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ABSTRACT OF THE DISSERTATION

Conformational Characterization of the Intrinsically Disordered Protein a-Synuclein: A

Replica Exchange Molecular Dynamics Study

By CHITRA NARAYANAN

Dissertation Director:
Prof. Ronald M. Levy

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.

a-synuclein is a 140 amino acid archetypal IDP implicated in the pathology of
Parkinson's disease. Aggregation of a-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 a-synuclein.

il



The conformational characteristics of a-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 a-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 long-
range 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 a-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 three-
dimensional 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 (Figurel.l 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,



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).

' Protofibrils Fibril state
/ | —’- 4’ % }
Native state Misfolded state //

Figurel.l 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. a-synuclein is the primary protein component of the Lewy
body deposits that are the diagnostic hallmark of PD (Spillantini, Schmidt et al. 1997). a-

synuclein is a highly conserved, intrinsically disordered protein (IDP) that is expressed in



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 a-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 Amyloid-
beta 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.

o-synuclein can adopt different conformations under various conditions. The N-
terminal region of ai-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 a-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 a-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 a-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



2004; Eliezer 2009). Characterizing the conformations of the monomeric state of IDPs
including a-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 C-
terminal B-hairpin of the B1 domain of G-protein, which has been shown by NMR and
fluorescence measurements to form a B-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 Co
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 o-



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 a-synuclein under different
solvent conditions, using temperature as a modulator for solvent quality. Results indicate
that at extremes of solvent quality, a-synuclein scales as expected for homopolymer
chains while the effect of sequence identity impacts the scaling at intermediate solvent

conditions.

Rate of fibrillation of a-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 a-synuclein. The second study described in chapter 9 investigates the effect
of pH on the conformational properties of a-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 C-

terminal 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 a-synuclein under

different environmental conditions.



1.2 References

Bartels, T., J. G. Choi, et al. (2011). "alpha-Synuclein occurs physiologically as a
helically folded tetramer that resists aggregation." Nature 477(7362): 107-110.

Blanco, F. J., G. Rivas, et al. (1994). "A short linear peptide that folds intoa native stable

B-hairpin in aueous solution." Structural Biology 1(9): 584-590.
Chiti, F. and C. M. Dobson (2006). "Protein misfolding, functional amyloid, and human

disease." Annu Rev Biochem 75: 333-366.

Conway, K. A., J. D. Harper, et al. (2000). "Fibrils formed in vitro from alpha-synuclein
and two mutant forms linked to Parkinson's disease are typical amyloid."
Biochemistry 39(10): 2552-2563.

Conway, K. A., S. J. Lee, et al. (2000). "Accelerated oligomerization by Parkinson's

disease linked alpha-synuclein mutants." Ann N Y Acad Sci 920: 42-45.

Dobson, C. M. (1999). "Protein misfolding, evolution and disease." Trends Biochem Sci

24(9): 329-332.
Dobson, C. M. (2003). "Protein folding and misfolding." Nature 426: 884-890.
Dyson, H. and P. Wright (2005). "Intrinsically Unstructured Proteins and their functions."

Mol. Cell Biol. 6: 197-208.

Dyson, H. J. and P. E. Wright (2004). "Unfolded proteins and protein folding studied by
NMR." Chem Rev 104(8): 3607-3622.
Eliezer, D. (2009). "Biophysical characterization of intrinsically disordered proteins."

Curr Opin Struct Biol 19(1): 23-30.

Eliezer, D., E. Kutluay, et al. (2001). "Conformational properties of alpha-synuclein in its

free and lipid-associated states." J Mol Biol 307(4): 1061-1073.



Goedert, M. (2001). "Alpha-Synuclein and Neurodegernative Diseases." Nature 2: 492-
501.
Lansbury, P. T., Jr. (1999). "Evolution of amyloid: what normal protein folding may tell

us about fibrillogenesis and disease." Proc Natl Acad Sci U S A 96(7): 3342-

3344.
Moore, D. J., A. B. West, et al. (2005). "Molecular pathophysiology of Parkinson's

disease." Annu Rev Neurosci 28: 57-87.

Munoz, V., P. A. Thompson, et al. (1997). "Folding Dynamics and Mechanism of f3-

haipin Formation." Nature 390: 196-199.

Perutz, M. F. (1999). "Glutamine repeats and neurodegenerative diseases: molecular

aspects." Trends Biochem Sci 24(2): 58-63.

Rochet, J. C. and P. T. Lansbury, Jr. (2000). "Amyloid fibrillogenesis: themes and

variations." Curr Opin Struct Biol 10(1): 60-68.

Spillantini, M. G., M. L. Schmidt, et al. (1997). "Alpha-synuclein in Lewy bodies."
Nature 388(6645): 839-840.

Uversky, V. N., J. R. Gillespie, et al. (2000). "Why are "natively unfolded" proteins
unstructured under physiologic conditions?" Proteins 41(3): 415-427.

Wang, W., 1. Perovic, et al. (2011). "A soluble alpha-synuclein construct forms a

dynamic tetramer." Proceedings of the National Academy of Sciences of the

United States of America 108(43): 17797-17802.




Chapter 2

Conformational Sampling using Replica Exchange Molecular Dynamics

Simulations

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.



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) — g #H@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") 1s sufficient. Here, P4 represents the equilibrium probability of state X.

Py (X, THW(X = X') = P, (X, T)w(X" — X)
Rescaling of the momenta (pj=,/(T; /T;)p; ) 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.

PT, T3 = {T;, Tij) = min(l, exp[—(5; - £)(U; -U))])
where the inverse temperature Bij = 1/KTj(), and E;) is the potential energy of the i (jin)
replica. The acceptance probability ratio is dependent on the temperature differences

between the adjacent replicas. Exchange between replicas is accepted if U; > U; (when T;
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< T;j). 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.
A
- MD MD MD MD MD
S530K e ————> ———> 00— —————> @ » > @
450 K @ X—X—x 2 »Q > @
o
2
é" 350K @ > Q @ @ X > @ e
: X
0K e 6 —r2 ——30 e e ) @
B

energy

Reaction coordinate

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.

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).

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 a-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

GBI 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 (-
hairpin of the B1 domain of G-protein, which has been shown by NMR and fluorescence
measurements to form a B-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 B-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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Unlike globular proteins with stable native structures, peptides
in solution, partially folded proteins, and natively unfolded proteins
are best characterized as conformational ensembles of rapidly inter-
converting structures. Structural characterization of these dynamic
systems is critical to understand principles of protein folding and
to understand the basis of protein misfolding that results in protein
aggregation and disease. NMR provides a method for the structural
description of peptides and proteins in solution; however, observ-
ables such as NOEs and chemical shifts reflect averages of the
properties of individual conformations, and the structural charac-
terization of disordered systems cannot be done using conventional
static constraints typically used for globular proteins.

One approach to the characterization of these conformational
ensembles is to integrate NMR and computational strategies.'® A
number of computational methods have been suggested based on
molecular dynamics with time- or ensemble-averaged NMR
restraints introduced as an additional term in the effective potential
used for structure refinement.!*¢ If the effective potentials are
accurate enough and the sampling is extensive enough, it should
not be necessary to add NMR restraint terms to the potential
function to generate structural ensembles which fit the NMR data.
However, there have only been a few comparisons published of
the results of “unbiased” MD simulations of peptide ensembles and
corresponding NMR experiments.?® We recently reported the
results of replica exchange molecular dynamics (REMD) simula-
tions of GBI peptide,*® in which 20 peptide ensembles were
generated as a function of temperature, spanning a range from the
most ordered ensemble at 270 K to the most disordered at 690 K.
In this communication, we compare each of these structural
ensembles with experimental NMR data we have recorded for the
peptide. We show that the 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.

Ensembles of peptide conformations were generated using
REMD,* the OPLS-AA/AGBNP effective potential® within the
IMPACT® molecular simulation package. The current generation
of implicit solvent models, including OPLS-AA/AGBNP, is not
parametrized to accurately model temperature effects and tends to
predict overly structured molecules at low temperature,® thus
leaving open the question of which of the ensembles best matches
the experimental chemical shifts, J-couplings (Table S1), and NOE
NMR parameters (Figure S1) obtained on the GBI peptide at pH
7.0 and 278 K.

The C-terminal f-hairpin of the B1 domain of G protein is a
small dynamic system. This peptide has been shown by NMR and
fluorescence measurements to form a B-hairpin in solution.”*® One
measure of the extent of hairpin formation within the peptide
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Figure 1. (A) Percentage of native 5 hydrogen bonds formed relative to
the total number possible. (B) Distributions of configurations with 0—6
native 8 hydrogen bonds in the 270 K (black) and 421 K (red) ensembles.
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Figure 2. Mean agreement in HA chemical shifts for each simulation
ensemble relative to the experimental shifts at 278 K (red curve) and random
coil (blue curve). See Supporting Information for details.

ensemble is the percent of native H bonds formed, where native
refers to the H bonds formed in the f$-hairpin within the intact
protein. The REMD ensembles, calculated as a function of
temperature, indicate that the system is 35—60% [-hairpin over
temperatures ranging from 270 to 421 K (Figure 1a). All of the
peptide ensembles below 421 K are consistent with previous
estimates of percent -hairpin derived from NMR chemical shift
analysis as well as computer simulations.”%~¢ However, detailed
analysis of two of these ensembles (270 and 421 K) shows that the
populations of the six native H bonds within the peptide have very
different H-bond distributions (Figure 1b). In the low temperature
270 K ensemble, 99% of the structures have at least one native H
bond formed. In contrast, the higher temperature ensemble shows
a very heterogeneous distribution of H bond populations, with
approximately 50% of the structures having no native H bonds.
To determine which ensembles within the range of temperatures
from 270 to 690 K best fit the experimental data, comparisons are
made between predicted and measured values of HA (Figure 2)
and HN (Figure S2) chemical shifts and Jyaun scalar couplings
(Figure S3). At each simulation temperature, chemical shifts and
scalar couplings are calculated for each of the residues in each of
the 40 000 structures constituting an ensemble using SHIFTX? for
the chemical shifts and a Karplus relationship for the J-couplings.'®
The HA and HN chemical shift and Jyaun scalar coupling plots all
have minima within the range of temperatures from 381 to 442 K,
indicating that the simulation ensembles in this middle temperature
range are the most similar to the ensemble represented by the NMR

10.1021/ja0677517 CCC: $37.00 © 2007 American Chemical Society
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Figure 3. Backbone—backbone NOEs (obtained from the BMRB) observed
in the G-protein which are either observed (red) or unobserved (blue) in
the GB1 peptide, plotted with the distance in the protein (pdb structure
2gbl) versus the average distance in the low temperature (A, 270 K) and
a representative middle range temperature (B, 421 K) simulation ensembles.
NOE list is provided in Supporting Information.

data. Additionally, these ensembles are substantially different from
those near 270 K and those near 690 K. The correspondence
between the simulation ensembles in this middle range and the low
temperature experimental results is further supported by comparing
the temperature dependence of predicted and experimental HN
chemical shifts.'"** The experimental trends are most closely
reproduced by matching the predicted temperature-dependent HN
chemical shifts for the ensembles in the middle of the simulation
temperature range to the experimental low temperature values
(Figure S4), supporting the correlation between the experimental
system and the heterogeneous hydrogen bonding pattern described
by the simulations.

Comparison of distances derived from NOEs provides another
approach for selecting the ensembles which best fit the NMR data
at low temperature. The NOEs that are included (Figure 3a,b) are
those observed for residues 41—56 in the intact G-protein,'? with
the subset seen in the peptide NMR experiments labeled in red.
Distances derived from these NOEs, taken from the NMR structure
of the protein, are plotted as a control against predicted interproton
distances from two ensembles: one at low temperature (270 K)
and one from the middle simulation temperature range (421 K).
Predicted NOEs are obtained from the simulations by assuming
the members of the ensembles interconvert very rapidly and by
averaging (r—3) over the ensembles.!*" At low temperature, most
of the points lie along the diagonal, indicating that the conforma-
tional ensemble at 270 K is similar to the NMR structure obtained
for the S-hairpin region in the G-protein. However, the peptide
experimental NOEs observed at 278 K are not consistent with either
the NMR structure of the G-protein or the simulated ensemble at
low temperature; certain short- and long-range NOEs are observed,
but many expected short- and long-range NOEs are missing in an
unsystematic way.

In contrast, at 421 K, there is a clear systematic separation of
NOEs, with all those observed in the peptide at short ensemble-
averaged distances. The NOEs that have moved most significantly
relative to the 270 K ensemble are sequential HN—HN NOEs
corresponding to points 6 (SSHN—56HN), 5 (51HN—52HN), and
2 (45HN—46HN). Neighboring amide protons in the strand of a
p-hairpin are constrained to be maximally separated, and any change
in conformation will bring these protons closer together. The
opposite effect takes place for HA,—HN;, protons in f-strands,
which are constrained to be close. Therefore, the introduction of
new non-hairpin populations will significantly affect the predicted
distances of the sequential amide protons while not greatly changing
the averaged distances between sequential HA—HN pairs due to
the (r~3) averaging, which is biased toward short distances.

That only short interproton distances are observed in the peptide
is due to the fact that the small size of the peptide gives rise to a
smaller rotational correlation time relative to the same residues in
protein G leading to a reduction in the NOE intensity. This smaller
NOE intensity in turn means that, for a given noise level, signals
corresponding to long distances are lost in the noise. The one NOE
that does not follow this pattern is a cross-strand NOE (54HA—
44HN) which is observed even though the protons are separated
on average by more than 4 A in the high temperature ensemble.
This reflects the fact that, apparently, the simulation does not align
the strands of the hairpin as closely as is observed in the peptide.

In conclusion, detailed comparison of REMD simulations to
numerous experimental NMR parameters, including HA, HN
chemical shifts, Jyann scalar coupling, and NOEs has provided an
approach for identifying the set of simulated ensembles that best
match the low temperature experimental data. These ensembles
allow the visualization of distinct populations within the confor-
mational ensemble of the GB1 peptide, thereby providing access
not only to averages of conformational properties, such as the
number of hydrogen bonds, but also to the distributions which make
up those averages. What is striking is that the ensembles that best
match the experimental NMR data are very inhomogeneous and
the fact that they include a large population of conformations with
no native hydrogen bonds.
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Supporting information
Distinguishing among structural ensembles of the GB1 peptide:
REMD simulations and NMR experiments

Methods and Materials

1) *H-NMR spectroscopy

GBI peptide (Ac-GEWTYDDATKTFTVTE-NH,) NMR samples were prepared by
dissolving lyophilized GB1 peptide directly in a solution of 10 mM phosphate buffer with
10% (v/v) D,O. 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.

