

55HN-56HN

15

56HA-42HN

7

45HA-46HN

16

42HN-55HN

8

46HA-47HN

17

44HN-53HN

9

50HA-51HN

18

46HA-48HA

Table S2 A list of the NOEs included in Figure 3 of the paper.
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Figure S1. Summary of intra-, sequential and long-range NOE connectivities
Two-strands are illustrated as arrows according to the protein G B1 structure (PDB:
2GB1). NOE intensities of GB1 peptide were obtained from 1H-1H NOESY experiment.
NOEs were classified into three groups, strong, medium and weak, based on the signal
strengths and are indicated by the thickness of the lines in this figure. Some weak longrange NOEs (i.e. H to side-chain proton or side-chain proton to side-chain proton) were
observed and presented. Asterisks are NOEs that are overlapped with other peaks and
cause uncertainty in categorizing NOE strengths.
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Figure S2 Mean agreement in HN chemical shifts for each simulation ensemble
relative to the experimental shifts at 278K(red curve) and random coil(blue curve).

Figure S3 Mean agreement in JHAHN scalar coupling for each simulation ensemble
relative to the experimental couplings at 278K.
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Figure S4 Boxes A to N show the temperature dependent HN chemical shift
deviations of 14 residues (W43 to E56) of GB1 peptide. Experimental NMR data and
REMD data calculated from SHIFTX are showing in blue and orange dots in each box,
respectively. In each box, Y axis shows the scale of HN chemical shift deviation (ppm) of
the corresponded residue and two X axes are used to present the temperatures of
experimental NMR data (278K to 318K, bottom axis) and REMD data (381K to 566K,
top axis).
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Chapter 4
Correlation between 13C chemical shifts and helix content of peptides
4.1 Introduction
NMR parameters provide detailed descriptions of the conformational characteristics of
peptide and disordered protein ensembles. Chemical shifts have long been used as
primary experimental parameters for the determination of the secondary structure of
proteins (Markley, Meadows et al. 1967; Nakamura and Jardetzky 1968; Szilagyi and
Jardetzky 1989; Wishart and Sykes 1994) and to nascent secondary structural
propensities of disordered polypeptides (Smith, Fiebig et al. 1996; Eliezer, Yao et al.
1998; Dyson and Wright 2001; Marsh, Singh et al. 2006). While the chemical shifts are
sensitive to dihedral angles of the backbone, they are insensitive to hydrogen bonding
which is an important characteristic for the secondary structure. A number of approaches
have been used to characterize the secondary structure using chemical shifts (Eliezer,
Yao et al. 1998; Wang and Jardetzky 2002; Marsh, Singh et al. 2006).
Since peptides with propensities to adopt specific secondary structures also exist in
solution as conformational ensembles, they serve as good model systems to understand
disordered proteins. S-peptide, which constitutes the N-terminal helix of RNase A, was
the first peptide shown to adopt transient helical propensity of ~30-40 % under low
temperature conditions (Brown and Klee 1969; Bierzynski, Kim et al. 1982; Kim and
Baldwin 1984; Nelson and Kallenbach 1989). In this study, an analog of the S-peptide,
which adopts a stable helical conformation in solution (Mitchinson and Baldwin 1986), is

32
used to highlight the relationship between the helicity of the peptide and the chemical
shift deviation from random coil. The fact that a valid ensemble will reproduce the
ensemble averaged values measured experimentally helps eliminate the inherent
ambiguity in the C CSDs used for the determination of the secondary structure by
explicitly considering the distribution of structures. REMD simulations were used to
generate ensembles at low, intermediate and high temperatures. Percent helicities were
calculated using STRIDE and compared to that calculated from the C CSDs. The results
of this study show that while the helicities calculated using the two approaches are
largely in quantitative agreement, except at the edges of the helical stretches, where the
CSD helicities both under and over estimate the helicities in this region. The
underestimation arises due to the averaging of the positive and negative CSDs
corresponding to helical and extended conformations respectively, while the
overestimation arises because torsion angles in the helical region are not counted by
STRIDE because of the lack of the correlated torsion angles of the neighboring residues.

4.2 Methods and Results
The procedures and results for this study are presented as a reprint of the paper published
in the Protein Science, 2008, 17: 950-954.
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Supporting Information
Residue

Simulation

Wishart et. al. 1995

Schwarzinger et. al. 2001

ALA

51.83

52.84

52.8

CYS

58.24

57.53

58.6

ASP

53.86

54.18

53

GLU

56.22

56.87

56.1

PHE

57.16

57.98

58.1

GLY

45

45.51

45.4

HIS

55.34

55.86

55.4

ILE

60.63

61.03

61.6

LYS

56.05

56.59

56.7

LEU

54.74

54.92

55.5

MET

54.97

55.67

55.8

ASN

52.9

53.23

55.3

PRO

63.28

63.46

63.7

GLN

55.67

56.12

56.2

ARG

55.59

56.42

56.5
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SER

57.92

58.38

58.7

THR

61.38

61.64

62

VAL

61.34

62.06

62.6

TRP

56.46

57.78

57.6

TYR

57.15

57.97

58.3

Table 3.1 Comparison of random coil chemical shift values
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Chapter 5
Intrinsically Disordered Proteins
5.1 Introduction
Proteins are essential components of the cell, participating in all major biological
pathways, crucial for maintenance of life. Most proteins fold to adopt specific
conformations, and these unique structures are believed to determine their specific
functions in cells. Protein misfolding has been associated with a large number of disease
states. More recently, a large number of proteins, accounting for over 30% of the genome,
have been found to entirely lack stable secondary and tertiary structures or have
unstructured regions of over 50 residues long (Dunker, Lawson et al. 2001; Uversky
2002). These inherently unstructured (regions of) proteins are described by a variety of
names including 'natively unfolded', ‘natively unstructured’, 'intrinsically disordered',
'intrinsically unstructured' etc. These Intrinsically Disordered Proteins (IDPs) can be best
described as randomly fluctuating ensemble of structures that lack well-defined tertiary
structures in their physiological form. The sequences of these proteins are characterized
by low sequence complexity, low hydrophobicity and high net charge (Arawaka, Saito et
al. 1998; Spillantini, Crowther et al. 1998; Uversky 2003).