>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-GBI1 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 "N labeled GB1 peptide
was prepared for HNHA experiments'”. *Jinua coupling constants were calculated using
the following equation: Iiross / Igia = - tan’ [ ®J (A1+A2)] where Lo and g, are
intensities of cross and diagonal peaks, respectively; Al and A2 are 12.57 and 12.49 ms,
respectively. The measured *Jinua 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

20
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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 work™”.
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, AGBNPS, is based on a novel pairwise
descreening implementation of the generalized Born model and a recently proposed non-

polar 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. SHIFTX® 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

Jua-un coupling constants were calculated from dihedral angles from each residue
in each of the peptide structures through a Karplus relationship
J(theta) = Acos’(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

7
Vendruscolo and coworkers'.

Comparison of predicted HA and HN chemical shifts and J-coupling constants with



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 Jya-un 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 *H-"H NOEs

'"H-"H NOE intensity, because it arises from a dipole-dipole interaction is related to
r® where ris 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*>%.*’ Therefore, <r”> 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

8,10-13 . o
7" However, it is common practice in

9,14-19
(S

and the fast motional averaging order parameter.
the field, as documented by a long line of papers in the literatur , 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

22



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, S*, introduced by Lipari and Szabo
incorporates the angular term. The effect on NOEs enters the calculation as (S*)"°. This
means that for example, even for values of the order parameter of S’ ~0.6, which
represent a significant amount of internal angular motion, the order parameter term (S)
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 HY H* HP H' H° Others *Jinna (Hz)
Gly 41 3.72, 6.89
3.82
Glu42 8.67 440 183,197 2.14,220 7.79
Trp43  8.65 491 3.20 H: 7.15 6.73
H*: 10.10
H®:7.43
H*?:7.20, 7.48
H":7.10
Thr44 852 438 1.20 N/A
Tyr45 856 433 2.77,2.86 H*"%: 6.66 8.56
H™2: 6.66
Asp46 8.17 4.58 2.47,2.69 8.00
Asp47 844 432 265 5.84
Alad48 840 425 147 5.38
Thr49 7.80 425 425 1.17 N/A
Lys50 8.11 4.08 1.86,1.93 1.35 1.65 H%2.97 7.16
Thr51 7.69 447 4.12 1.15 8.92
Phe52 8.61 497 2.99 H2: 7.21 6.80
H™2: 7.32
H® 7.21
Thr53 8.63 447 4.06 1.15 8.89
Val 54 847 421 1.78 0.73, 0.81 7.01
Thr55 847 438 421 1.2 8.12
Glu56 827 413 1.90,2.05 221 7.23

Table S1. Proton chemical shift assignments and *Jynia measurements at 278K.



Number NOE Number NOE Number NOE
1 47THA-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-47THN 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 B-strands are illustrated as arrows according to the protein G B1 structure (PDB:
2GB1). NOE intensities of GBI peptide were obtained from 'H-"H NOESY experiment.
NOE:s 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 long-
range 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).
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Figure S3 Mean agreement in Jyann 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 H' 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 H' 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
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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 Co 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 Ca. 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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Abstract

Replica exchange molecular dynamics simulations are used to generate three ensembles of an S-peptide
analog (AETAAAKFLREHMDS). Percent helicity of the peptide ensembles calculated using STRIDE is
compared to percent helicity calculated from '*C® chemical shift deviations (CSD) from random coil in
order to test the assumption that CSD can be correlated to percent helicity. The two estimates of helicity,
one based on structure and the other on CSD, are in close to quantitative agreement, except at the edges
of helical stretches where disagreements of as much as 50% can be found. These disagreements can
occur by CSDs both as an under- and an overestimate of peptide helicity. We show that underestimation
arises due to ensemble averaging of positive CSDs from conformers with torsion angles in the helical
region of Ramachandran space with negative CSDs corresponding to conformers of the peptide in the
extended region. In contrast, overestimation comes about due to the fact that a large number of con-
formations with torsion angles in the helical region are not counted as helical by STRIDE due to a lack
of correlated helical torsion angles in neighboring residues.
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Chemical shifts have a long history as a tool for deter-
mining the secondary structure of proteins (Szilagyi and
Jardetzky 1989; Wishart and Sykes 1994a). This method-
ology was developed to identify secondary structure in
native proteins, however, there has increasingly been inter-
est in attempting to find regions of inherent structure
within disordered polypeptide systems (Smith et al. 1996;
Eliezer et al. 1998; Dyson and Wright 2001; Marsh et al.
2006). In this study we investigate the correlation be-
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10.1110/ps.073365408.

tween ensemble averaged chemical shift deviations
(CSD) from random coil and peptide helicity. We dem-
onstrate quantitatively that CSD is a good measure of
percent helicity, but that this correspondence can break
down at the edges of continuous stretches of helical
residues.

A variety of methods have been proposed for charac-
terizing secondary structure using chemical-shift data
(Eliezer et al. 1998; Wang and Jardetzky 2002; Marsh
et al. 2006). We chose to focus on 13 chemical shifts,
which are known to be sensitive mainly to the backbone
structure of a polypeptide chain (Spera and Bax 1991).
The deviation of the '>C* chemical shifts from random
coil values can be used as a measure of the population of
torsion angles in the a or ( regions of Ramachandran
space (Eliezer et al. 1998). Small peptides capable of
folding into regular secondary structure can serve as use-
ful models for unstructured proteins, since they too exist

950 Protein Science (2008), 17:950-954. Published by Cold Spring Harbor Laboratory Press. Copyright © 2008 The Protein Society
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in solution as ensembles of inter-converting conformers.
Here we use one such peptide, an analog of the S-peptide
(Mitchinson and Baldwin 1986) which forms a more
stable helix in solution, to illuminate the relationship
between CSD and the helicity of the peptide sequence.
Using computer simulations, we show that while in gen-
eral there is a correspondence between helicity and CSD,
on the edges of helical segments, CSD can under- and
overestimate the percent helicity of the polypeptide en-
semble. This is possible both at the ends of the poly-
peptide sequence and at the edges created when short helical
segments are broken by stretches of coil, a motif potentially
quite common in natively unstructured proteins.

Materials and Methods

Ensembles of peptide conformations were generated as a
function of temperature, ranging from 270 to 690 K,
using replica exchange molecular dynamics (REMD)
(Sugita and Okamoto 1999) and the OPLS-AA/AGBNP
implicit solvent effective potential (Gallicchio and Levy
2004) within the IMPACT molecular simulation package
(Banks et al. 2005). The large temperature range used is
due to the fact that the helix melts at higher temperatures
than observed experimentally because the current gener-
ation of implicit solvent models are not parameterized for
temperature. This is of little consequence for this study
because our goal is to generate ensembles with differing
amounts of peptide helicity. Ensemble averaged CSDs
were calculated for each ensemble by using SHIFTX
(Neal et al. 2003) to calculate chemical shifts for the res-
idues of each peptide conformation, subtracting a refer-
ence random coil chemical shift value, and then averaging
over all the conformations in the ensemble. For internal
consistency in the calculation of CSDs we used simulated
random coil values rather than experimental values from
the literature. The simulated random coil values were
calculated by performing REMD simulations of blocked
GGXGG peptides, where X was any of the 20 regular
amino acids. These peptides are commonly used experi-
mentally to measure random coil chemical shifts (Wishart
et al. 1995; Schwarzinger et al. 2001). For each amino
acid, the average chemical shift of a high temperature
REMD ensemble was assigned as the simulated random
coil chemical shift. Comparisons of the simulation ran-
dom coil values to two sets of experimental random coil
values are included in Supplemental Table S1.
S-peptide, produced by cleaving the first 19 residues off
of the N-terminus of ribonuclease A, was the first small
peptide shown to form a helix in solution—30% helical
at 273 K (Klee 1968). For this study we chose to use a
15-residue analog of S-peptide (AETAAAKFLREHMDYS),
with increased stability (46% helix at 276 K) (Tirado-Rives
and Jorgenson 1991). The analog differs from S-peptide

due to three point mutations—KI1A, E9L, Q11E—and the
absence of residues 16—19, which do not participate in the
helix.

Results and Discussion

Three S-peptide analog ensembles, hereafter referred to
as the low (270 K), intermediate (421 K), and high (690 K)
temperature ensembles, were selected from the REMD
simulations. These three ensembles were chosen because
they presented three very different secondary structure
profiles. This can be seen by looking at the percent helicity
for each ensemble, calculated as the percentage of the
ensemble for which each residue was identified as helical
by STRIDE (Frishman and Argos 1995). As seen in Figure
1 (red bars), in the low temperature ensemble the peptide
is composed of two short helices (residues 2-5 and 10-14)
separated by the coil (residues 6-9); the intermediate tem-
perature ensemble has a long helix stretching from residues
3-13; and at high temperature, the helix is fully melted.
13C* chemical shifts can also be used to determine
secondary structure. One method for doing this is the
chemical-shift index (CSI) (Wishart and Sykes 1994b),
which identifies as a helix any group of three or more
consecutive CSDs greater than 0.7 ppm. The secondary
structure profile generated in this manner agrees almost
entirely with that obtained using STRIDE. Here again we
find two short helices separated by residues 6-9 at low
temperature, a long helix from residues 3-13 at inter-
mediate temperature, and no helix at high temperature
(Fig. 2). There are two discrepancies between STRIDE
and the CSI. One is at residue E2 in the low temperature
ensemble, on the edge of the first short helix, which is

% helicity

1 2 3 4 5§ 6 7 8 9 10 11 12 13 14 15
T T T I 1 T I T T T )

1 2 3 4 5 6 7 B8 9 10 11 12 13 14 16
residue

Figure 1. Comparison of percent helicity calculated as the percentage of
conformations with a residue assigned as helix by STRIDE (red cross-
hatches) to percent helicity calculated as % helix (residue i) = (CSD,/
CSD,,), where CSD,, = 3.1 ppm (blue) for the low (A7), intermediate (A2),
and high (A3) temperature ensembles.

www.proteinscience.org 951
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Figure 2. Chemical-shift index (CSI) plotted for each residue of the S-
peptide analog for the low (A), intermediate (B), and high (C) temperature
ensembles. Segments of the peptide sequence predicted to be helical by
CSI are noted.

37% helical according to STRIDE, but not part of the
helix according to CSI. The other is at residue S15 in the
low temperature ensemble. For this residue, we find the
opposite situation—O0% helicity according to STRIDE,
but part of the helix according to CSI.

An alternative way to generate information about
secondary structure from 13C* chemical shifts, one which
allows for direct comparison with the percent helicity
determined by STRIDE, is to assume a linear relationship
between CSD and helicity (Eliezer et al. 1998; Dyson and
Wright 2001). The percent helicity of each residue can
then be calculated using the expression % helix (residue i)
2,(CSD;/CSD,,), where the sum is over all the members of
the peptide ensemble. This places each ensemble aver-
aged CSD on a continuum between a maximal CSD value
which is equated with 100% helix, and the random coil
reference value, which is assumed to be 0% helix. The
maximum CSD (CSD, = 3.1) is the average chemical
shift deviation of a fully helical residue (Spera and Bax
1991).

Overall, there is close to quantitative agreement be-
tween the percent helicities calculated from STRIDE and
those derived from CSDs (Fig. 1). Again, both methods
predict the same average secondary structure profiles for
each of the three ensembles: two short helices separated
by coil at low temperature, one long helix at intermediate
temperature, and no helix at high temperature, respec-
tively. Differences in the helicities occur at the edges of
helical stretches, with the percentages calculated from
CSDs able to both under- and overestimate the helicity of
a particular residue. Underestimation of the helicity by
CSD is seen at residue E2 in both the low temperature
ensemble (% helix = 0% by CSD compared to 37% by

952  Protein Science, vol. 17

STRIDE) and in the intermediate temperature ensemble
(% helix = 3% by CSD compared to 47% by STRIDE)
(Fig. 1A,B). Overestimation is found at residues A4, AS,
and S15 in the low temperature ensemble (% helix =
68%, 68%, and 29% by CSD compared to 38%, 37%, and
0% by STRIDE) (Fig. 1A).

13C® chemical shifts depend primarily on backbone
torsion angles (de Dios et al. 1993), so Ramachandran
plots of the residues for which there is a disagreement
between the two helicity calculations can help illustrate
why the estimate of helicity based on CSD differs from
the helicity calculated using STRIDE. Figure 3 presents
Ramachandran plots of two residues. In one, E2 in the
low temperature ensemble (Fig. 3A,B), CSD underesti-
mates the helicity: 0% versus 37% from STRIDE. In the
other, AS in the low temperature ensemble (Fig. 3C,D),
CSD overestimates the helicity predicting the residue to
be 68% helical when the STRIDE helicity value is again
37%. Figure 3, A and C show that 3685 out of 10,000
conformers for E2 and 3653 out of 10,000 conformers for
AS, or 37% in each case, are identified by STRIDE as
helical and that all of these conformers have backbone
&N angles for these residues which are within the a region
of Ramachandran space.

Though the Ramachandran plots for the conformers
identified by STRIDE as being helical at E2 and A5 are
almost identical, the torsion angles of these residues for
the other members of the low temperature ensemble have
two different distributions in &/ space (Fig. 3B,D). For
E2, where CSD underestimates the helicity, Figure 3B
shows that close to 50% of the conformers in the en-
semble have E2 torsion angles outside of the helical

helix (STRIDE) non-helix (STRIDE)
180 T T T 1
1201~ A -
80|~ =
E2 ol J 3685 conformers _|
o i
=120

-1

180

120
60

A5 o
60

-120

1R8O 1 1 1 L L
180 120 60 0 60 120

Figure 3. Ramachandran plots of residues E2 and AS for conformers in
the low temperature ensemble which STRIDE identifies as helical (A,C)
and non-helical (B,D). Conformers with torsion angles in the « region of
Ramachandran space are shown in red and conformers not in the « region
are shown in blue.
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section of ¢/ space. Ensemble averaging of the negative
CSDs, contributed by the half of the ensemble with E2
torsion angles outside the « region of Ramachandran
space, together with the positive chemical shift deviations
from the conformations which populate the helical
region, yields an average CSD close to 0. Essentially,
due to the averaging, the conformations with E2 torsion
angles outside of the helical region are masking the
presence of a significant fraction (51%) with torsion
angles inside the helical region.

While there is still ensemble averaging taking place for
residue A5, Figure 3D shows that less than 20% of the
conformers in the low temperature ensemble have A5
torsion angles outside of the helical region. This means
that the average chemical shift deviation is dominated by
contributions from the helical region. In this case, the
discrepancy between the percent helicity calculated from
STRIDE and that calculated from the CSDs is related
to the fact that CSD is a more localized property than
helicity. Helicity depends not only on the ¢/ angles of
individual residues but also the correlation between
consecutive ¢/ pairs and i,i + 4 hydrogen bonds, while
the chemical shift primarily depends on the &/{s angles of
a particular residue (Eliezer et al. 1998). For residue A5
in the low temperature ensemble, this means that there are
a large number of conformers, 4497 out of the 10,000
peptide conformations in the ensemble, with torsion
angles in the o region of the Ramachandran plot that
are not counted as helical by STRIDE. Even though these
conformations are not included in the structural measure-
ment of percent helicity, they all contribute positive CSDs
to the ensemble average, thereby inflating the CSD
measure of helicity relative to that based on STRIDE.

Chemical shift deviations for each of the amino acid
residues were calculated using random coil values ob-
tained from REMD simulations of blocked GGXGG
peptides. This is the most consistent way to calculate
CSDs for this study; any errors introduced through the
simulation protocols and the use of SHIFTX to calculate
chemical shifts are equally reflected in both the chemical
shifts of the S-peptide and the GGXGG peptides used as
references. Using the literature values of the random coil
chemical shifts to calculate CSDs does not change the
major conclusion of this work—chemical shift deviations
are in general a good predictor of peptide helicity for
heterogeneous ensembles like the S-peptide. Also, when
using random coil chemical shifts from the literature
(Wishart et al. 1995; Schwarzinger et al. 2001), we still
observe situations, such as residue E2 in the low temper-
ature ensemble, where the CSD underestimates the
percent helicity. Overestimation of the percent helicity
by CSD at the ends of some helical stretches is, however,
diminished when using the literature random coil values,
because of a small, systematic increase in the literature

random coil values relative to the simulated random coil
shifts (see the Supplemental material).

Conclusion

In conclusion, computer simulations of an S-peptide
analog have confirmed the correlation between chemical
shift deviations from random coil and the percent helicity
of a peptide sequence. We have shown that a given '*C*
CSD, taken as a fraction of the average chemical shift
deviation of a residue in a fully formed helix, can be used
as a quantitative measure of the percent helicity at that
residue. There are a number of different chemical shift
measures, such as CSI (Wishart and Sykes 1994b), SSP
(Marsh et al. 2006), and the probability based methods of
Jardetzky (Wang and Jardetzky 2002), that make use of
this correlation to predict secondary structure propen-
sities. While this correlation holds in most cases, it is
possible for the chemical shift deviations to significantly
overestimate or underestimate the helicity at the edges of
helical segments. These two types of disagreement be-
tween CSD and helicity can occur even at edges caused
by short turn or coil segments separating two short helical
stretches. This is a pattern that is quite likely to be found
in parts of large unstructured proteins, where care must be
taken in defining the boundaries of segments with helical
propensity.
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Residue Simulation Wishart et. al. 1995 | Schwarzinger et. al. 2001
ALA 51.83 52.84 52.8
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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
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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).
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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, lakoucheva 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 A 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 A 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 a-synuclein where ensembles are constructed with specified regions of

the chain in contact with each other, which are further compared to RDC measurements

(Bernado, Blanchard et al. 2005; Bernard6 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 a-synuclein.
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Chapter 6

a-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. a-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 a-synuclein is unclear, a number of functions have been
suggested. Functional repertoire of a-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 a-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
AS3T 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 a-synuclein led to a doubling of the
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protein concentration in the blood as well as the deposition of a-synuclein in the

cerebral cortex where Lewy bodies are observed (Miller, Hague et al. 2004).

6.1.1 Sequence characteristics of a-synuclein

o-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.
a-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).
MUVESKOLSKRAKEGY CAAADKTRUGVARAGKTRBIVLY VGSKTREGY VIRGYATVALKTR  N-terminus — (1-60) helical aiructune upon lipkd binding
BN TRVOGAY YTUVTAV VR TVEOAGSLAAXTGRY WAL - (01-05) oeniral hydrophobic ragion
R TR BB LA O T AP DT AN AV R IR [ VIV VRl CAarminus - (28-140) highly eddic

Figure 6.1. Primary sequence of a-synuclein. The N, NAC and C-terminal regions are
displayed in blue, red and green respectively

a-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 a-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 [3-
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 a-synuclein shows an unbalanced distribution of charged
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residues. Table shows the charge distribution in the different domains of a-synuclein.

pH N-terminus NAC C-terminus Whole chain

Net | Total | % | Net | Total | % | Net | Total | % | Net | Total | %

Neutral | +4 18 130.0| -1 3 86 | -12 | 18 |40 | -9 39 1278

Table 6.1 Charge distribution along the sequence of a-synuclein

6.1.2 Structural properties of a-synuclein

a-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 a-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 a-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 lipid-
binding 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;
Bernard6 P 2005; Bertoncini, Jung et al. 2005b; Dedmon, Lindorft-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 C-
terminal 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 a-synuclein

The native state of a-synuclein has long been described as a disordered monomeric
ensemble with little propensity for secondary structure. a-synuclein has been regarded as
an archetypal IDP - characterized by its high net charge and low hydrophobicity. The
monomeric state of a-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 a-synuclein as a disordered ensemble has been challenged by two studies,
which suggest that o-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 a-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 a-synuclein tetramer were observed to have two minima at 222 and 208 nm,
suggesting an a-helical folded state. This structured, tetrameric form of a-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 a-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 a-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 a-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 a-synuclein aggregation and disease

a-synuclein has been shown to aggregate into insoluble fibrils and to form pathological
structures including Lewy bodies and Lewy neurites. Aggregation of a-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).



57

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 a-synuclein. Posttranslational modifications including nitration and
phosphorylation have been shown to impact the aggregation and toxicity of a-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
a-synuclein (Uversky, Li et al. 2001a; Uversky, Li et al. 2001b; Uversky, E et al. 2002).

Understanding the aggregation of a-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
o-synuclein under physiological conditions and under conditions promoting faster

aggregation of a.-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 1 (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:

I
<Rg2>:6N|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 (1),
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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(Rg") = L1~ +

21 2l
—21-—2|1-exp L

o c p

Here, 1, and 1. 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 < b’d. The Rg of the chains in good solvent is dependent on the
chain length (N) as

Rg — RO N 0.588

where, Ry 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: —b*d < v < 0. The Rg of these chains is related to the chain length as follows:
_ 0.32
Rg=R N
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
_ 0.5
Rg=R N
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 [1 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 a-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

f.—f|>+/N

where N is the number of residues, f; and f. are the fraction of positively and negatively

N

charged residues respectively, and 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 (I,) is most commonly

calculated as follows. Here, i is the length of bond vector i (j) and N if the chain length.

(-

Persistence length is also estimated from a plot of the <Cos0;> as a function of the

sequence separation (|j - i|) between bond vectors 1 and j, where 1, is calculated as the
sequence separation at which <Cos0;> = ¢! (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 (Pr) for polyelectrolyte chain is calculated as the sum of the
persistence length in the absence of electrostatic forces (P,) and that of the electrostatic

contribution to the persistence length (P.):

(RI)=21,(ly+1),, =

Here, f is the fraction of charged monomers, Ig 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 1, of proteins using the following

interpolation formula (Bustamante C 1994; Marko JF 1995).

|I<pFT =z/l,+1/4(1-2/1,) - 1/4

B
where T is the absolute temperature , Kg 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 A
(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 A 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 (§M Urea and 6M
GdmCl), the persistence length of polypeptide chain reduces from 6 to 4 A (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 (LAWSs) 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 LAWSs 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 o-Synuclein and
Comparison with NMR Experiments: A Replica Exchange Molecular

Dynamics Simulations

8.1 Introduction

Intrinsically Disordered Proteins like a-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>~ N". The average size of homopolymeric chains scale as N°* and
N°? 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 a-synuclein. This is done by comparing the statistical
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properties of a-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; Mohana-
Borges R 2004). Experimental measurements of the persistence length for unfolded
proteins are reported to be in the range of 4 to 8 A 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
a-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 a-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 a-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 (Bernardé P 2005; Bertoncini, Jung et al. 2005b; Dedmon, Lindorft-
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Larsen et al. 2005; Sung and Eliezer 2007; Ullman, Fisher et al. 2011). Conformational

characterization of the monomeric state of a.-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 a-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 a-synuclein are determined by fitting to both the experimental RDCs

and PREs.

Statistical properties of a-synuclein determined as a function of solvent quality
shows that at extremes of solvent quality, corresponding to the poor and good
solvent conditions, a-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 a-synuclein.

The conformational characteristics of o-synuclein determined by fitting to
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experimental parameters consequently fit the local and long-range
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 a-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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ABSTRACT: Intrinsically disordered proteins (IDPs) have been shown to be involved in a number of cellular functions, in
addition to their predominance in diseased states. @-Synuclein may be described as one such IDP, implicated in the pathology of
Parkinson’s disease. Understanding the conformational characteristics of the monomeric state of @-synuclein is necessary for
understanding the role of the monomer conformation in aggregation. Polymer theories have been applied to investigate the
statistical properties of homopolymeric IDPs. Here, we use Replica Exchange Molecular Dynamics (REMD) simulations using
temperature as a proxy for solvent quality to examine how well these theories developed for homopolymeric chains describe
heteropolymeric a-synuclein. Our results indicate that a-synuclein behaves like a homopolymer at the extremes of solvent
quality, while in the intermediate solvent regime, the uneven distribution of charged residues along the sequence strongly
influences the conformations adopted by the chain. We refine the ensemble extracted from the REMD simulations of a-
synuclein, which shows the best qualitative agreement with experimental results, by fitting to the experimental NMR Residual
Dipolar Couplings (RDCs) and Paramagoetic Relaxation Enhancements (PREs). Our results demonstrate that the detailed
shapes of the RDC patterns are sensitive to the angular correlations that are local in sequence while longer range anticorrelations
which arise from packing constraints affect the RDC magnitudes.

B INTRODUCTION

Intrinsically Disordered Proteins (IDPs) have gained much
attention in light of the finding that over 30% of the proteins
encoded by the cukaryotic Jroome contain unstructured
regions over 50 residues long."” The functional repertoire of
IDPs includes signal trmsdumon, transcription and translation,
and protein complex assembly.’ A pumber of neurodegener-
ative diseases including Alzheimer’s, Parkinson's, and Hunting-
ton’s diseases have been correlated with the aggregation of
IDPs.* IDPs are best described as fluctuating ensembles of
conformations in solution lacking a stable structure under
physiological conditions’ and are typically characterized by
their low sequence complexity, high net charge, and low
hydrophobicity.” Characterizing the conformational states of
IDPs under physiological conditions is important for under-
standing their function, in addition to determining the driving
forces that promote aggregation of these proteins in diseased
states. Structural analysis of IDPs is challenging due to their
highly flexible nature, NMR® and molecular simulations” ™" can
provide high-resolution data for the conformational character-
ization of disordered proteins,

a-Synuclein. The monomeric conformation of a-synuclein
is described as a 140 residue polypeptide with cassic IDP
characteristics—low sequence complexity, low overall hydro-
phobicity with hydrophobic patches, and a high net charge®
The physiological function of a-synudlein has been attributed
to acting as a chaperone to promote the assembly of large
protein complexes,'’ vesicle transportation, and neurotransmit-

< ACS Publications 2000 American Chemical Soclety

ter release.'* The sequence of a-synuclein (Figure 1A} has an
uneven distribution of charged residues along the chain and is
divided into three regions—the N-terminal domain (residues
1-60) with a balanced distribution of positive and negatively
charged residues corresponding to a polyampholyte chain, the
Non Amyloid-beta 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 charactenistic of a polyelectrolyte chain, a-
Synuclein can adopt different conformations under various
conditions. The N-terminal region of a-synuclein has been
shown to form amphipathic helices upon binding to lipid
membranes and micelles,” A conformational change to the
monomeric form of a-synuclein leading to its aggregation into
fibrils has been shown to play a key role in the pathology of
Parkinson’s disease."* ™ Characterizing the monomeric form is
important for understanding the conformational changes
leading to the aggregated state.

The monomeric form of a-synudein, long thought to be the
dominant physiological species, has been studied using a variety
of experimental and simulation techniques.” NMR experiments
have been used extensively to probe the conformational
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Figure 1. (A) Primary sequence of human a-synuclein. The N, NAC, and C-terminal
jons of a-synuclein selected for the low (B), intermediate (C), and high temperature (D) ensembles. The
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regions are represented in blue, green, and red, respectively.

representative structures were chosen on the basis of the top four clusters, determined using the hierarchical clustering method.""" The color scheme

used here is the same as that in A

propensities of a-synuclein.'™'”"*' Residual Dipolar Couplings
(RDCs) and Paramagnetic Relaxation Enhancements (PREs)
are the most commonly used measurements for probing the
structural propertics of this IDP.'**"22~* NMR PRE measure-
ments have been used as constraints in molecular dynamics
simulations to generate ensembles consistent with experimental
data* A number of simulation studies have also reported the
generation of ensembles based on the use of combinations of
one or more experimental parameters including RDCs, PREs,
chemical shifts, diffusion, and SAXS measurements.'*#*32 -3

NMR studics of the monomeric state of a-synudein suggest
the presence of a residual structure in solution,'™"* 7213 with
the N-terminal region having a propensity to adopt transient
helical conformations.”™*' The average size of a-synuclein is
more compact than would be expected for a random coil
conformation,”** arising as a result of transient long-range
contacts between different domains.”*™*'** The conforma-
tional characteristics of a-synudein leading to its aggregation
reported in the literature are disparate, with some studies
suggesting the requirement of partially folded intermediate
conformations for fibril formation while others hint that the
release of long-range interactions promotes aggregation.'"** A
more recent study suggests that exposure of the aggregation-
prone region of the NAC (residues 8~18 in this region) in a
non-negligible fraction of the ensemble could lead to the
formation of a cross-beta structure™ The conformational
characteristics for the a@-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"™*" and others suggesting predom-
inantly extended conformations for the C-terminal region.'’
These studies underscore the underdetermined nature of the
problem; structural characteristics of IDPs are not uniquely
determined by fitting any given experimental parameter.
Addressing this degeneracy is necessary in order to provide a
proper representation for the conformational characteristics of
a-synuclein,

Polymer Properties of IDPs. The conformational
characteristics of IDPs have been described in terms of their
statistical properties using well-established concepts from
polymer physics.*** These statistical properties include chain

descriptors such as the ensmble-awmged radius of gyration
(R,) and the persistence length (l').'""“ The radius of gyration
of homopolymer chains scales with chain length N as (R,) =
RN*, where R, is a constant and the scaling exponent v is
dependent on the nature of the solvent.**** In good and poor
solvents, the scaling factors have been determined to be 0.59
and 033, respectively, for chains with excluded volume
interactions between monomers. Proteins however are
heteropolymeric chains composed of amino acids with varying
side-chain chemical characteristics. IDPs charactenized by their
high net charge are more expanded due to charge repulsion.”
How is the scaling affected for the heteropolymeric chain of a-
synuclein, with an unbalanced distribution of charged residucs
resulting in regions with polyampholyte and polyclectrolyte
characteristics? This question forms one focus of the current
work.

Persistence length describes the average local stiffness of
polymer chains, which corresponds to the distance over which
the memory of the direction of the chain persists. The
characteristics of the monomeric units making up the
polypeptide chain can be expected to influence the magnitude
of the persistence length. Experimental measurements of
persistence lengths of unfolded proteins are reported to be
within the range of 4 to 8 A" based on atomic force
microscopy measurements. A number of approximate proce-
dures are used to calculate the persistence length of polymer
chains.™* For NMR residual dipolar couplings arising due to the
transient alignment of the chain, it has been proposed that
these patterns persist over length scales corresponding to the
persistence length of the chain**"" We have used REMD
simulations to estimate the persistence length of a-synuclein,
and we discuss the relationship between the persistence length
of a-synuclein estimated from the simulations and the length
scale over which angular correlations of the polypeptide chain
affect the RDCs.