Figure 5.1 (Uversky, Oldfield et al. 2009) shows the rapid growth in the field focusing on
IDPs. These proteins have gained much attention because of the numerous vital roles they
play in cells. The functional repertoire of these IDPs includes signal transduction,
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regulation of transcription and translation, protein complex assembly etc (Wright and
Dyson 1999; Uversky, Gillespie et al. 2000; Iakoucheva, Brown et al. 2002; Tompa 2002;
Dyson and Wright 2005a).

Figure 5.1 Number of publications related to Intrinsically Disordered Proteins, taken
from Uversky et al, 2009.
A number of diseased states are associated with protein misfolding, involving the
conversion of these proteins from their normally soluble form to insoluble fibres or
plaques that accumulate in a variety of organs. The final forms of these aggregated
proteins have a well-defined fibrillar structure known as amyloid. Some of the most
common diseases involving the formation of amyloid include Alzheimer's, Parkinson's,
Huntington's, Prion diseases and type II diabetes (Perutz 1996; Dobson 1999; Lansbury
1999; Chiti and Dobson 2006).
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5.2 Methods for characterizing IDPS
Characterizing the conformational characteristics of IDPs is crucial to understanding the
relationship between the conformational propensities and biological function and disease.
Conformational characterization of IDPs is very challenging due to the lack of persistent
secondary and/ or tertiary structures. A number of experimental and computational
approaches have been applied to understand the structural characteristics of IDPs.
Biophysical techniques including Small angle X-ray scattering (SAXS), Single molecule
Flourescence Resonence Energy Transfer (SmFRET), Nuclear Magnetic Resonance
(NMR) spectroscopy, near and far ultra-violet Circular Dichroism (UV CD), Fourier
Transform Infrared Spectroscopy (FTIR), Raman spectroscopy, Dynamic Light
Scattering (Merchant, Best et al. 2007; Eliezer 2009; Tompa 2009; Bernado and Svergun
2012) provide valuable information of the conformational characteristics of the
disordered states of IDPs. Of all the experimental techniques, solution NMR provides the
highest resolution data for the conformational characterization of IDPs (Dyson and
Wright 2004; Eliezer 2009).

5.2.1 NMR Characterization of IDPs
A number of NMR parameters have been used to describe the conformational
characteristics of IDPs including the analysis of 13C chemical shifts, Residual Dipolar
Couplings (RDCs) and Paramagnetic Relaxation Enhancement (PRE) (Dyson and Wright
2001; Dyson and Wright 2002; Bracken, Iakoucheva et al. 2004; Dyson and Wright 2004;
Dyson and Wright 2005b). Deviations of the observed sequence specific chemical shifts
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from that of the random coil reference state, provides a semi-quantitative measure for the
secondary structural propensities of disordered ensembles. RDCs arise as a consequence
of the alignment of a pair of nuclei against the orienting medium. This results in the
recoupling of spin-spin dipolar interactions. The orientation dependence of RDCs
provides insights into the motional dynamics of chains (Bax 2003). RDCs have recently
also been shown to be sensitive to the local secondary structure in disordered proteins
(Mohana-Borges R 2004). PRE measurements are used to detect long-range contacts up
to 20 Å for disordered ensembles (Bertoncini, Jung et al. 2005; Dedmon, Christodoulou
et al. 2005; Vise, Baral et al. 2007; Dancheck, Nairn et al. 2008; Eliezer 2009). Spin label
probes are attached to different sites on the polypeptide chain. PREs are measured by
calculating the ratio of the intensities of peaks in the presence (paramagnetic) and
absence (diamagnetic) of the spin label probe. The intensity ratios range from 0 to 1,
corresponding to distances from 0 to 25 Å for the different residues from the spin label
probe.

5.2.2 Computational Characterization of IDPs
A number of bioinformatics approaches have been used to predict intrinsically disordered
regions and whole proteins. The distinct sequence characteristics of disordered proteins,
with higher charged and polar residue content and fewer hydrophobic residues (Dunker,
Brown et al. 2002), play a key role in the success of these sequence prediction tools. A
number of simple to more sophisticated algorithms, including PONDR (Predictor of
Natural Disordered Regions) (Romero, Obradovic et al. 1997; Romero, Obradovic et al.
2001), DisEMBL (Linding, Jensen et al. 2003), GlobPlot (Linding, Russell et al. 2003),
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charge-hydrophobicity plot etc have been developed that predict disordered proteins or
regions. Currently, there are over 50 disorder tools (He, Wang et al. 2009; Rauscher and
Pomes 2010) for the prediction of disordered proteins (regions).
Molecular dynamics simulations provide a powerful complement to the experimental
studies of IDPs. While experimental observations measure average properties of the
heterogeneous ensembles of disordered chains, computational simulations provide
visualizations of individual conformers of the ensemble and further characterization of
the sub-ensembles present. Atomistic simulations provide the most detailed description
required for the characterization of conformational properties of disordered proteins
(Click, Ganguly et al. 2010).
One approach to characterizing IDPs using molecular simulations involves the use of
experimental observations as restraints in the simulations. These combined experimental
and simulation approaches provide disordered ensembles that are consistent with
experiment (Vendruscolo 2007). NMR chemical shift and J-coupling restraints have also
been employed (Huang and Stultz 2008; Yoon, Venkatachalam et al. 2009), as also the
RDCs (Esteban-Martin, Fenwick et al. 2010), to obtain ensembles consistent with these
data. Lindoff-Larsen et al have also employed long-range PRE restraints over an
ensemble of structures generated using the Monte Carlo Replica Sampling method
(Lindorff-Larsen, Kristjansdottir et al. 2004). These restraints have been employed as an
energy penalty over the ensemble averaged distances.
A number of studies have also been reported where a random ensemble of structures is
weighted to create an ensemble fitting the experimental restraints (Choy and Forman-Kay
2001; Marsh, Neale et al. 2007; Marsh and Forman-Kay 2009). Similar approaches using
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an Ensemble Optimization Method (EOM) have been used where ensembles generated
using Flexibe-Meccano are used to fit SAXS measurements, and have been further
refined by using other experimental measures from NMR, CD and FRET (Bernado,
Mylonas et al. 2007). These ensembles constructed using the database approach have also
been applied to -synuclein where ensembles are constructed with specified regions of
the chain in contact with each other, which are further compared to RDC measurements
(Bernadó, Blanchard et al. 2005; Bernardó P 2005).
Another approach to characterizing IDPs is using de novo simulations, which are
performed with no experimental restraints. The ensembles generated from these
independent simulations can be used to predict the experimental measures. While
simulations with explicit water provide the most realistic description of the solvent,
inclusion of water molecules increases both the system size (Click, Ganguly et al. 2010)
and simulation time. Implicit solvent models where solvent is represented as a continuous
medium rather than explicit solvent molecules, provides a balance between
computational cost and underlying physics principles.
In the subsequent chapters, molecular dynamics simulations and experimental NMR
observables are integrated to provide the conformational description of the intrinsically
disordered -synuclein.
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5.