In this study, we focus on the following problems: (1) We
compare the polymer theory of homopolymer chains to the
statistical properties of heteropolymenic a-synuclein under
different solvent conditions using temperature as a proxy for
solvent quality. (2) We generate conformational ensembles of
a-synuclein that fit the experimental RDC and PRE measure-
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ments. (3) We analyze the relationship between the persistence
length of a-synuclein and the length of the transiently aligning
segments used in the calculation of RDCs from models of the
a-synuclein conformational ensemble generated from REMD
simulations. Our results demonstrate that at the extremes of
solvent quality, a-synuclein scales as expected for a
homopolymer chain under poor and good solvent conditions,
while at intermediate values, the heterogeneity of the charge
distribution and the identity of the monomeric units
significantly influence the polymeric characteristics of the
chain. We construct a-synuclein  conformational ensembles
which fit both the experimental RDCs and PREs, which
consequently fit both the local and long-range conformational
characteristics of the monomeric form of a-synuclein. Our
results suggest that RDCs are sensitive to the angular
correlations of the chain that are local in sequence while
longer-range correlations act as a scaling factor which affects the
magnitudes of the RDCs but has little effect on the RDC
pattern of positive and negative RDCs,

B RESULTS

Polymer Chain Characteristics of a-Synuclein. Scaling
Behavior of a-Synuclein. REMD simulations were performed
to generate the conformational ensembles of a-synuclein at
neutral pH over a range of temperatures between 300 K and
300 K. Temperature has been used previously*'** to alter the
conformational equilibrium of polypeptides in a way that
mimics the effects of changing solvent conditions, with low
temperatures corresponding to poor solvent conditions while
higher temperatures correspond to good solvent conditions. In
this work, we vary the temperature as a surrogate for changing
solvent conditions. We note that the temperature scale over
which structural changes occur is characteristic of implicit

solvent models like that used in this work."*™* Figure 2 shows
the global size, represented by the radius of gyration (R;) and
hydrodynamic radius (R), and shape descriptors including the
asphericity (8) and shape parameter (S) as a function of the
simulation temperature. Expansion of the a-synuclein ensemble
is observed as the temperature is raised from 300 to 500 K.
Here, we elaborate on the observations for the low,
intermediate, and high temperatures represented by the 300,
414, and 3500 K ensembles, respectively. At low temperatures,
the ensemble adopts a collapsed conformation, with an average
size of 17 A (and 23.15 A) for the R, (and R,), slightly more
expanded than that expected for a well folded protein that is
140 residues long (R, ~15 A and R, 205 A)“ with
dimensions similar to those of a molten globule.”” The
asphericity (8) and shape parameter ($) are around 0.1 and
0.15, respectively, values consistent with an approximately
spherical chain shape (Figure 1B). At high temperatures, the
ensemble adopts an extended conformation, with an average Ry
of 41.5 A (R, of 36.36 A), consistent with previous reports for
the average size for the random coil conformation of a-
synuclein™ and that expected from scaling laws for unfolded
conformations.*™*” The asphericity and shape parameters for
the high temperature ensemble are 0.5 and 0.42, respectively,
consistent with a prolate ellipsoid or a cigar-shaped
conformation. At intermediate temperatures, the conforma-
tional ensemble consists of a heterogeneous set of structures
that span a range of sizes with both the average R, and R;, of
30.5 A at the midpoint. The 4 and S values for the intermediate
temperature ensemble are 0.41 and 0.37, respectively. We note
that while the intermediate temperature ensemble adopts a
smaller average size compared to high temperature, the shape
characteristics (& and S) at both temperatures are similar, with
both ensembles adopting prolate ellipsoid conformations.
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Representative conformations for the low, intermediate, and
high temperature ensembles are presented in Figure 1B=D.

The scaling of intemal distances (R,) is another polymer
parameter that is used to characterize the polymer chain under
different solvent conditions. This parameter, similar to the
average size (R, and Ry,), for homopolymeric chains follows the
Flory scaling laws under different solvent conditions. R, is
calculated as follows:

(R")-< 'Eék' -r’|>

(m

In eq 1, i and j are the amino acid indices, while m and n
denote the atoms corresponding to residues i and j,
respectively, and Z, is the total number of distances between
the two residues. Figure 3 shows the plot of R, as a function of

tion. At low t

polymer chain has a scaling exponent of 0.46,

L

agnaun of a collapsed chain, consistent with that expected for
polymer chains in a poor solvent. At high temperatures, R,
scales with sequence separation as li — jI, approaching the
theoretical scaling exponent of 0.59 expected for polymer
chains in good solvent.*” At intermediate temperatures, the

, R, plateaus; this is a

The Angular Correlation Function. The angular correlation
function, which provides insight into the topology of the chain
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where 1, (1) represents the vector between the backbone
nitrogen and carbonyl carbon of residue i (j) and [ is the length
of this bond vector. Figure 4A shows the ensemble averaged
angular correlation function plotted as a function of sequence
separation for the low, intermediate, and high temperature
ensembles. The low temperature ensemble shows significant
anticorrelations corresponding to chains with collapsed
conformations, which on average reverse chain direction due
to excluded volume effects. Strong correlations between
residues separated by over 120 residues correspond to stable
long-range interactions between residues in the N and C
terminal regions. In contrast, the angular correlation function
decays exponentially for the high temperature ensemble. The
decay of the angular correlation function for the intermediate
temperature ensemble is not exponential; it also shows
anticorrelations similar to that observed for transient collapsed
globular conformations, but suppressed in magnitude. Figure
4B~D show the angular correlations corresponding to the N,
NAC, and C-terminal regions for the low, intermediate, and
high temperature ensembles, respectively. Significant anticorre-
lations are observed for the three regions at low temperatures,
while all three regions show exponential decay at high
temperatures, consistent with random coil distributions of
conformations. However, the N, NAC, and C-terminal regions
show distinetly different topological characteristics at inter-
mediate temperatures (Figure 4C). The N and NAC regions
show nonexponential decay of the angular correlation function,
with anticorrelations corresponding to chains under a packing
restraint. The C-terminal region however exhibits more
complete angular averaging, decaying exponentially with
sequence separation at intermediate temperatures,

Persistence Length. Persistence length provides information
about the local intrinsic stiffness of polymer chains. We have
calculated the persistence lengths for the low, intermediate, and
high temperature ensembles. The persistence lengths for the
low and high temperature ensembles are ~3 A and 12 A,
respectively, while the persistence length for the intermediate
temperature ensemble is about 7 A. To probe the effect of the
heteropolymeric nature of @-synuclein on the persistence
length, we calculated the persistence lengths separately for the
N, NAC, and C-terminal domains of the low, intermediate, and
high temperature ensembles. A comparison of the N, NAC, and
C-terminal regions shows no significant difference in the
persistence lengths observed for the three regions under the
extreme (low and high temperature) conditions. However, at
intermediate temperatures, the N-terminal and NAC regions
have a persistence length of around 6 A, while the C-terminal
region has a persistence length of 11 A, which also shows single
exponential decay for the angular correlation function,
corresponding to a more extended random coil conformation
in this region. The larger persistence length for the C-terminal
region at intermediate temperature suggests that this region of
the chain is significantly stiffer than the N and NAC regions,
consistent with the high negative charge density in the C-
terminal domain.

Residual Dipolar Couplings. Figure S shows the residual
dipolar coupling calculated using global alignment for the low
(A), intermediate (B), and high temperature (C) ensembles.
The RDCs are described below in terms of both (1) the range
of values (difference between the magnitudes of the largest and
smallest RDCs) and (2) the average values of the RDCs when
averaged over the chain. The range of the RDCs is larger (~9
Hz) at low temperatures, with both positive and negative
values, while the RDCs averaged over the chain are close to
zero (~0.86 Hz). At intermediate and high temperatures, the
RDCs have a much smaller range compared to the low
temperature values and are almost all the same sign (positive).
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lines represent the theoretical PRE values calculated for a-synuclein with no long-range contacts, determined as described previously.™'

The RDCs at high temperatures (Figure SC) are the most
uniform along the chain with higher magnitudes in the middle
of the chain; the end segments have smaller values, consistent
with those calculated for random flight chain models.*' The
RDC averaged over the chain is also larger, ~2.5 Hz, at high
temperatures, At intermediate temperatures, the C-terminal
region exhibits larger RDCs, while the N-terminal and NAC
regions show relatively smaller values (Figure SB).

The concept of the Local Alignment Window (LAW) has
been proposed previously, according to which RDCs are
calculated by aligning short segments of the chain, instead of
the whole chain, against the orienting medium. " This
approach has been proposed to provide a good representation
of the disordered state of polypeptide chains using fewer
structures, We have analyzed the intermediate temperature
ensemble to determine the LAW length best suited for
calculating RDCs, by comparing the ability of LAWs of
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temperature REMD ensemble (red) and (B) RDCs calculated using local alignment for the weighted subset of the reconstructed ensemble (red).

different lengths to reproduce the global alignment average.
LAW lengths of 3, 5, 9, 15, and 25 residues were used for the

calculation of the RDCs. The average RDCs of the different
window lengths were scaled to fit the global alignment average,
Figure 6A—E shows the accuracy of the RDCs calculated using
the different LAWs compared to the global alignment average.
These results show that LAW lengths of nine residues and
longer reproduce the global alignment average reasonably well
for the entire length of the polypeptide chain, especially in the
C-terminal region, which is not well fit by a smaller alignment
window,

Comparison between Simulations and NMR Experiments.
The presence of residual structure and long-range contacts
involving the different regions of a-synuclein at neutral pH
have been observed experimentally using NMR PREs,'™'*™*!
The choice of the REMD ensemble for comparison with NMR
experiments was based on the average hydrodynamic radius
calculated for the simulation ensemble which best matches the
experiments,'™*' The intermediate temperature neutral pH
REMD ensemble has an average Ry, of ~30.5 A, consistent with
the size detcrrmncd experimentally from PFG NMR diffusion
measurements.”’ Figure 7 shows the comparison of the back-
calculated PREs (Figure 7A—C) with that of the NMR data
(Figure 7G-1), The calculated PREs are in reasonably good
agreement with the experimental observations."” This ensemble
is characterized by a heterogeneous set of structures, with
transient local and long-range interactions involving the
residues in the N and NAC domains. The C-terminal residues
(121-140 in particular), containing cight negatively charged
residues, show very few interactions with the rest of the protein
chain,

The lack of any significant transient interactions involving the
last 20 residues of a-synuclein is also observed in the residue
density plots shown in Figure 8. Residue densities are obtained
by calculating the average number of residues whose side chains

are within 7 A of any residue along the sequence. We note that
the contributions from neighboring residues (up to five
residues on either side of the given residue) were ignored in
the calculation of the average densities. The residue density is
significantly greater along the sequence for the N and NAC
regions and up to residue 110 in the C-terminus. The regions
with the highest average densities correspond to short stretches
of hydrophobic residues. The residue density for the residues in
the C-terminus is minimal, indicating few contacts of residues
in this region with the rest of the chain, consistent with the PRE
data.

The Conformational Ensemble of a-Synuclein That Best
Fits the Experimental RDCs and PREs. The REMD ensemble
at intermediate temperature shows qualitative agreement with
the average size and residue contacts (PREs) observed
experimentally. However, the calculated average RDCs for
this ensemble, shown in Figure 9A, are not in good agreement
with the upcnmcnul data. The quality of the fit is assessed
using the Q-factor,”* calculated as the ratio of Root Mean
Square (RMS) deviation between the experiment and
calculated ensemble to that of the RMS average of the
experimental RDCs, Q = 0.78 for the REMD ensemble. Smaller
values of the Q-factor correspond to a better fit, with a value
between 0.1 and 0.3 observed for well ordered proteins.***® To
construct an ensemble of a-synuclein conformations with
better agreement with experimental RDCs, we refine the
conformational ensemble of a-synuclein using a reweighting
approach elaborated in the methods section. Figure 9B shows
that the average RDCs calculated for the reweighted ensemble
are in good agreement with the experimental data. The
reconstructed ensemble has a Q-factor of 0.35, showing a
substantial improvement in the fit to experiment when
compared with the fit from the original ensemble. The back-
calculated RDCs left out of the fitting procedure are also in
good agreement with experimental results (Figure S1),
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indicating that the data are not overfit. The Q-factors for the
comparison of the REMD ble with experimental results
for the three spin label positions (A19C, A90C, and G132C)
are 037, 0.3, and 0.18, while the Q-factors for the comparison
between the ucted ble and experimental results
are 0.24, 0.4, and 0.16, respectively. While the RDC values have
changed, the calculated persistence length and the global shape
characteristics of the reconstructed ensemble still closely
resemble those of the original REMD ensemble. The
persistence length for the reconstructed ensemble is ~6 A,
while the global shape characteristics reported as the average R,

Ry,), asphericity, and shape parameter values are 30.7 A (30.9

), 0.35, and 0.39, respectively. The long-range conformational
characteristics of the reconstructed ensemble, estimated from
the back-calculated PREs, are similar to that of the experimental
PREs (Figure 7D-F).

B DISCUSSION

Polymer Theory Provides a Statistical Description of
Conformational Properties of a-Synuclein. We have used
changes in temperature as a proxy for solvent quality to explore
the polymeric properties of a-synuclein under different
conditions which induce varying degrees of compaction. We
report the average size in terms of the radius of gyration and the
hydrodynamic radius, for comparison with measurements from
SAXS and NMR diffusion experiments, respectively. The
relationship between R, and Ry is dependent on the nature of
the solute=solvent interactions. In poor solvents, R is smaller
than R,, while the inverse is true in a good solvent. Limiting
ratios are provided by native, globular proteins for which R,/
= 0775" and excluded volume chains where R/Ry = 1.5
However, the ratio under strongly denaturing conditions,
determined experimentally, has been reported to be 1.06,*
smaller than 135, predicted from the theoretical Zimm
relationship.** For the low and high temperature ensembles
for a-synuclein, we calculate R,/R, ratios of 0.808 and 1.14,
respectively, values which are very dose to those reported
previously.*”*”

The limiting values for the average size of heteropolymeric a-
synuclein at the lowest and highest temperatures agree with
predictions from the Flory theory of homopolymeric chains
(Table 1). This is consistent with experimental observations
that globular proteins in their native states behave like
homopolymers in poor solvents, while denatured proteins
scale like homopolymers in good solvents.” The R, calculated
for the intermediate temperature ensemble (30.5 A) is different
from that reported from SAXS measurements (~ 40 A),** while
the R, value dosely matches the NMR measurements. It

Table 1. Comparison between the Expected Ry, (R,) and the
Calculated R, (R.) from REMD Simulations®

expected REMD simvulation
REMD ensersble Ry (R) A BR(RJA
low temperatuse 2001 (18.1) 23.15 (17.0)
intermediate temperature 308 305
high temperature 351 (407) 3636 (40.5)

“The expected values for Ry, are determined using empirial equations
which are based on a comparison of the hydrodynamic radil for a
number of globular, disordered proteins and p under strongly
denaturing conditions.*™¥ The R, is calculated from the relationship
R, = RN, The values for Ry are wsed from previous reports of this
constant value for globular™ and unfolded'™ proteins.

appears that the SAXS measurement of the size is not
consistent with the estimates of size from NMR measurements.
The larger value of R, reported from SAXS measurements is in
contrast to values expected for polypeptide random coll models
(413 A) and close to a previous report of random coil

imulations of a-synuclein™ where the attractive dispersion
interaction between residues was turned off.

Although the scaling of chain size is insensitive to the
sequence at the extremes of solvent quality, the effects of chain
heterogeneity are significant at intermediate solvent quality,
represented here by the intermediate temperature ensemble of
a-synuclein. This ble is heterog with the N, NAC,
and C-terminal regions exhibiting distinctly different polymeric
properties. Note that the internal distances at intermediate and
high temperatures are overlapping (Figure 3). The C-terminal
region of the protein has a predominance of acidic residues,
with a net charge of =8 at neutral pH. It is mostly extended
with very few contacts with other regions of the chain. The
extended conformation is consistent with the expected
polyelectrolyte behavior of a chain with a high net charge.***!
In contrast, the N-terminal region of the chain with a relatively
large total charge density but small net charge shows transient
contacts with other parts of the chain. Polyampholyte chains
with unbalanced charges have also been shown to form globules
in the charge-balanced regions, and one or more charged
fingers corresponding to the charged regions,” similar to
conformations observed for the N-terminal domain of a-
synuclein in the intermediate temperature ensemble.

The observation of transient contacts between the N-
terminal and NAC regions for the intermediate temperature
ensemble suggests that these interactions may be influenced by
favorable electrostatic interactions through the formation of salt
bridges. The calculation of distances between all charged side
chains within a distance of 4.5 A however shows salt bridge
interactions in fewer than 10% of the population, for the
intermediate temperature neutral pH ensemble. These ion-pair
interactions are observed mostly between residues local in
sequence rather than between distant residues, suggestin
locally collapsed regions, as shown for polyampholyte chains,

The effect of the charge-balanced state on the collapsed
conformation of the N-terminal region of a-synuclein at neutral
pH becomes more evident when compared to the con-
formations of this region at low pH (see Supporting
Information). The low pH ensembles were generated for a
study published previously'® and are used here to highlight the
effect of charged residues on the conformational characteristics
of a-synuclein. With a shift in pH from low to neutral pH, the
residue density in the N-terminal region increases with a
corvesponding increase in the charge density (but lower net
charge), while the C-terminal shows a decrease in residue
density with an increased charge density (and higher net
charge; Figure $2). Schuler et al*® showed the collapsed
conformations of charge-balanced polypeptides due to
attractive interactions between the opposite charges, consistent
with our observations for the N and NAC regions, also
consistent with observations from the theory of polyampholyte
chains. In contrast, the expanded conformation of the C-
terminal region at neutral pH with an increase in charge density
and the corresponding net charge arises due to charge
repulsion, a result supported by similar observations reported
by Pappu et al.”

Correlating the Polymer Properties of a-Synuclein
with the Calculated Residual Dipolar Couplings. By
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changing the solvent quality using temperature as a proxy, a-
synuclein adopts a variety of conformations—near-spherical
conformations at low temperatures, while, at intermediate and
high temperatures, akin to good solvent conditions, the chain
adopts prolate ellipsoid conformations. The RDC averaged
over the chain is close to zero (0.86 Hz) at low ternpcramrrs
this average increases continually with increasi at
to ~25 Hz at the highest temperature (Fgun: S) Thcse
observations highlight the strong influence of the shape of the
chain on the averaged RDCs, with the average values increasing
with increasing asphericity of the chain. This effect of the shape
of the chain on average RDCs is also made dearer by
comparisons of the angular correlations under these conditions
(Figure 4A). Significant (anti)correlations observed at low
temperatures, corresponding to collapsed conformations,
correlate with RDCs with both large positive and negative
values, whose average is close to zero. In contrast, the RDC
patterns at intermediate and high (emxemures exhibit pattems
similar to random flight chains,*'#*** where the RDCs are
observed to all have the same sign, larger in the middle of the
chain, with smaller RDCs at the ends. The corresponding
angular correlation functions under these conditions show
exponential decay. The average RDC at intermediate temper-
ature within the N, NAC, and C-terminal regions (Figure 4C)
can also be related to the characteristic shapes within the three
regions. The N and NAC regions, which show significant
anticorrelations, have smaller average RDCs, while the C-
terminal region, which shows a single exponential decay of the
angular correlation function for segments within this region,
corresponds to more extended conformations and greater
asphericity in this region, leading to higher average RDCs (2.47
Hz). The range of the RDCs in the C-terminal region is also
larger than those of the values of the N and NAC regions.
We note that while the averaged RDCs increase with
increasing temperature, the range of RDCs sampled (both
positive and negative) by individual residues is significantly
larger at low temperatures (up to ~9 Hz), The large range of
the calculated RDCs suggests that there is local structural
regularity within chains at low temperatures. In contrast, at
intermediate and high temperatures, where structures with
more diverse conformational characteristics are sampled, the
RDC pattern is closer to that of a random flight chain. The high
temperature RDC pattern also shows a flat distribution of
RDCs along the middle of the chain, while terminal residh

persistence length of about 11 A. This difference in the
pensistence lengths of the different regions can be explained on
the basis of the charge pattern, which is best described for the
N-terminal region as a polyampholyte chain, with an
unbalanced distribution of charges, while the C-lcnniml region
has a predominance of acidic residues, The C-terminal region
of the protein is characterized by the presence of five proline
residues, which also increases the chain stiffvess.”

Residual dipolar couplings in intrinsically disordered proteins
have been proposed to originate due to transient alignment of
short segments of the chain, the length of which corresponds to
the persistence length of the polymer chain.**** Polymer
persistence length has also been correlated with the size of the
Local Alignment Window (LAW), a recently introduced
concept,”*** which allows one to align individual fragments
corresponding to the windows local in sequence separately to
the ordenng frame, rather than aligning the entire polypeptide
chain. Analysis using the intermediate temperature ensemble
shows that local alignments with LAW lengths of nine residues
and higher reproduce the RDCs calculated from the global
alignment data well (Figure 6). However, average angular
correlations for a-synuclein at intermediate temperatures
extend beyond nine residues. Our results show that for the
intermediate temperature ensemble, the RDC pattermn (the
signs of the RDCs and the range) is sensitive to angular
correlations that decay on a short length scale (over which the
angular correlation function decays to 1/¢ of it is initial value)
but that the longer range anticorrelations between HN groups
separated by 10 or more residues have little effect on the RDC
pattern. The longer-range anticorrelations, however, are much
smaller compared to that observed for the low temperature
ensemble, indicating the lack of structural regularity of chains
under these conditions. The results imply that the analysis of
RDCs using local alignment windows is appropriate when the
polypeptide chain obeys chain statistics that do not deviate
markedly from random flight chain statistics.

Fitting to Both the Experimental RDCs and PREs
Provides a Better Representation for the Conforma-
tional Ensemble of a-Synuclein. The structural character-
ization of a-synuclein has been carnied oum a variety of
experimental and computational methods. "' We have
previously shown that intermediate temperature ensembles
obtained from REMD simulations fit experimental NMR

ts for model peptides.*® Qualitative agreement of

have smaller RDCs, consistent with the results from models of
unfolded proteins described using random flight chains*'#*
The persistence length reflects the local chain stiffness and is
influenced by a number of factors, including the nature of the
monomeric units making up the polypeptide chain and the
temperature or solvent quality. For a heteropolymeric chain like
a-synuclein, the stitfness varies along the chain due to the
variation in the side chain groups and the resulting interactions
between different nts of the chain with each other and
with the solvent.”**® Our results show that the persistence
length of a-synuclein increases from 3 to 12 A going from low
to high temperatures, corresponding to a shift from poor to
good solvent conditions. While the heteropolymeric nature of
the chain has a negligible effect on the persistence length
observed for the N, NAC, and C-terminal domains at the
lowest and highest temperatures (data not shown), significant
differences are observed at intermediate temperatures. For this
ensemble, the N and NAC regions have a persistence length of
about 6 A, while the C-terminal one shows a much larger

the a-synuclein conformational ensemble at intermediate
temperatures with experimental PREs'"® was also shown in a
previous study where we noted the underdetermined nature of
the problem of fitting conformational ensembles to exper-
imental PREs, resulung m different representative ensembles
fitting the same PREs'® A common problem encountered
while constructing conformational ensembles for IDPs like a-
synudem s that many different ensembles with varying
< nal ities can fit any given experimental
parameter. A number of approaches have been devised to deal
with_this problem of degeneracy of conformational ensem-
bles,” ™ but care must be taken to prevent oveditting the
experimental data ™™ It has been suggested that the
degeneracy problem encountered when fitting RDCs can be
removed by fitting PREs as well.™

In our approach, ensembles were generated repeatedly by
selecting sets of 50 structures from a large pool of conformers,
with the subsequent introduction of a set of weights for each
conformer that are adjusted to fit the RDC data, Cross-

doloeg 101021/t 300241 1 1L Ohem. Theary Comput. JI00C J00C X00¢ - 1000



Journal of Chemical Theory and Computation

85

S0 % 100 110 120 130 140

LMo, 0

ol

0 40 50 o

9% 100 110 130 140

chdnc \lumhcr

Figure 10, Ensemble averaged helix (red) and beta strand (black) propensities for the original REMD (A) and reconstructed (B) a-synuclein
ensembles. Helix propensities were calculated by comlnnmg the alpha pi and 3~10 conformations, while the strand propensities were obtained by

combining the extended and bridge conformations.”

validation has been used to avoid overfitting the data (Figure
S1). From the many ensembles that can be constructed in this
way, we calculate the fit of each ensemble to the long-range
PREs and then choose as the most representative ensemble the
one with the best fit to both the short-range RDC data and the
long-range PRE data. We find that ensembles fitting only the
RDCs do not always reproduce the global shape and size
charactenistics. Previous studies of a-synudein, based on fits to
experimental RDCs and PREs, suggest that RDCs agree better
with experimental results when the long-range information
from PREs is aplball included to fits obtained from local
alignment windows.™"® We calculated RDCs based on local
alignments and further screened ensembles fitting the long-
range PREs. The reconstructed ensemble fitting both of these
parameters consistently retains the global shape and size
properties observed for the REMD cnsemble, in contrast to
ensembles fitting either just the RDCs or the PREs alone.

A comparison of the conformational characteristics between
the reconstructed ensemble fitting both RDC and PRE
measurements and the original REMD ensemble shows a
significant change in the secondary structural properties,
assigned using STRIDE™ (Figure 10). The helical propensity
of the reconstructed ensemble is enhanced upon fitting to the
RDCs, with helicities being prominent over short stretches
along the sequence including residues 1-13, which hzs been
shown to form helices under crystallization conditions.”™ The
strand propensity of the reconstructed ensemble is marginally
diminished compared to the REMD ensemble and is prominent
in the N-terminal and NAC domains, encompassing _yons
predicted to have strand propensity in previous studies.”

This study focuses on the conformational characteristics of
the monomeric disordered state of a-synuclein, which was long
thought to be the physiological form of this protein. Two
reports have challenged this view by suggesting that the
physiological form of a-synuclein might actually be a stable
helical tetramer,”™*" while the most recent studies under similar
conditions have been unable to confirm the report that a-
synuclein forms a stable helical structure in mammalian cells,

Instead, evidence is pres “thaxtlutasynudcmremuma

disordered monomer under cellular conditions.* It remains to
be seen if the helical tetramer is indeed the physiological form
of a-synuclein. While this is still debated, it is essential to note
the importance of the monomeric disordered state of a-
synuclein. Changes in the environment change subpopulations
of conformations in the monomeric state,'” which is presumed
to eventually lead to aggregation. The monomeric conforma-
tions of a-synuclein have also been shown to assocate with
cach other to form transient dimers™ which can proceed to
form higher order aggregates and fibrils.

Implications for Association and Aggregation. Con-
formational characterization of the monomeric state of a-
synuclein by experiment and computation has been performed
in order to determine structural characteristics that might be
associated with the aggregation propensity of a@-synuclein. A
variety of factors including secondary structure propensity'”
and long-range interactions it have been linked to the
aggregation properties of a@-synuclein. Our intermediate
temperature ensemble, reconstructed by fitting both the
experimental RDCs and PREs, shows the secondary structural
propensity to be predominantly tum and coil-like, and a small
average propensity for a-helical and fstrand conformations
(Figure 10B). The propensity for helical conformations over
short stretches along the chain suggests that these helical
stretches could potentially act as sceds and accelerate the
formation of a long contiguous helix under suitable conditions,
including the lipid bound state'” and the recently suggested
tetrameric helical state.**'

The observation of nonexponential decay of the angular
correlations (including a sign change) in the N and NAC
domains points to a more collapsed conformation of these
regions consistent with the transient long-range interactions
observed between the N and NAC domains, while the C-
terminal domain is largely extended. It seems likely that the
collapsed conformation of the N and NAC regions, through
transient contacts within these regions, will retard intermo-
lecular chain interactions. Coarse-grained modeling studies of
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polypeptide chains have suggested that stabilizing aggregation-
prone conformations of chains can result in the formation of
ordered fibrils with on-pathway oligomeric intermediates.™ The
propensity of @-synudein to populate helical conformations in
the N-terminal region is suggestive of a helix-mediated
association between chains which can facilitate favorable
intermolecular interactions between the aggregation-prone,
hydrophobic NAC region, conustenl wnh ideas proposed
recently for natively unfolded chains® and shown for a-
synuclein in the form of helical intermediates™ under some
conditions. It appears that in it is monomeric state, a-synuclein

(s *

shows a propensity for adopting a variety of ¢ 15,

3
(12, = 7))
S=127 A_=A,+A_‘+A,

(b + Ay + 2) 3 7

The asphercity values range from 0 for a sphere to 1 for a
rod with intermediate values corresponding to ellipsoidal
conformations. The range of the shape parameter is between
—0.25 and 2. Negative values of S represent oblate
conformations while positive values correspond to prolate
conformations. The hydmdymmxc radii of the structures were
calcuhted using Hydropro.”* Hydropro calculations were
eformed using the following values for the input parameters:

nr.

which can facilitate cither the formation of ordered structures
or association to form higher order aggregates under suitable
cellular conditions.

B MATERIALS AND METHODS

Setup of Replica Exchange Molecular Dynamics
Simulations. We have used Replica Exchange Molecular
Dynamics (REMD)™** simulations to generate the conforma-
tional ensembles of a-synuclein. In this approach, a number of
replicas are run in parallel over a specified temperature range.
Adjacent replicas (7, and T)) are allowed to exchange
periodically, with an acceptance criterion based on the
following Metropolis transition probability.

W(T, T) — (T, T} = min(1, expl(§, — A)(E — E)])

(3)
where, i) = 1/KT,;, and E,; is the potential energy of the ith
(jth) rq)hca. This method generates canonical probability
distributions for the bles over the specified temperature
range. The REMD method has been implemented in the
IMPACT simulation package.™ Simulations were performed
using the AGBNP implicit solvent model™ and the OPLS-AA
force field”"

All simulations were initiated with a fully extended
conformation of the a-synuclein molecule. The simulations
start with a short minimization using the conjugate gradient
method followed by a production run for a total of 25 ns each
over 20 replicas at the following temperatures: 300, 308, 317,
325, 334, 343, 353, 362, 372, 382, 393, 403, 414, 426, 437, 449,
461, 474, 487, and 500 K. The molecular simulation time step
was 15 5, and exchanges were attempted every 1 ps. The
cumulative simulation time, with a total of 25 ns for each of the
20 replicas, corresponds to a total of 500 ns.

Analysis of the Global Shape Characteristics. The
global shape characteristics of a chain are determined using the
inertia tensor”™" defined in eq 4 as

Ty=—7 (r, = r )rs=ry)

-N Z B 4 )
Here, N is the total number of atoms in the molecule, r; (r5)
the ath (fth) component of the position of atom i (), an«i’
= x, y, =. The radius of gyration (R,), asphericity (), and shape
parameter (S) can be derived from the cigenvalues of T,y
represented as A, A, and Ay, as follows:

R = ‘,A, +A4+4 (5)

P ’(A:Az + dody + ddy
(A + Ay + 4y) ()

A hydrodynamic model of each chain was obtained for non-
hydrogen atoms using spherical elements of radii 3.1 A. The
resulting structure with overdapping spheres is used to oblaln
the shell model as described in the original reference.® The
minimum and maximum radii of the beads in the shell were set
to 1.5 and 2 A, respectively.

Error bars representing the standard deviations were
calculated as the square root of the variance of the simulation
data for the size and shape parameters.