Chapter 6
α-synuclein and Parkinson's Disease
6.1 Introduction
Parkinson’s disease is the second most prevalent of the late onset neurodegenerative
diseases and is characterized by the loss of dopaminergic neurons concurring with the
formation of Lewy bodies. -synuclein is the primary protein component of the Lewy
body deposits that are the hallmark of Parkinson’s (Spillantini, Schmidt et al. 1997). It is
present in high concentrations in both soluble and membrane bound forms in the
presynaptic terminals, accounting for about 1% of the total protein content in the cytosol.
While the exact function of -synuclein is unclear, a number of functions have been
suggested. Functional repertoire of -synuclein includes control of neuronal apoptotic
response and regulation of enzymes and transporters (Dev, Hofele et al. 2003), vesicle
transportation and neurotransmitter release (Norris, Giasson et al. 2005) and chaperone
activity to promote protein complex assembly (Burre, Sharma et al. 2010).
The implication of -synuclein in the pathogenesis of Parkinson’s is evidenced from a
number of observations from previous studies. A majority of the fibrillar materials
deposited in the Lewy body and Lewy neurites were shown to be composed of synuclein (Spillantini, Schmidt et al. 1997; Spillantini, Crowther et al. 1998). Subsequent
studies showed that point mutations in the primary sequence, namely A30P, E46K and
A53T led to autosomally dominant early-onset Parkinson’s disease (Polymeropoulos,
Lavedan et al. 1997; Kruger, Kuhn et al. 1998; Zarranz, Alegre et al. 2004). It was also
shown that triplication of the gene that encodes -synuclein led to a doubling of the
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protein concentration in the blood as well as the deposition of -synuclein in the
cerebral cortex where Lewy bodies are observed (Miller, Hague et al. 2004).

6.1.1 Sequence characteristics of -synuclein
-synuclein is best described as a highly conserved IDP (Rochet and Lansbury 2000)
characterized by high net charge and low hydrophobicity and low sequence complexity.
-synuclein has been shown to exist in two primary forms – in the free form in the
cytoplasm, and the membrane-bound form (Davidson, Jonas et al. 1998; Jo, McLaurin et
al. 2000).

Figure 6.1. Primary sequence of -synuclein. The N, NAC and C-terminal regions are
displayed in blue, red and green respectively
-synuclein is 140 residues long, with the sequence divided into 3 distinct domains, as
shown in Figure 6.1. The N-terminal domains (1-60) contains four 11-residue repeats
with the highly conserved hexamer motifs KTKEGV, which adopts -helical
conformation upon binding to membranes (Jo, McLaurin et al. 2000; Eliezer, Kutluay et
al. 2001; Bussell and Eliezer 2003; Bussell, Ramlall et al. 2005). The Non-amyloid component

(NAC) region (61-95) is the central hydrophobic region that has been

proposed to be primarily responsible for aggregation (El-Agnaf, Bodles et al. 1998) and
contains three of the 11-residue repeats. The C-terminal domain is highly acidic and
proline-rich (Kim, Paik et al. 2002) and also contains the 3 conserved tyrosines (Uversky
2007).The sequence of -synuclein shows an unbalanced distribution of charged
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residues. Table shows the charge distribution in the different domains of -synuclein.
pH

Neutral

N-terminus

NAC

C-terminus

Whole chain

Net

Total

%

Net

Total

%

Net

Total

%

Net

Total

%

+4

18

30.0

-1

3

8.6

-12

18

40

-9

39

27.8

Table 6.1 Charge distribution along the sequence of -synuclein

6.1.2 Structural properties of -synuclein
-synuclein has been shown to adopt a variety of conformational states under different
cellular conditions. It has been shown to adopt a helical conformational upon binding to
membranes, with this form associated with the recruitment of dopamine in the presynapse
and synaptic signal transmission, essential for physiological function (Yavich, Tanila et
al. 2004). The monomeric form of -synuclein has been extensively studied using a
variety of biophysical techniques including NMR and is described as an intrinsically
disordered ensemble with transient propensity for secondary and tertiary structures. The
average size of -synuclein under physiological conditions has been shown to be more
compact than that expected for random coil conformation (Eliezer, Kutluay et al. 2001;
Uversky, Li et al. 2001a; Bertoncini, Jung et al. 2005b; Dedmon, Lindorff-Larsen et al.
2005; Bertoncini, Rasia et al. 2007; Kim, Hiese et al. 2007; Sung and Eliezer 2007),
while this size is considerably smaller than that expected for a random coil ensemble
(Uversky, Li et al. 2001a).
NMR Chemical shift data suggest transient helical conformation for the N-terminal lipidbinding region, and an extended conformation for the acidic C-terminal region (Eliezer,
Kutluay et al. 2001; Sung and Eliezer 2007). Transient long-range contacts have been
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observed from PRE measurements suggesting long-range interactions between the N
and C-terminal regions and NAC and C-terminal regions (Eliezer, Kutluay et al. 2001;
Bernardó P 2005; Bertoncini, Jung et al. 2005b; Dedmon, Lindorff-Larsen et al. 2005;
Marsh, Singh et al. 2006; Sung and Eliezer 2007; Wu, Kim et al. 2008). These PRE
measurements have also been combined with molecular simulations to present an
ensemble in which the C-terminal region folds back to interact with the NAC (Bertoncini,
Jung et al. 2005b; Dedmon, Lindorff-Larsen et al. 2005). Interaction between N and Cterminal regions have also been observed from a recent study that combines a bayesian
formalism with experimental data including chemical shifts, RDCs and SAXS
measurements (Ullman, Fisher et al. 2011).