Estimation of the Persistence Length of Polymer
Chains. Persistence length is calculated as the average
projection of the end-to-end vector onto every bond vector
(1) along the sequence. Since the persistence length is
calculated as an average over all possible sections along the
chain of any given sequence separation, this method makes it
easier to identify the effect of the varying stiffness along the
sequence arising due to the heteropolymeric nature of the

chain.
( gjza:“'> (2%) ®)

Ensemble Reconstruction by Fragment Assembly and
Ensemble Selection by Fitting to Experimental Param-
eters. To provide a coherent representation for the conforma-
tional ensemble of a-synuclein, we have designed an approach
to fit both the experimental RDCs and PREs, which have been
used most ¢ ly for determining the structural properties
of IDPs. The residual dipolar couplings between two nuclei
(HN) are determined using eq 9 where the dipolar couplings
are dependent on the angle 8 between the intermuclear vector
and the magnetic field™ Here, 7y (rx) corresponds to the
gyromagnetic ratio of nuclei H (N) and rypy is the internuclear
distance.

i u&mr,;( 3cos’ 6 = 1 )

3 2
Arripg 2

O]

Ensembles of weighted structures were selected from a large
pool of structures, based on fits of the calculated average RDCs
to the experimental RDCs, The pool of structures was
generated by reconstructing the intermediate temperature
REMD simulation ensemble. RDCs calculated using sliding
windows over short overdapping sqgments of polypeptide
chains have been used previousl by S for structural motif
determination of folded proteins. In our approach,
ensemble reconstruction was performed by finst cleaving the
structures generated from the REMD simulations into short
fragments, each 14 residues long, which are subsequently
spliced together to generate a new pool of structures. The
RDCs for cach of these new structures were calculated using a
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sliding window centered on a given residue, using the
alignment tensor for this short segment. Fifty weighted
structures were chosen at random from the pool of structures.
The fits of this ensemble to the experimental RDCs were
determined using the following selection criterion:

" N
x.‘ - z (Z D,;"‘w, A D"'P)Z
TS (10)

where w;is the weight associated with structure j, i corresponds
to the residue number, N is the number of structures, n is the
number of RDCs, D,"‘r is the calculated HN couplings of
residue @ in structure j, and DT is the comresponding
experimental HN couplings. The following constraints were
applied to the weights assigned to chosen structures: (a) The
sum of the weights should be equal to 1. (b) The weight
associated with any structure should be greater than zero. The
RDCs have been calculated on the basis of the alignment of
individual structures using PALES.”® Ensembles with the
smallest 7 have been chosen for further analysis. Ensemble
selection using a genetic algorithm for fitting to experimental
RDCs, with selection criteria similar to that tioned above,
have been reported previously.™

This selection procedure was performed iteratively to obtain
weighted ensembles best fitting to the RDCs. Cross-validation
of RDC data not employed in the fitting was predicted and
compared with experdmental results to evaluate the validity of
the fitting procedure. The RDCs were calculated using a
segment length determined on the basis of extensive analysis of
different segment lengths and their ability to reproduce the
average global alignment of the RDCs.

The paramagnetic intensity ratios were back-calculated for
ensembles fitting the experimental RDCs, corresponding to the
three spin-label sites used in the experiment. The distances
were converted to intensity ratios using the following two
relations.

The distance data (r) obtained from the coordinates of
structures in the conformational ensemble is first converted to
PREs (I',) using the following relation, where K is a constant
(1.23 X 107 em® §7%), 7, is the correlation time (4 ns), and
@y is the proton larmor frequency.

1/6
r= 5 41 + i—
= r: ’ 1+ m]rf (“)

The PREs are then converted to intensity ratios using the
following relation, where 1,/1 4 is the intensity ratio and t is
the total relaxation time. The average intrinsic relaxation rate is
set to 20 Hz, taken from experimental measurements.*

L, R, exp(-I})
Iud R: + r} (‘2)

Of the many ensembles that can be obtained using the above
approach, the ensemble best fitting the experimental PREs was
chosen as the representative ensemble. We note that multiple
ensembles generated independently on the basis of fits to both
the RDCs and PREs have similar shape properties as described
for the reconstructed ensemble presented here (data not
shown).

Secondary structural assignments for the a-synuclein
ensembles were determined using STRIDE.”
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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.

90



4 T T T T T T T
A

£3 ‘ :
5 Al o oA
gl bt
S U URERR (O U S U i
Vo * . 4 ":ns fmﬁ.. :

) S S N N [ | | L R

0 W 30 40 S 60 70 BG 90 100 (10 120 130 140
] [N N N I I — | T
B

A
23 -
,E L™ o I"rl T -
é-— ..ﬁr“ . 'Il.ql“ ﬂ;]#ﬁl “Ih"h‘ﬁjfl
Z nj‘*l W “ '
el dol 1'; 1

0 I I I | | |

0 N 30 40 S 60 70 B0 90 (00 110 120 130 140
Residue number
Figure S2

Comparison of residue densities of a-synuclein at neutral (A) and low pH (B) conditions.

The low pH simulation ensembles were generated for a study published previously .
The N and C terminal regions of a-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.
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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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Chapter 9

Structural Reorganization of a—synuclein at low pH observed by NMR

and REMD simulations

9.1 Introduction

Aggregation rate of o-synuclein is influenced by changes in sequence resulting from
mutations and environmental changes. a-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 a-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, a-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 a-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 a-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 a-synuclein and their relation to

the aggregation rate.

Polymeric properties of a-synuclein at low pH, described using global size (Rg, Ry) and
shape descriptors (asphericity and shape parameter) are shown in Figure 9.1. The R, and
Ry, of 16.96 A and 21.95 A respectively for a-synuclein at the lowest temperature, are
similar to that expected for a chain in poor solvent (15.1 A and 20.1 A) (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 A and 34.7 A for
the R, and Ry, respectively. These values are slightly smaller than expected from theory

(40.7 and 35.1 A) (Wilkins, Grimshaw et al. 1999; Marsh and Forman-Kay 2010).
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Figure 9.1 Global shape and size descriptors of a-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 Ry, of 29.1 A at intermediate temperature, is slightly smaller than that
expected for a typical IDP under physiological conditions (30.7 A) (Marsh and Forman-
Kay 2010). The average R, and long-range conformational characteristics of this
ensemble are also in good agreement with NMR Ry, (30.1 A) and PREs respectively. The
intermediate temperature ensemble is used in the study presented here to characterize the
conformations of ai-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 a-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 a-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.

a o
8%
T &

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 C-
terminal solvent exposure decreases. The solvent exposure of the NAC region remains

the same under both pH conditions.

The major structural reorganization of a-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 C-
terminus 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.
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a-Synuclein is an intrinsically disordered protein that appears in aggregated
forms in the brains of patients with Parkinson's discase. The conversion
from monomer o aggregale is complex, and aggregation rates are sensitive
to changes in amino acid sequence and environmental conditions, Tt has
previously been observed that a-synuclein aggregates faster at low pH than
at neutral pH. Here, we combine NMRE spectroscopy and maolecular
simulations to characterize o-synuclein conformational ensembles at both
neutral and low pH in order to understand how the altered charge distri-
bution at low pH changes the structural properties of these ensembles and
leads to an increase in aggregation rale, -terminus, which has a small
positive charge at neutral pH due to a balance of positively and negatively
charged amino acid residues, is very positively charged at low pH.
Conversely, the acidic C-terminus is highly negatively charged at neutral
pH and becomes essentially neutral and h‘}'dmphﬂb'rc at low pH. Our NMR
experiments and replica exchange molecular dynamics simulations indicate
that there is a significant structural reorganization within the low-pH
ensemble relative to that at neutral pH in terms of long-range contacts,
hydrodynamic radius, and the amounl of heterogeneity within the
conformational ensembles. At neutral pH, there is a very hutumi:cnmus
ensemble with transient contacts between the N-terminus and the non-
amyloid # component (NAC); however, at low pH, there is a more
homogeneous ensemble that exhibits strong contacts between the NAC and
the C-terminus. At both pH values, transient contacts between the N- and C-
termini are observed, the NAC region shows similar exposure to solvent,
and the entire protein shows similar propensities (o secondary structure.
Based on the comparison of the neutral- and low-pH conformational
ensembles, we propose that exposure of the NAC region to solvent and the
secondary-structure propensity are not factors that account for differences
in propensity o aggregate in this context, Instead, the comparison of the
neutral- and low-pH ensembles suggests that the change in long-range
interactions between the low- and neutral-pH ensembles, the compaction of
the C-terminal region at low pH, and the uneven distribution of charges
across the sequence are key Lo faster aggregation,

Published by Elsevier Lid,

Keyioords: Parkinson’s discase; o-synuclein; NMR; replica exchange
molecular dynamics

*Correspotding aulhars, E-mail addresses: ronlevy@lutece rutgers.edu; jean baum@rutgers.edu,
Abbreviations used: PD, Parkinson's discase; NAC, non-amyloid (b component; IDP, intrinsically disordered protein;

RE™ME CPMG-type transverse relaxation; RDC, residual dipolar coupling; PRE, paramagnetic relaxation enhancement;
MTSL, (1-oxy-2,2.5 5 tetra-methy F3-py rroline-3-methy [-methanesulfonate; REMD, replica exchange molecular
dynamics; SASA, solvent-accessible surface areas; CSES, pentacthy lene ghveol monoocty| ether; HSOC, heteronuclear
single quantum coherence; PFG, pulsed-field gradient; PBS, phosphate-buffered saline; PFG-NMR, pulsed-field gradient
MNME.
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Introduction

Many human diseases are assoclated with pro-
teins that convert from their normally soluble form
to aggregates that accumulate in the affected organs.
The final forms of the aggregates include fibrillar
plaques known as amyloid. This disease class
includes Alzheimer's disease, Parkinson's disease
(PD), Huntington's disease, prion disease, and type
I diabetes.!* PD is the second most prevalent of
the late-onset neurodegenerative diseases.” a-Synu-
clein is the primary protein component of the Lewy
body deposits that are the diagnostic hallmark of
PD and is expressed in high levels in the brain.” a-
Synuclein can adopt two forms, the free form found
in the ¢ luplaun and a highly helical membrane-
bound form.”® The membrane-bound a-synuclein
may be crucial for physiological functions™ 12 and
has been shown to be associated with the recruit-
ment of dopamine in the p pse and with the
synaplic signal transmission."” The aggregation of
o-synuclein has been shown to occur via a nuclea-
tion-dependent mechanism during which there is
an initial lag phase followed by a growth phase."
The rate of fibrillization is highly dependent on the
sequence identity of the prolein as well as the
golution conditions, and the details of the mechan-
ism remain unclear,

One approach to understanding the progression
of fibril formation is to study human e-synuclein
and variants under different conditions in order o
define the distribution of conformational states in
the monomeric ensemble and how these may be
related to the aggregation propensities. Human o-
synuclein in the free form has been shown to be an
intrinsically disordered protein (IDP)"™'* and, simi-
lar to other 0P, is characterized by a low sequence
complexity, low overall hydrophobicity, :ﬁﬂ high
net charge. ¥ It consists of three regions: an N-
terminal region (residues 1-60) with a highly
conserved hexamer motif KTKEGV forms a-helices
in association with membranes.*"™'¥ A central
hydrophobic region, known as the “non-amyloid
component” (NAC) (residues 61-95), is ]!I'QPQSEd lo
be primarily responsible for aggregation. M The C-
terminal region (residues 96-140) is acidic, proline-
rich, and also contains three highly conserved
tyrosine residues. The charged resicdues are un-
evenly distributed within the sequence (Fig. 1) and
result in a net charge of —9 al neutral pH (Table 1).
The N-terminus has a high charge density at neutral
pH (18 charged residues out of 60), but the balance
between positive and negative charges leads to a net
charge of +4, while the NAC, with a net charge of
=1, only has three charged residues. The C-terminus
at neutral pH has an even higher percentage of
charged residues than the N-terminus (18 oul of 45
residues), and a preponderance of negatively
charged Asp and Glu residues results in a net
charge of —12. The uneven distribution of charges
within the three regmns implies that the charge
profile of a-synuclein is strongly dependent on pH.

Fig. 1. Distribution of charged residues of a-synuclein,
The distnbution of positive (blue} and negative (red)
charged residues of e-synuclein at pH 7.4 is shown.

The charge distribution of the NAC, which has very
few charged residues, is not greatly affected by the
change in pH. However, the N-terminus region that
contains the highest fraction of positively charged
residues becomes the region with the highest charge
density at low pH, while the C-terminus, at low pH,
becomes nmreﬁke the NAC, with both a low charge
density and a low net charge.

Developing a better understanding of how
sequence-dependent effects alter the conformational
propensities of monomeric a-synuclein, and corre-
lating these effects with changes in aggregation
rates, can provide insighls into the mechanistic basis
for abnormal folding and human disease. The con-
formational states of the synuclein family, consisting
of human n*‘.—:}"l‘lild&‘ll‘l ¥ goeymuclein, 22 and v-
s}rnm_!om; as well as the familial mutations of
synuclein AS3T,7" A30P™* and E46K™™ and
mouse a-synuclein,” * which containe seven muta-
tions relative to human a-synuclein, have been
studied extensively using NMR and other speciro-
scopic approaches. Human a-synuclein at neutral
pH has a relatively more compact conformation
than is expected for a random-coil conformation,
and transient a-helical structure has been detecled
in the N-terminal region of the protein ™=
Transient long-range interactions between the C-
and N-terminal regions and also between the C-
terminal and NAC regions have been proposed
based on paramagnetic rehi:gaum enhancement
(PRE) measurements. ™~ —"" Observation of
these long-range interactions has led to the proposal
that the contacts between the NAC and the C-
terminal regions shield the hydrophobic NAC region
and therefore delay the aﬁgm&atmn of a-synuclein
under these conditions. =2 Destabilization of
these long-range contacts in mouse a-synuclein™
and in AS3T and A30P mutations™ involved inearly-
onset disease has been correlated with faster

ggregalmm supporhng the notion that prolection
the NAC fegion may be important for delaying
egation.” An altemative view is that there is
[:Hﬁ: difference in long-range contacts between the
wild type and mutant forms of a-synuclein and that
changes in aggregation rate can be attributed to local
changes in thr:ghvsu:od:emlml properties of indivi-
dual residues.?

At low pH, a-synuclein has been shown to aggre-
gate faster than at neutral pH, with flhrlls taking
days to form rather than several weeks,”' Uversky
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Table 1. Distribution of charges in the sequence of a-synuclein

N NAC C a-Synucdein
pH Net Total % Met Tostal kS Met Total kS Met Total o
Neutral o4 18 3.0 =1 3 B =12 I8 40,0 =4 39 7B
Lonw +11 11 18.3 «1 1 29 +3 3 67 +15 15 mn7

The table shows the net charge, total charge (fotal number of charged residues), and percentage of charged residues in the N, NAC, and C
reggions and the full a-synuclein sequence at neutral pH and low pH.

et al, have observed, via CD, Fourier transform
infrared spectroscopy, and small-angle X-ray scatter-
ing measurements, a 1.3-fold compaction in the
radius of gyration of a-synuclein at low pH as well as
an increase in 8 structure.” They have suggested
that the compaction of the prolein into a partially
folded conformation is responsible for the increased
rate of aggregation at low pH.

NMR spectroscopy™ © and computer simula-
tions ™ ¥ have been di'_"Ir'E'tDFDd in recent years to
characterize conformational ensembles of 1DPs.
Here, we use NMR and computational approaches
to compare the conformational ensembles of a-
synuclein at neutral and low pH. These studies help
identify the role of electrostatic interactions in the
pH-dependent structural changes of a-synuclein
and relate these to the different aggregation propen-
sities as a function of pH. The NMR measurements,
when combined with structures ﬁ?nemied by
computer simulations, provide the first visualiza-
tion of the conformational ensemble of a-synuclein
at low pH. The results suggest that there is a
significant structural reorganization relative to the
neutral-pH ensemble in terms of long-range intra-

(a)

chain contacts and hydrodynamic radius. At neutral
pH, the highly charged C-terminal tail makes
contact with the other regions of the protein in
only a small population of structures. In conirast, at
low pH, the C-terminus is locally collapsed. The
secondary-structure propensity and exposure of the
NAC region to solvent are not affected by the pH
v.:lmnlge. The structural changes observed at low pH
highlight the effecls that the very different charge
characteristics in the N-terminal, NAC, and C-
terminal chain segments have on the pH-dependent
structural reorganization of a-synuclein.

Results

Acid-induced changes In structure and
dynamics probed by NMR

The "H-""N heteronuclear single quantum coher-
ence (HS0OC) trum at pH 2.5 and 15 °C exhibits
similar tral features to the HSQC spectrum at
pH 7.4 the narrow 'H™ chemical shift range and
poor dispersion suggest that c-synuclein is intrinsi-

Normalized
A5 ("H+"5N) (%)
o &8 & 2 8

| I 1 n ¥ 9

20 40 60 80 100 120 140
reshdue

20 40 60 80 100 120 140
residue

Fig. 2. NMR parameters for a-synuclein at neutral and low pH. Distribution of daarﬁ:_a.! residues shown in Fig. | is
displayed at the top of the figure. Comparison of chemical shifts (a and b), RDC (¢}, and BET™G () data of a-syminclein at
acidic and neutral pH. {a) Average differences of HY and "N chemical shifts at pH 25 and 7.4 with the formula
Ad=J{[(AHPF +02(A™N)")/2) and the values are normalized. (b) C* chemical shift differences between pH 7.4 and 2.5
{ABC" =605 4 = 8% ) are shown. Asp and Glu residues are colored light pray. (¢} '"H=-H"™ RDCs at pH 2.5 and 7.4 are
shown in red and blue lines with dots, respectively. (d) RS™ relaxation rates at pH 2.5 and 6.1 are displayed with red
and blue lines with dots, respectively. Average value (35 Hz) of RE™5 ar pH 2.5 is indicated. Regions of five defined
segments are shown in bars and numbered.
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cally disordered at pH 2.5. Backbone assignments
were carried out based on “N-"N connections
using the 3D HNN triple-resonance experiments.!
Out of 140 residues, 134 (no Met' and 5 profines)
were assigned in the 'H-"*N HSQC spectrum and
maost of the 'H and "N chemical shift changes arise
in the C-terminal region of the protein (Fig. 2a)
where there are 3 Asp and 12 Glu residues, The
major changes in C" shifts (ASC", Fig. 2b) from
pH 74 to pH 2.5 can be directly tied to the pro-
tonation of Asp and Glu residues at low pH. Once
those changes are accounted for, the remaining
small AGC™s in the N-terminus and NAC regions
alternate between positive and negative values,
indicating that the secondary-structure propensities
are essentally the same at low and neutral pH.
There is, however, a stretch of small negative values
in the C-terminus region, which represents a small
decrease in the p propensity in this region of the
protein at low pH.

Residual dipolar coupling (RDC) constants have
been employed 1o probe the local structural orde-
ring***" as well as long-range contacts™* of [DPs.
We have measured the Dygy values of a-synuclein at

H 74 and pH 2.5 using an n-alkyvl-polyi{ethylene
g]ymljf'u-alkp}rl alcohol rnl'%xlum [pehl—aF:-lhgrtenggly-
col monooctyl ether (C8E3)/ 1-octanol] as the align-
ment medium. Significant differences can be seen in
the RDC profiles at pH 7.4 and pH 2.5, particularly
at the C-terminus and the leading portion of the N-
terminus (Fig. 2c). At pH 2.5, the Dy values are
close to zero or negative at residues 100-127 and
even more negative (~—8 to — 10 Hz) at the end of
the C-terminus. The Dy values in the NAC region
and the N-terminal region are similar to the Dyy
values measured at pH 7.4, indicating that these

regions are relatively insensitive to the enwviron-
mental changes.

N backbone transverse relaxation experiments
using the CPMG pulse train {R‘g‘m“‘_l indicate that
the low-pH and near-neutral-pH forms of «-
synuclein exhibit different local dynamics along
the sequence (Fig. 2d). We have compared the
B experiments at pH 2.5 and pH 6.1 rather
than pH 7.4 as we have shown (unpublished data)
that the intrinsic R§™" values at pH 7.4 are modu-
lated by the fast hydrogen exchange rates that exist
at this pH. A more accurate view of the intrinsic
RE™C ‘values can be obtained at pH 6.1 where
the hydrogen exchange rates are slower. The
R&™MC values can be classified into five segments
(10-25, 3242, 52-62, 93-105, and 109-136) using
RE™MY=3.0 Hz as cutofi, The overall features of
the RE™" data are similar for the two pH values
with the exception of the C-terminal end from
residues 105 to the end of the protein, Here, the
R5™% values are uniformly greater at low pH than
at neutral pH, suggesting that the C-terminal end of
the protein is experiencing restricted motion and is
more rigid at low zl:»\H. In the NAC region, for both
pH values, the R¥*™5 values are the smallest, indi-
cating that this region is the most flexible.

The C-terminus Is collapsed at pH 2.5

Site-directed spin labeling and PRE at three posi-
tions, Al%, A90 and G132, are used to obtain infor-
mation about long-range interactions within the
unfolded protein. The PRE effects are compared at
pH 7.4 and pH 2.5 and show differences, especially
in terms ::-J the interactions observed at the C-
terminal end of the protein. At pH 7.4 (Fig. 3a), the

20 40 80 80 100120140
reshdue

20 40 60 B0 100120140
residue

20 40 60 80 100120140
residug

Fig. 3. 'RE intensity ratios for spin-labeled a-synuclein. Paramagnetic relaxation experiments of amide protons in
human a-synuclein at pH 7.4 (a=c) and pH 2.5 (d-{} using MTS5L spin labels for cysteine mubants A19C, A90C, and G132C,
Measured PRE intensity ratios {1,/ lea) are presented in the op {EH 7.4) and bottom (pH 2.5) panels. White i:'tpﬁ in each

plot are unassignable residues including five

limes. N-terminal, NAC, and C-terminal regions are colored

lue, green,

and red, respectively. Broken lines are the theoretical PRE values of a-synuclein without any long-range contacts

caleulated as deseribed previously™
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spin label at A19C results in diminished intensity
throughout the entire sequence with a maximum
observed value of [, /[.s~0.8. At the N-terminus,
there is a slow increase in [, /g up Lo residue 60, at
which point the intensity plateaus at ~0.8. The same
spin label at pH 2.5 (Fig. 3d) has a progressively
faster increase in PRE intensity at the N-terminus
and plateaus at a higher level close o 1.0 in the NAC
region and C-terminal to it. There is a small reduc-
tion in intensity (I,,/ I~ 0.8) at the very end of the
C-terminus from residues 110 to 140, At neutral pH,
there are numerous shorl-range contacls between
residue 19 and the N-terminus as well as transient
contacts between residue 19 and the NAC and C-
terminal regions consistent with previous experi-
mental resulis =" At low pH, the N-terminal region
has fewer interactions with the N-terminal spin label
and the NAC region is not inleracting with the N-
terminal spin label and is only making very local
transient contact at a small region of the C-terminus
(residues 115-130).

The PRE results at AS0C in the NAC region
(Fig. 3b and e) show distinct features at neutral and
low pH. At pH 7.4, the PRE [, /1. pattern is similar
to the published data obtained by placing the PRE
label at position A85™ or A90,™ The A90C spin label

robe al pH 7.4 interacts primarily with the second
ﬁalf of the N-terminal region (40-60) as well as with
the C-terminal region. [n contrast, at pH 2.5, there
are essentially no interactions with the N-terminal
region and increased interactions with the C-
terminal region ([ /I =0.4-(L6) relative to the
neutral pH.

The spin label at position G132C (Fig. 3c and {) has
a very different inlensity profile at neutral and low
pH in particular in the C-terminal ion of the
protein. At neutral pH, the spin label does not lead to
strong signal attenuation anywhere in the sequence.

(a)
140

1201
100

&0

residue
Z

Three small dips in the intensity ratio (1., /1= ~0.8)
are observed, one in the NAC region from residues
80 to 100 and two in the N-terminus, around residues
3040 and near residue 5. This profile_has similar
trends to those seen by Bertoncind ef al.™ and Sung
and Eliczer™ who have studied the effects of spin
labels at positions A140C and P120C, respectively;
however, the decrease in the intensity ratio is
somewhat smaller for the data observed here with
the spin label at position 132. The PRE effects due to
the G132C spin label at low pH (Fig. 3f) are quite
different; there is no signal attenuation in the N-
terminus, but there is strong signal attenuation in the
C-terminus ([, /I ~ 0.4), which continues, gradu-
ally weakening (I, / Ireq goes from 0.4 to 0.9), into the
MAC region. The weak signal attenuation from
G132C at neutral pH suggests that the protein is
making infrequent transient C- to N-terminal con-
tacts. However, at pH 2.5, the PRE profile shows a
cluster of long-range contacts between the C-
terminal spin label and the C-terminal end and
NAC region.

Pulsed-field gradient NMR (PFG-NMR) transla-
tional diffusion experiments were performed at low
and neutral pH in order to obtain the effective
hydradynamic radius (Ry,) of the proteins. The R,
value at 15 °C and pH 25 (R,=30.1 A) is smaller
than that at pH 7.4 (Ry,=31.7 A), suggesting that low
pH induces a conformational compaction relative to
the neutral pH value, Uversky ef al. have also
observed a compaction at low pH relative to neutral

H:™ they saw a decrease in the radius of gyration

rom 40 A at pH 7.5 to 30 A at pH 3.0. The large gap
in the radius of gyration values relative lo the
hydrodynamic radii is because the radius of gyra-
tion, which measures the average distance of each
residue from the center of mass of the protein, is
more sensitive to the extension of the chain than the

(b)
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Fig. 4. REMD simulation results exhibit good agreement with experimental data. Contact maps of a-synuclein
ensembles at neutral pH (a) and low pH (b} calculated wsing REMD. The color gradient from white, to blue, o red, o
green represents percentages of the conformational ensembles that have inter-residue C-C" distances within 20 A,
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hydrodynamic radius, which approximates the
raclius of a sphere whose diffusion constant equals
that of the protein.™

Visualization of the conformational ensemble of
a-synuclein by REMD at low pH

Beplica exchange molecular dynamics (REMDY)
simulations were employed to generate conforma-
tional ensembles of a-synuclein at neutral and low
FH, Long-range contacts within the neutral- and
ow-pH ensembles are consistent with the long-
range contacts observed experimentally through
PRE measurements. Figure 4 shows the percentage
of the population within the low- and neutral-pH
ensembles with inter-residue contacts (C*-C"
distances) within 20 A. A cutoff of 20 A was cho-
sen to facilitate comparison with experimental PRE
measurements, which can detect contacts within
20-25 A of the nitroxide spin label. At neutral pH
(Fig. 4a), there are conlacts observed throughout
the N-terminus and NAC regions, while the C-
terminal tail (residues 115-140) is largely extended,
making contact with the other regions in only
~5% of the population. In the contact map for the
low-pH ensemble (Fig. 4b), the region of the pro-
tein that shows many intramolecular contacts has
switched relative to the neutral-pH ensemble, At
low pH, the C-terminus is in regular contact with
itself and the NAC region, as well as a small
section of the N-terminus near resichue 40, but only
approaches the most N-terminal part of the protein
in a small fraction of the population. The section of
the N-terminus near residue 40 makes transient
contact not only with the C-terminus but also with
the N-terminal half of the NAC. However, the
leading portion of the N-terminus, from residues 1
to 40, forms a separate cluster of long-range con-
tacts and has fewer contacts with the rest of the
protein. The switch from an extended C-terminus
at neutral pH to a somewhat less extended N-
terminus at low pH is also seen in calculations of
the solvent-accessible surface area (SASA) (Fig. 5a),
The C-terminus at neutral pH has the highest
solvent accessibility (75.4%) of any region at either
pH. However, at Tow pH, the N-terminus is the
region most ex e to the solvent (68.6%), while
the NAC and C-terminus have an equal amount of
solvent accessibility (39%). Interestingly, the NAC
solvent exposure is very similar at both neutral
and low pH. It appears that the NAC region
“swaps” intermolecular contacts with the N-
terminal region at neutral pH for corresponding
contacts with the C-lerminal residues at low pH.

Simulated PRE intensity ratios for the neutral- and
low=-pH conformational ensembles (Fig. S1) portray
the same trends seen in the contact maps. At neutral
pH, the intensity ratio profiles show significant
contacts between the N-terminus and NAC regions,
while the C-terminal spin label site is only in contact
with the rest of the sequence in a very small percen-
tage of the ulation. Interestingly, the simulated
ensemble does show a dip in the intensity ratio from
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Fig. 5. 5ASAs at neatral and low pH. (a) Comparison
of percentage of SASAs for the N-terminal, NAC, and C-
terminal regions of the newtral (open bars) and low (filled
bars) pH ensembles, A significant change in the solvent
accessibility is observed in the C-terminal region, which is
less exposed, supporting the idea of a collapsed confor-
mation in this region. (b} Calculated differences in average
chemical shifts between the low- and neutral-pH ensem-
bles (C" i = T, Asp and Glu residucs are colored
light gray. The chemical shifts were calculabed using
Shiftx.

G132C in the N-lerminus near residue 10, Al low
pH, the calculated PRE profiles are consistent with
fewer contacts between the N-terminus and the
NAC bul show very significant drops in the
intensity ratio in the C-terminus from the ASOC
spin label and in the NAC from the G132C spin
label. Overall, the calculated intensity ratio profiles,
such as the contact maps, exhibit large changes in
the C-terminus when going from neutral to low pH
and smaller changes in the N-terminus,

The inter-residue contact maps (Fig. 4a and b)
provide information about the Jong-range contacts
of the ensemble. Local structural characteristics,
particularly secondary-structure propensities, are
often related to chemical shifts that are affected by
the local environment of the nucleus being moni-
tored. ™% We calculated the C* chemical shifts for
the low- and neutral-pH ensembles. There are large
changes in C" (A6C", Fig. 5b) that can be attributed
to the change in the charge state of the Asp and Glu
residues, just as with the experimental C* measure-
ments. However, even accounting for the protona-
tion of the negatively charged residues, there are
more differences in the C* shifts of the simulation
ensembles than are observed experimentally. The
calculated ABC™'s show that the biggest chemical
shift difference is in the C-terminal region and that it
not only corresponds to decreased f, similar to the
experimental observation, but also features stretches
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Table 2. Compaction ratios of REMD-simulated
ensemble of a-synuclein

pH ] NaC [
Beutral .55 0.5 [LEf]
Lioaw .63 056 052

The table shows the compaction ratios of the N, NAC, and C
regions for the low-pH and neutral-pH a-synuclein simulation
ensembles, calculated as the ratio of average end-to-end distance
in the low {or neutral) pH ensemble to the same quantity for the
dhEnatured state ensemble

of negative A6C" in the N-terminus and positive
A6C® in the NAC region, indicative of decreased p
P-IIJE)LI'E.IE‘I.-' and decreased o propensily, respec-
tively. The overall & slrurlurc of the ensembles, as
calculated by STRIDE* decreases as the pH is
lowered, consistent with the trend predicted g'u the
experimental ASC" measurement. There is no sig-
niticant helical structure observed for either simu-
lated ensemble. Though there is slightly more
variation in the chemical shifts of the simulated
ensembles compared to the experiments, in both
cases, the largest differences are found in the C-
terminus and the magnitude of the chemical shift
differences 'Ihrm:ﬁmui the sequence is very small,
This suggests that there is little difference in
secondary-structure propensity at neutral and low
pH, with the biggest change being a slight decrease
in [ propensity in the C-terminus at low pH.
Relative packing of the N-terminal, NAC, and C-
terminal regions of a-synuclein was evaluated by
determining compaction ratios (see Materials and
Methods), The values (Table 2) are consistent with
the picture provided by the contact maps. At neutral
pH. the N-terminus and NAC regions have similar

compaction ratios, 0.55 and 0.5, respectively, but the
C-terminus is much more expanded, with a compac-
tion ratio of 0.81. In contrast, at low pH, the C-
terminus has a compaction ratio similar to that of the
NAC, 052 and 056, respectively, while the N-
terminus is more expanded, with a compaction ratio
of 0.63. Here, again, the region most affected by the
change in pH is the C-terminus, whose compaction
at low pH is reflected in the change of the com-
paction ratio from 0.81 to 0.52.