6.2 Tetrameric conformation of -synuclein
The native state of α-synuclein has long been described as a disordered monomeric
ensemble with little propensity for secondary structure. α-synuclein has been regarded as
an archetypal IDP - characterized by its high net charge and low hydrophobicity. The
monomeric state of α-synuclein was established from initial studies of the recombinant
protein expressed in bacterial systems and human cell lines (Weinreb, Zhen et al. 1996;
Bussell and Eliezer 2001). These findings were later confirmed in studies of other groups
(Bertoncini, Jung et al. 2005a; Dedmon, Lindorff-Larsen et al. 2005; Wu, Kim et al.
2008).
This view of α-synuclein as a disordered ensemble has been challenged by two studies,
which suggest that -synuclein may adopt tetramer conformations with helical
propensities of the chains (Bartels, Choi et al. 2011; Wang, Perovic et al. 2011). The
Selkoe group has shown, using non-denaturing gel electrophoresis, that α-synuclein
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obtained from human red blood cells and neuroblastoma cell lines, behaves as a 55-60
kDa protein, suggestive of a tetrameric conformation. Further, CD-spectra of native
human RBC -synuclein tetramer were observed to have two minima at 222 and 208 nm,
suggesting an α-helical folded state. This structured, tetrameric form of α-synuclein has
further been shown to be more resistant to aggregation than the monomeric form. These
results have been confirmed by these two research groups using several independent
experiments, indicating that the physiologically predominant species of α-synuclein is a
helically folded, tetrameric form, although variable amounts of monomer and dimer have
been observed in certain cell lines. The observations in previous studies of the disordered,
monomeric form of α-synuclein have been attributed to the use of denaturing agents.
Recent studies performed under conditions similar to that used by Selkoe et. al., have
failed to support the above-mentioned observation of the tetrameric state (Fauvet, Mbefo
et al. 2012) and suggest increasingly that -synuclein adopts disordered monomeric
conformations under cellular conditions (Fauvet, Mbefo et al. 2012; Kang, Moriarty et al.
2012; Maltsev, Ying et al. 2012; Trexler and Rhoades 2012).

6.3 -synuclein aggregation and disease
-synuclein has been shown to aggregate into insoluble fibrils and to form pathological
structures including Lewy bodies and Lewy neurites. Aggregation of -synuclein into
fibrils has been suggested to play a causative role in the etiology of the disease. The
conversion from the soluble monomeric state to amyloid fibrils has been proposed to
arise from a nucleation-dependent mechanism in which the amyloidogenic proteins
access unstable, partially ordered conformations prior to fibril formation (Lansbury 1997;
Wood, Wypych et al. 1999; Rochet and Lansbury 2000).
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A number of factors have been found to promote aggregation of this protein. Changes
in the sequence, due to single point mutations are implicated in early-onset Parkinson’s
disease (Polymeropoulos, Lavedan et al. 1997; Kruger, Kuhn et al. 1998; Zarranz, Alegre
et al. 2004). Truncation of the C-terminal domain was shown to result in accelerated
aggregation of -synuclein. Posttranslational modifications including nitration and
phosphorylation have been shown to impact the aggregation and toxicity of -synuclein
(Giasson, Duda et al. 2000; Chen and Feany 2005). Environmental factors including pH,
temperature, metal ions and molecular crowding were shown to promote aggregation of
-synuclein (Uversky, Li et al. 2001a; Uversky, Li et al. 2001b; Uversky, E et al. 2002).
Understanding the aggregation of -synuclein requires the identification of the
conformational characteristics of the monomeric state, and correlation of the transient
secondary and tertiary structural propensities of these states with fibrillation rate. The
following chapters illustrate the conformational characteristics of the monomeric state of
-synuclein under physiological conditions and under conditions promoting faster
aggregation of -synuclein.
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Chapter 7
Polymer Theory for Intrinsically Disordered Proteins
7.1 Basic polymer models
There are significant advantages associated with the characterization of IDPs using
polymer models (Bright, Woolf et al. 2001). Polymer theory, pioneered by Flory (Flory
1969), describe the statistical properties of chains. A number of different models have
been adopted to characterize polymer chains.

The simplest model for polymer chains used for the description of polypeptide chains is
the freely jointed chain model in which the chain is divided into N statistical segments or
virtual bonds with a constant bond length l (Flory 1969). The polymer chain has a
constant bond length with no correlations between the directions of the different bond
vectors (Rubinstein and Colby 2003). The radius of gyration (Rg) for the freely jointed
chain represented as follows:

Rg 2 

1
6Nl 2

The worm-like chain model, also called the Kratky-Porod model (Kratky O 1949; Porod
1949) is especially useful for the description of stiff polymer chains like DNA. The
average dimensions of the chain are dependent on the Persistence length (lp),
corresponding to the length over which the correlations between bond vectors are lost.
The average Rg for the worm-like chain is calculated as:
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Here, lp and lc are the persistence and contour lengths respectively of the polypeptide
chain.

7.2 Excluded volume and the effect of solvent quality on size of polymer
chains

Real chains are characterized by interaction of monomeric units with each other and the
solvent in which they are present. The interaction energy between two monomers is
dependent on the attractive interactions between the monomers, relative to that of the
solvent, and the repulsive barrier due to steric repulsion between overlapping monomers.
The statistical properties of polymer chains are dependent on the quality of the solvent in
which they are present. The excluded volume (v) is related to the kuhn length (b) and the
diameter of the monomeric units (d).
For chains in good solvents, the chain is more expanded with the net attraction between
monomers being weaker than the hard-core repulsion resulting in a positive excluded
volume given by: 0 < v < b2d. The Rg of the chains in good solvent is dependent on the
chain length (N) as

Rg  Ro N 0.588
where, R0 is a constant dependent on the persistence length of the chain.
Chains in poor solvent are more collapsed with the net attraction between monomers
being stronger than the hard-core repulsion resulting in a negative excluded volume given
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by: – b2d < v < 0. The Rg of these chains is related to the chain length as follows:

Rg  Ro N 0.33
Under special solvent conditions called theta solvent, the attractive and hard-core
repulsive contributions to the excluded volume cancel each other resulting in a net zer
excluded volume. Under these conditions, the Rg scales with chain length as

Rg  Ro N 0.5
It is important to note that Flory theory of polymer chains gives rise to the universal
power law dependence of the Rg and the chain length as Rg

N , where

is the scaling

exponent.

7.3 Charged polypeptide chains:

Heteropolymer chains with an even distribution of positively and negatively charged
groups are classified as polyampholytes. Polypeptide chains like that of α-synuclein are
characterized by the presence of charged amino acids, which possess a net charge under
physiological conditions. Theory of polyampholytes is therefore very relevant to the
study of charged polypeptide chains (Kantor, Kardar et al. 1998).
Charge balanced polyampholytes, with equal numbers of positive and negative charges,
tend to form collapsed globules in solution due to fluctuation-induced attraction between
opposite charges (Kantor and Karder 1994; Kantor and Karder 1995; Kantor, Kardar et
al. 1998; Dobrynin, Colby et al. 2004). However, uneven distribution of charged residues
along the chain have been shown to affect the shapes of disordered polypeptide chains
(Khokhlov 1980; Kantor and Karder 1994; Dobrynin, Rubinstein et al. 1996; Bright,
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Woolf et al. 2001). Polymer chains carrying net charges tend to expand, with the shape of
the polymer conformations largely determined by the distribution of charges within the
chain sequence. Charge imbalances satisfying the relation

N f  f  

fN

where N is the number of residues, f+ and f- are the fraction of positively and negatively
charged residues respectively, and f = f+ + f-, lead to polyampholytes forming a necklace
globule conformation. The necklace is formed of beads with a net neutral charge
connected by thin, charged strings. Simulation studies of polyampholyte chains (Kantor,
Kardar et al. 1998; Dobrynin, Colby et al. 2004) have also shown that chains with very
unbalanced charge distributions can form globules with one or more extended, charged
fingers.

7.4 Persistence length of polymer chains
Local stiffness of polymer chains is quantified in terms of the persistence length, which
corresponds to the length scale over which the chain behaves like a rigid rod (Grosberg
and Khoklov 1994; Tran and Pappu 2006). Persistence length (lp) is most commonly
calculated as follows. Here, li(j) is the length of bond vector i (j) and N if the chain length.

1 N N li  l j
lp 


N i1 ji li

li  lN
li
i1
N



Persistence length is also estimated from a plot of the <Cosij> as a function of the
sequence separation (|j - i|) between bond vectors i and j, where lp is calculated as the
sequence separation at which <Cosij> = e-1 (Thirumalai and Ha 1998).
A number of other approximate procedures are used to calculate the persistence length of
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neutral polymer chains (Cifra 2004). Different estimates of the calculated persistence
lengths are obtained from these different methods.
Polymer chains with a predominance of either positive or negatively charged residues,
classified as polyelectrolytes, are characterized by greater chain stiffness. The extension
of the worm-like chain model for stiff polyelectrolyte chains was introduced
independently by Skolnick and Fixman, and Odijk (Odijk 1977; Skolnik J 1977). The
total persistence length (PT) for polyelectrolyte chain is calculated as the sum of the
persistence length in the absence of electrostatic forces (Po) and that of the electrostatic
contribution to the persistence length (Pe):

R  2lc  l0  le  , le 
2
e

lB f 2

4  kb

2

Here, f is the fraction of charged monomers, lB the Bjerrum length (corresponding to the
distance between the monomers at which the interaction energy becomes equal to the
thermal energy), 1/k the Debye screening length and b the bond length.
Ha and Thirumalai (Ha and Thirumalai 1995) determined the persistence length for weak
polyelectrolyte chains using a variational theory referred to as the uniform expansion
method and have extended their theory to account for the crossover from stiff to flexible
chains.
Persistence lengths have also been measured experimentally using a variety of
techniques. These include force extension measurements from Atomic Force Microscopy
(AFM), Small Angle X-ray Scattering (SAXS), Optical tweezers, NMR relaxation
measurements, Forster Resonance Energy Transfer, quenching methods (Gast K 1995;
Kellermayer MSZ 1997; Schwalbe H 1997; Rief M 1998; Rief M 1999; Yang G 2000;
Schwarzinger, Wright et al. 2002; Hoffmann A 2007). Force extensions corresponding to
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the mechanical unfolding of proteins studied using single-molecule AFM studies have
been used to determine the persistence length lp of proteins using the following
interpolation formula (Bustamante C 1994; Marko JF 1995).

lpF
K BT

 z lc 1 4 1 z lc  1 4
2

where T is the absolute temperature , KB the Boltzmann constant, F the mechanical force
applied and z the extension along the direction of the force.
The persistence lengths determined from AFM measurements range between 4 and 8 Å
(Kellermayer MSZ 1997; Rief M 1998; Rief M 1999). The range of forces applied to
unfold the protein has been shown to affect the magnitude of the persistence length (Rief
M 1999). It has been suggested that the observation of different magnitudes of
persistence lengths for different applied forces maybe attributed to the effect on the
excluded volume interactions under these conditions (Zhou 2004).
Similar estimates of the persistence lengths have been obtained using other methods (Rief
M 1999; Yang G 2000; Lapidus LJ 2002). Hoffmann et al have determined the
persistence length of the collapsed, unfolded state ensemble of the cold shock protein
CspTm to range from about 4 to 11 Å with change in the denaturant concentration
(Hoffmann A 2007), calculated using the worm-like chain model. Buscaglia et al, using
quenching experiments, have shown that in the presence of denaturant (8M Urea and 6M
GdmCl), the persistence length of polypeptide chain reduces from 6 to 4 Å (Buscaglia M
2006). The presence of proline residues that leads to chain stiffening has been shown to
increase the persistence length of the polypeptide chain (Schuler B 2005; Wells M 2008).
Persistence length calculated from NMR relaxation measurements for a number of
unfolded proteins has been shown to be about seven residues (Klein-Seetharaman J 2002;
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Schwarzinger, Wright et al. 2002), similar to that estimated from SAXS measurements of
about 10 residues (Gast K 1995). It has been proposed that the Residual Dipolar
Couplings (RDCs) in unfolded proteins originate from the transient alignment of
statistical segments, as long as the persistence lengths of these chains, against the
orienting medium (Louhivuori M 2003; Mohana-Borges R 2004). More recently, it has
been shown that the RDCs calculated based on the alignment of short, uncoupled
segments of the chain – the Local Alignment Windows (LAWs) provides a better fit to
experimental RDCs with a smaller number of conformers (Marsh JA 2008; Nodet,
Salmon et al. 2009). The choice of the length of these LAWs has been correlated with the
stiffness of the polypeptide chain, corresponding to the persistence length of the protein
(Nodet, Salmon et al. 2009).
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Chapter 8
Investigation of the Polymeric Properties of α -Synuclein and
Comparison with NMR Experiments: A Replica Exchange Molecular
Dynamics Simulations
8.1 Introduction
Intrinsically Disordered Proteins like α-synuclein exist as rapidly interconverting
ensemble of conformations in solution. Polymer theory is well suited for the description
of the statistical properties of IDPs (Bright, Woolf et al. 2001; Vitalis, Wang et al. 2007).
The nature of solvent influences the chain-chain and chain-solvent interactions, with
chain-chain interactions favored under poor solvent conditions resulting in collapsed
conformations, and chain-solvent interactions are preferred under good solvent conditions
resulting in the swelling of polymer chains.
The average size, determined as the radius of gyration of polymer chains scales with
chain length as <Rg>~ Nn. The average size of homopolymeric chains scale as N0.33 and
N0.59 under poor and good solvent conditions respectively. Proteins are heteropolymeric
chains composed of up to 20 different monomeric units. Intrinsically disordered proteins
are also characterized by the unbalanced distribution of charged residues resulting
influencing the polyampholyte and/or polyelectrolyte behavior of chains. One focus of
this work is to determine if the scaling laws of homopolymeric chains can be applied to
heteropolymeric chains like α-synuclein. This is done by comparing the statistical
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properties of α-synuclein under different solvent conditions, using temperature to
modulate solvent quality, with that of the predictions for homopolymeric chains.
Persistence length, corresponding to the distance over which the memory of the direction
of the chain persists, describes the average local stiffness of the polymer chain. It has
been proposed, for experimental residual dipolar couplings (RDCs) arising due to the
transient alignment of the chain, that the RDC patterns persist over length scales
corresponding to the persistence length of the chain (Annila and Permi 2004; MohanaBorges R 2004). Experimental measurements of the persistence length for unfolded
proteins are reported to be in the range of 4 to 8 Å based on atomic force microscopy
measurements (Zhou 2004). A number of approximate procedures are used to estimate
the persistence length of polymer chains (Cifra 2004). In this study, persistence length of
α-synuclein is determined for ensembles generated from replica exchange simulations;
and the relationship between persistence length and the length scale over which angular
correlations within polypeptide chains are determined.
Conformational characterization of the monomeric form of α-synuclein has been
performed using a number of biophysical techniques and computational approaches
(Eliezer 2009). Nuclear magnetic resonance (NMR) experiments hace been used
extensively to probe the conformational characteristics of α-synuclein (Bussell and
Eliezer 2001; Eliezer, Kutluay et al. 2001; Bertoncini, Jung et al. 2005a; Sung and Eliezer
2007; Wu, Kim et al. 2008; Wu, Weinstock et al. 2009). Residual dipolar couplings and
paramagnetic relaxation enhancements (PREs) are commonly used to probe the structural
properties of IDPs (Bernardó P 2005; Bertoncini, Jung et al. 2005b; Dedmon, Lindorff-
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Larsen et al. 2005; Sung and Eliezer 2007; Ullman, Fisher et al. 2011). Conformational
characterization of the monomeric state of α-synuclein using NMR suggests the presence
of residual structure in solution (Bussell and Eliezer 2001; Bertoncini, Jung et al. 2005b;
Dedmon, Lindorff-Larsen et al. 2005; Sung and Eliezer 2007; Wu, Kim et al. 2008), with
the average size of the protein more compact than that expected for a random coil
(Uversky, Li et al. 2001; Uversky 2002; Kim, Heise et al. 2007). The conformational

characteristics for the α-synuclein ensemble reported on the basis of fits to PREs
are inconsistent, with some studies suggesting conformations involving
interactions between the N- and C-terminal regions (Bertoncini, Jung et al. 2005a;
Ullman, Fisher et al. 2011) and others suggesting predom- inantly extended
conformations for the C-terminal region (Wu, Weinstock et al. 2009). These
observations highlight the underdetermined nature of fitting ensembles of IDPs to
any given experimental parameter. In this study, conformational properties of
monomeric α-synuclein are determined by fitting to both the experimental RDCs
and PREs.
Statistical properties of α-synuclein determined as a function of solvent quality
shows that at extremes of solvent quality, corresponding to the poor and good
solvent conditions, α-synuclein scales as expected for homopolymer chains under
these conditions. At intermediate temperature, the identity of the monomeric units
and the charge distribution influence the polymer characteristics of α-synuclein.
The conformational characteristics of α-synuclein determined by fitting to
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conformational characteristics. Back calculation of experimental RDCs left out of
the fitting procedure show good fit to the experiment, validating the fitting
procedure (Figure 8.1).
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Figure 8.1: Comparison of the calculated RDCs (red dots) not used in the fitting
procedure for the selection of α-synuclein ensembles fitting experiment.

8.2 Methods and Results
The conformational ensembles used in this study were generated using replica exchange
molecular dynamics simulations over a series of twenty temperatures from 300-500K. To
assess the convergence of simulations, standard errors of the means were calculated for
the scaling of internal distances. Figure 8.2 shows the polymer scaling of internal
distances plotted as a function of sequence separation for the low, intermediate and high
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temperature ensembles. The error bars represent the calculated standard errors of the
means. The low values of the calculated standard errors of the mean indicate that the
simulations are well converged.
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Figure 8.2: Scaling of internal distances as a function of sequence separation for the low
(blue), intermediate (cyan) and high (red) temperature ensembles. Error bars represent the
standard errors of the mean.
The procedure and results for this study are presented here as a reprint of the paper
published in the Journal of Chemical Theory and Computation, 2012.
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Figure S1
Comparison of the calculated HN RDCs not used in the fitting procedure. Red dots
correspond to the back-calculated RDCs not used in the fitting procedure used for the
selection of ensembles fitting the experiment.
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Figure S2
Comparison of residue densities of α-synuclein at neutral (A) and low pH (B) conditions.
The low pH simulation ensembles were generated for a study published previously 1.
The N and C terminal regions of α-synuclein show significant changes in the residue
density with change in pH. With shift in pH from low to neutral pH, the total charge in
the N-terminus increases significantly while the net charge is low. This region adopts a
more collapsed conformation with increased charge density, as predicted from theory of
polyampholyte chains. The C-terminal region is observed to also show an increase in
charge density with increasing pH, although net charge also increases significantly in this
case, leading to charge repulsion resulting in an expanded conformation of this region
with increase in pH. The behavior of the C-terminal region at neutral pH is consistent
with that expected for a polyelectrolyte chain.

3
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Convergence of Simulations:
To assess the convergence of simulations, we calculated the standard errors of the means
for the scaling of internal distances. Fig. S3 shows the scaling of internal distances
plotted as a function of sequence separation for the low, intermediate and high
temperature ensembles. The error bars represent the calculated standard errors of the
means. The low values of the calculated standard errors of the mean indicate that the
simulations are well converged.
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8. Chapter 9
Structural Reorganization of –synuclein at low pH observed by NMR
and REMD simulations
9.1 Introduction
Aggregation rate of -synuclein is influenced by changes in sequence resulting from
mutations and environmental changes. -synuclein has been shown to aggregate much
faster at low pH compared to neutral pH with aggregation taking days rather than weeks
(Uversky, Li et al. 2001). The disordered conformation of -synuclein at neutral pH has
been attributed to the high net charge and low hydrophobicity of the chain (Uversky,
Gillespie et al. 2000). At neutral pH, -synuclein has 15 positively and 24 negatively
charged side-chains, resulting in a net charge of -9. Under low pH conditions, the acidic
residues along the chain are protonated resulting in a net charge of +15 on the protein.
Uversky et. al., showed that -synuclein, under low pH conditions, adopts a partially
folded conformation, resulting from a decrease in net charge and increased
hydrophobicity. They showed an increase in beta-sheet content at low pH which was
correlated with the increase in aggregation rate resulting from a shorter lag phase.
With the shift from neutral to low pH, the charge distribution of -synuclein is primarily
affected in the N and C-terminal regions of the protein. Under these conditions, the net
charge of the NAC region remains the same while the C-terminal region becomes neutral
and N-terminal becomes positively charged. In this study, molecular dynamics
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simulations were used in combination with NMR to understand the influence of altered
charge distributions on the conformational properties of -synuclein and their relation to
the aggregation rate.
Polymeric properties of -synuclein at low pH, described using global size (Rg, Rh) and
shape descriptors (asphericity and shape parameter) are shown in Figure 9.1. The Rg and
Rh of 16.96 Å and 21.95 Å respectively for -synuclein at the lowest temperature, are
similar to that expected for a chain in poor solvent (15.1 Å and 20.1 Å) (Wilkins,
Grimshaw et al. 1999; Marsh and Forman-Kay 2010). The highest temperature ensemble,
which behaves like a chain in a good solvent has an average size of 38.6 Å and 34.7 Å for
the Rg and Rh respectively. These values are slightly smaller than expected from theory
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Figure 9.1 Global shape and size descriptors of -synuclein at low pH. Average radius
of gyration, (A) hydrodynamic radius, (B) Asphericity, (C) and shape parameter, (D)
plotted as a function of simulation temperature. Standard deviations within ensembles are
represented as error bars.
The average Rh of 29.1 Å at intermediate temperature, is slightly smaller than that
expected for a typical IDP under physiological conditions (30.7 Å) (Marsh and FormanKay 2010). The average Rh and long-range conformational characteristics of this
ensemble are also in good agreement with NMR Rh (30.1 Å) and PREs respectively. The
intermediate temperature ensemble is used in the study presented here to characterize the
conformations of -synuclein in the aggregation-prone low pH state. The conformational
characteristics of the low pH state reported in this study are consistent with those
described in other studies (Cho, Nodet et al. 2009; McClendon, Rospigliosi et al. 2009;
Trexler and Rhoades 2010).
A comparison of the global size of the protein between neutral and low pH conditions
shows that the size remains unchanged even though major topological reorganization is
observed in these 2 states. Earlier studies of -synuclein under physiological (neutral pH)
conditions showed that it forms long-range contacts between the C-terminal region and
the rest of the chain resulting in ring-like conformations. In these studies, it was also
proposed that these long-range contacts protect the hydrophobic NAC region resulting in
slower aggregation under physiological conditions (Bertoncini, Jung et al. 2005;
Dedmon, Lindorff-Larsen et al. 2005). The results presented here show that C-terminal
region is mostly extended with few contacts with other parts of the chain while the N and
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NAC regions adopt collapsed conformations. Moreover, these findings have recently
been confirmed by Irback and colleagues in a simulation study of -synuclein where the
C-terminal region was shown to have minimal interactions with the rest of the chain
(Jonsson, Mohanty et al. 2012). It is not clear why different long-range conformational
characteristics have been described in these studies based on a good agreement with PRE
data. It is important to note that this reflects the underdetermined nature of determining
ensembles from fitting to PRE data.
The intermediate temperature low pH ensemble shows topological characteristics very
different from those under neutral pH conditions (Figure 9.2). At low pH, the C-terminal
region shows regular contacts with itself, the NAC region and transient interactions with
the N-terminal region near residue 40. At the same time, the first forty residues show
fewer interactions with the rest of the chain.

Figure 9.2 Comparison between the neutral (left) and low pH (right) simulation
ensembles that exhibit good agreement with experiment.
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The different topological characteristics under the two pHs are also observed in the
calculated solvent accessible surface areas of the N, NAC and C-terminal regions. With
the decrease in pH, the solvent exposure of the N-terminal region increases while the Cterminal solvent exposure decreases. The solvent exposure of the NAC region remains
the same under both pH conditions.
The major structural reorganization of -synuclein with decrease in pH can be explained
based on the change in charge distribution along the sequence – the charge density in the
C-terminal decreases significantly (from 40% to ~7%) leading to a collapse of this region
at low pH. The N-terminal region, on the other hand, shows a more subtle change in
charge density (30% to ~ 18%) with decreasing pH. At low pH, this region shows fewer
contacts with itself and the rest of the chain compared to neutral pH conditions.
It is interesting to note that although the neutral and low pH ensembles show very
different topological characteristics, the solvent accessible surface area of the NAC
region does not change significantly. This suggests that the faster aggregation at low pH
does not result from the exposure of NAC region. The reduction of net charge in the Cterminus and the corresponding increase in hydrophobicity, which leads to its collapsed
conformation, may be involved in the early stages of aggregation at low pH.

9.2 Methods and Results
The procedures and results for this study are presented as a reprint of the paper published
in the Journal of Molecular Biology, 2009, 391: 784-796.

100

9.3 Publication Reprint
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Chapter 10
Summary
10.1 Conclusions, Implications and Future directions
We have studied the conformational characteristics of the intrinsically disordered protein
-synuclein using ensembles generated from replica exchange molecular dynamics
simulations, and further comparison with experimental NMR observations. Partially
stable minipeptides serve as good model systems for determining best approaches to
combining computational simulations with experiments. By comparing conformational
ensembles generated from simulations with experimental observations, the study of
minipeptide GB1 provided models for visualizing the heterogeneity in the experimental
ensemble, in addition to serving as a means for calibrating the effective potential. Studies
on S-peptide system highlighted the inherent ambiguity of using backbone carbon
chemical shifts in the determination of secondary structure by explicit distribution of
structures than the average structure.
-synuclein aggregates into fibrils in patients with Parkinson’s disease – the mechanism
by which the transition from the monomeric disordered state to final fibrillar state occurs
is poorly understood. In this study, conformational characteristics of the intrinsically
disordered -synuclein are described under physiological and aggregation-prone states.
The results of this study show that at extremes of solvent quality, the conformational
properties of -synuclein are insensitive to the presence of charged residues along the
chain. However, at intermediate temperature, which has global characteristics similar to
experiment, the presence of charged residues plays a key role in the observed
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conformational properties of -synuclein.
Weighted subensembles were selected based on fits to experimental parameters reflecting
the local and long-range conformational properties of -synuclein. As a next step to
increasing the robustness of the ensemble characterization, experimental parameters
could be incorporated as restraints in the form of energy functions (Esteban-Martin,
Fenwick et al. 2010) to see if the inclusion of experimental data alters the properties of
the ensembles or restricts the apparent heterogeneity.
Comparison of the conformational characteristics of -synuclein under aggregation prone
low pH state with that under physiological condition highlights the effect of charged
residues on the conformations adopted under these conditions. With decrease in pH the
net charge of and along the chain changes significantly. Consequently, a significant
structural reorganization of the ensemble is observed with decrease in pH leading to the
collapse of the C-terminal region, consistent with that expected for a chain with
diminished charge and increased hydrophobicity.
The broader goal of these studies is to characterize the conformational characteristics of
-synuclein that lead to the formation of higher order aggregates and fibrils leading to the
diseased state. A number of factors including increased temperatures and changes in salt
result in accelerated aggregation of -synuclein (Uversky, Li et al. 2001; Munishkina,
Henriques et al. 2004). Aggregation proceeds from the disordered monomer to higher
order aggregates via oligomeric species. A number of studies have emphasized the
importance of on-pathway intermediate including oligomers in cellular toxicity (Volles
and Lansbury 2003; Chiti and Dobson 2006; Roychaudhuri, Yang et al. 2009; Zraika,
Hull et al. 2010). Understanding factors that contribute to the formation of these earliest
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stages oligomers, including dimers, is essential to our basic understanding of the
principles of protein misfolding.
The mechanisms by which monomers associate to form dimers can be studied using
computational simulations. The REMD simulations used to characterize the monomeric
state of -synuclein could be used as starting conformations for dimer simulations.
Experimental inter-chain PREs determined for transient dimer (Wu and Baum 2010)
conformations could be used to guide simulations, and provide visualizations of the
transient dimer conformations corresponding to experimental observations.

10.2 Implications of the tetramer conformation of -synuclein
The physiological form of -synuclein was long thought to be a disordered monomer
with transient secondary and long-range conformational propensities. Two studies of synuclein obtained under non-denaturing purification conditions suggest that this protein
exists as a tetramer with a tendency to adopt helical conformations (Bartels, Choi et al.
2011; Wang, Perovic et al. 2011). Other studies performed under similar conditions have
failed to support this observation (Fauvet, Mbefo et al. 2012) and in turn suggest that synuclein adopts disordered monomeric conformations under cellular conditions (Fauvet,
Mbefo et al. 2012; Kang, Moriarty et al. 2012; Maltsev, Ying et al. 2012; Trexler and
Rhoades 2012).
The identification of ability of -synuclein to adopt the tetrameric state, while still
debated, necessitates a reassessment of our current understanding of the native state of αsynuclein and the key processes leading to the disease state. While this determination of
-synuclein’s tetrameric conformation provides new pathways for developing therapeutic
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drugs that stabilize this aggregation-resistant form, it is essential to confirm if this is
indeed the physiological state in which -synuclein exists in the cell. In the disease state,
even the tetrameric form may be expected to destabilize and reassemble to form
aggregated fibril forms (Bartels, Choi et al. 2011). It has been suggested that the
tetramers are likely to undergo destabilization in the disease state, giving rise to
monomers that would then aggregate to form fibrils (Bartels, Choi et al. 2011). This
mechanism of conversion from the stable tetramers to fibrils via monomeric
intermediates is analogous to the aggregation mechanism of transtheyretin (Quintas,
Saraiva et al. 1999). The current knowledge of the conformational characteristics of the
monomeric, disordered form can be applied to the monomeric intermediates of the
pathway leading to the formation of oligomers and higher order aggregates and fibrils.
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