Muolecular simulations allow for the visualization
of individual structures within the conformational
ensembles. We used a clustering .1Ig::|nri1]u'rl‘“1 to
select structures from the REMD simulations. The
conformations from the neutral-pH ensemble shown
in Fig. 6a were chosen from the top four closters,
representing more than 53% of the ensemble. The
representative structures from the low-pH ensemble
(Fig. 6b), chosen from the top three clusters and
representing more than 60% of the total population,
provide the first visualization of structures from an
ensemble consistent with experimental observations
at low pH. These figures highlight the structural
changes at low pH relative to neutral pH previously
observed in both the PRE measurements and the
contact maps for the simulation ensembles, namely,
the compaction of the C-terminal region at low pH
coupled with an N-terminal region, which is less
extended than the C-terminus at neutral pI.

Discussion

We have used two approaches, NMR speciroscopy
and computer simulation, lo characterize the con-
formational ensembles of the [DP a-synuclein at both
neutral and low pH. By NMRE, we have measured
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Fig. 6. Selected representative conformations of e-synuclein from the neutral-pH and low-pH ensembles,
Representabve structures chosen from (a) the top four clusters of the neutral-pH ensemble and (b) the top three clusters
from the low-pH ensemble. These clusters account for maore than 53% and 60% of the respective structural ensembles. The
N-terminus is shown in blue, the NAC is shown in green, and the C-terminus is shown in red.
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chemical shifts, RDCs, R§™%, and PREs of a-
synuclein at pH 7.4 and 2.5 in order to compare the
secondary structure and long-range interactions
within the protein and to explore differences in
dynamics. We have also used REMD with implicit
solvent to simulate a-synuclein at neutral low
pH. The simulations allow us to visualize the
conformational ensembles at low pH and compare
these directly to the conformations populated at
neutral pH.

a-Synuclein at neutral pH has been extensively
studied by NMR.'*2*22 Our experimental mea-
surements at pH 7.4 reproduce the same general
features observed in previous studies, The effect of
the N-terminal spin label is seen throughout the
remainder of the N-terminus and results in a small,
uniform reduction in the intensity ratio in both the
MNAC and the C-terminus. We interpret the uni-
formly reduced intensity ratio throughout the NAC
and C-lerminus as a uence of transient con-
tacts between A19C and each residue from 60 to 140;
it is a reflection of the heterogeneity of the structural
ensemble since it implies that A19C is not involved
in unique, long-range contacts with any particular
residues in the C-terminal part of the protein. An
alternative explanation for the plateau is that there is
a scaling problem between the oxidized and
reduced experiments that lowers the baseline bul
is not indicative of any actual contact between A19C
and the residues of the NAC and C-terminal regions,
However, the fact that a similar effect is seen in the
PRE intensity ratios calculated from the REMD
ensembles (Fig. 51) lends credibility 1o the observed
results, since there can be no question of a scaling
problem in the simulations. The neutral-pH confor-
mational ensemble generated by the simulations
qualitatively porirays the same long-range interac-
tions observed by the NMR experiments. Intermit-
tent contacts between the N-terminus and the other
regions of the protein are seen both in the contacl
maps and in the calculated PRE intensity ratios.
Moreover, in both the experimental and the calcu-
lated PRE plots, the C-lerminal probe al G132C
induces very little reduction in intensity from the
line corresponding to the intensity ratio expected for
a random coil, except for a small dip in the N-
terminus near residue 20. This suggests that with the
exception of a small population of conformations in
which the N- and C-termini are in contact, the C-
terminus is largely extended into solution.

While our analysis of the neutral-pH REMD
ensemble suggests that it qualitatively captures the
long-range interactons observed experimentally, it
is quite different from the ensemble previously
obtained by Bertoncini ef al. ™ In their study, agree-
ment with experiments was enforced through the
use of PRE-derived distance constraints. The struc-
tures they show, representatives of seven clusters
accounting for more than 50% of their conforma-
tional ensemble, are all shaped like rings, with the
M- and C-termini in contact with each other. That
bwo such different ensembles can be obtained, which
both appear to agree with PRE data, is a reflection of

the fact that the determination of structural ensem-
bles from PRE dala is a very underdetermined

roblem.™ PRE intensities are related to the distance

tween each residue and the nitroxide spin label
via a 1/r" average over the conformational ensem-
ble. As a consequence of this 1/¢° distance depen-
dence, PRE intensities are dominated by
contributions from more compact conformations,
Small changes in the population of conformations
containing residues a short distance from the spin
label will have a big effect on the 1/r° average; this
decreases the constraints on other conformers and
can allow for the inclusion of large ulations of
expanded conformations in an ensemble matching a
given PRE intensity ratio profile. This means that the
distances derived from the spin labels attached to the
protein in PRE experiments can be satisfied by many
different conformational ensembles. It has recently
been demonstrated that if it were experimentally
feasible to attach many more spin labels, covering a
large percentage of the protein, then there would be
enough data generated to be able to uniquely iden-
tify the true conformaltional ensemble,™

NMR experiments and REMD simulations indi-
cate that there is a significant structural reorganiza-
tion within the low-pH ensemble relative to that at
neutral pH in terms of long-range contacts, hydro-
dynamic radius, and the amount of heterogeneity
within the conformational ensembles, The rearran-
gement of long-range contacts is observed by com-
paring the PRE measurements and REMD contact
maps at low pH with the cor ing descri
tions of the neutral-pH ensemble. Both the PREs and
the contact maps show that the largest change lakes
place in the C-terminus. Whereas the C-terminal
region in the neutral-pH ensemble is largely exten-
ded, only making contact with the other regions
transiently, at low pH, there are numerous contacts
between the C-terminus and the tailing portion of
the NAC (Fig. 3e and f). The C-terminus at low pH is
also more compact, has decreased flexibility based
on °N relaxation data, and is less exposed to the
solvent than at neutral pH. The response of the N-
terminal region to the change in pH is less dramatic,
While the N-terminus at low pH is both more
extended and more exposed o solvenl than at
neutral pH, neither of these changes are as l.lrge as
those observed in the C-terminus. These results
highlight the change in the long-range interactions
between the neutral- and low-pH ensembles; at
neutral pH, there is a very heterogeneous ensemble
with transient contacts between the N-lerminus and
the WAC; however, at low pH, there is a more
homogeneous ensemble thal exhibils strong con-
tacts between the NAC and the C-terminus. Tran-
sient contacts between the M- and C-termini are
observed at both pH values,

NMR experiments and REMD simulations show
that the low-pH ensemble of a-synuclein has a
smaller average hydrodynamic radius than the
neutral-pH ensemble. From the experimental data
and the visualization of the REMD structures, it is
clear that there is no global collapse of the protein at
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low pH but rather the compaction is local and exists
primarily in the C-terminal domain and the C-
terminal region of the NAC. Uversky et al. have
proposed, based on CD and Fourier transform
infrared spectroscopy measurements, that the low-
pH form of a-synuclein has increased @ content
relative to the neutral-pH form, a relatively compact
conformation, and can be thought of as a pre-molien
globule state.™ The detailed atomic description
presented here indicates that the compaction is
primarily restricted to the last 60 residues of the
protein and that the N-terminal region is more
exposed. In addition, there is no evidence at the
individual residue level of an increase in 3 confor-
mation in the low-pH ensemble relative to the
neutral-pH ensemble.

The structural reorganization at low pH can be
rationalized by considering the distribution of
charges that exist in the low-pH form relative to
the neutral-pH form. As seen in the charge density
table (Table 1), the three regions of a-synuclein are
impacted differently by lowering the pH. In parti-
cular, there is a large change in the total charge
density in the C-terminus that decreases from 40%
charged residues at neutral pH to only 6.7% charged
residues at low pH. In contrast, the effect of low pH
on the N-terminus is less pronounced with a shift
from 30% charged residues at neutral pH to 18.3%
charged residues at low pH and a total charge that is
high at both pH values. Overall, the decrease in the
total charge density of the C-terminus is consider-
ably more than the change at the N-terminus and
accounts for the fact that ll% rearganization of the C-
terminus is the most pronounced and that of the N-
terminus less so,

Uversky et al. have empirically observed that [DPs
and globular proteins fall into bwo distinct regions
as a function of their mean net hydrophobicity
versus mean net charge.™ They noted that in the plot
of hydrophobicity persus charge, a-svnuclein is one
of the few examples of an [DP that is just over the
line into the ordered region of the plot (Fig. 7).
However, we consider the three functional regions
of a-synuclein separately and note that the C-
terminal region at neutral pH, with a net charge of
=12, resides very definitively in the IDP region of
the Uversky plot. Al low pH, however, the C-
terminus loses most of its net charge and becomes
highly hvdrophobic. The very dramatic movement
of the C-terminus to the ordered region may be due
to the high density of glutamates in the sequence
that become very hydrophobic at low pH. The
globular-like qunfit}r of the C-terminus that is pre-
dicted in the plot is reflected in the NMR experi-
ments and REMD calculations where the Cterminal
compaction is seen both in the experimental PRE
measurements and the contact map of the simulated
low-pH ensemble. The full a-synuclein sequence at
low pH moves more fully into the ordered region of
the charge versus hydrophobicity plot due to an
increase in hﬁdmphubidl}r. This shift is mirrored by
the smaller hydrodynamic radius observed at low
pH. Interestingly, because of the balance between
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Fig. 7. Charge-hydrophobicity characteristics of o-
synuclein. Charge-hydrophobicity characteristics of a-
synuclein at low (flled symbols) and neutral {open
symbols) pEL The hydrophobicity values for e-synuclein
were calculated wsing the Cowan-Whittaker hydropathy
indices™ for the low- and neutral-pH conditions using a
window size of five amino acids. The hydrophobicity
values for the individual amine adids were normalized o
a (-to-1 scale. The mean net hydrophobicity (net charge)
was caleulated as the sum of normalized hydrophobicity
(charge at specific pH) divided by the total number of
residues in o-symuclein. The black line represents the
boundary between globular proteins and 1DPs deter-
mined using a list of these proteins, an analysis similar to
that performed by Uversky of ai.”!

positively and negatively charged residues in the N-
terminus al neutral pH, the N-terminus has both a
higher net charge and a slightly higher net hvdro-
phobicity at low pH and remains in the [DP region
of the plot.

a-Synuclein has been shown to aggregate more
rapidly atlow pH, and a comparison of the structural
and dynamical differences may aid in understanding
which factors are critical to aggregation. Aggrega-
tion may be affected by a number of properties
including Prnpmsit}f to form transient secondary
structure,™ the distribution of long-range interac-
tions, ™ the hydrodynamic radius of the protein,”’
the Elexibililgy of different regions and their exposure
to solvent, ™= and the distribution of charges along
the protein.™ We find that the C* chemical shifts of
the neutral- and low-pH forms are quite similar, and
this suggests that secondary-structure propensity is
not a driving force to increase the aggregation rate at
low pH. It has previously been suggested that the
increased rates of aggregation observed for single
point mutations™ or upon binding of divalent metal
ions™ or polycations® are due to the release of the
long-range N- to C-terminal contacts and subsequent
exposure of the NAC. However, the results of the
REMD simulations suggest that the NAC region has
comparable exposure (o solvent at both neutral and
low pH; NMR RE™ measurements suggest that the
NAC region has comparable flexibility in both pH
forms. Similar exposure of the NAC region to solvent
in both the slower, neutral-pH and faster, low-pH
aggregating species suggests that protection or
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exposure of the NAC region may not have a large
impact on the aggregation Eampensily in this context.

At low pH, where the charge profiles of both the
N- and C-termini are significantly different from
their neutral-pH counterparts, it is possible that ini-
tation of aggregation may arise through a different
mechanism. Previously, we proposed for mouse -
synuclein at neutral pH that aggregation may be
initiated through intermolecular N-lerminal con-
tacts. While the N-terminus has a balance of posi-
tively and negatively charged residues at neutral pH
in both mouse and human a-synuclein, it carries a
large positive charge at low pH. Without comple-
mentary negative charges anywhere in the
sequence, it may be reasonable to assume that the
N-terminus s unlikely 1o initiate intermolecular
contacts at low pH. One scenario that is consistent
with the structural changes and charge distribution
at low pH is that the locally collapsed C-terminus,
which loses its net charge and becomes highly
hydrophobic under these conditions, is involved in
the earliest stages of a-synuclein aggregation at low
pH. These data indicate the importance of the charge
distribution in directing both the mechanism and
the rates of aggregation.®

Materials and Methods

Sample preparation

Expression and purification of human a-synuclein in
Escherichin coli were followed by the desedbed protocol ™
Further purification using diethylaminoethyl or Q anion-
exchange chromatography was applied to ensure high
purity of a-synuclein for low-pH studies. a-Synuclein was
eluted at 200-300 mM NaCl gradient. Solution containing
pure a-synuclein was dialyzed against with 20 volumetric
times of phosphate-buffered saline (PBS; pH 7.4) at 4 °C
and repeated 3 times, Dialyzed and concentrated o-
synuclein (200 pM) was transferred to 1.5-ml tubes and
quickly frozen by eryogenic liquid nitrogen for -80 °C
storage. For each NMR sample, the —80 °C stored proteins
were unfrozen at 4 °C, chshed using a 100-k[3a filter
(Millipore), and then dialyzed o pH 2.5 (10 mM phos-
phate and 140 ;M NaCl) with the addition of 10% DO,

NMR experiments for assignment

NMR experiments incduding triple-resonance experi-
ments and "N backbone dynamics experiments wene
performed on a Varian S00-MHz spectrometer equipped
with triple gradient probe. FFG-NMR diffusion, PRE and
RDC measurements were acquired on a Varian &00-MHz
spectrometer with a cold probe or on a Bruker 700-MHz
spectrometer. Acquired spectra were processed by
I\.MRF‘iEe:‘ and analyzed by ﬁrmrk}r.:“

BC-UN-labeled a-symuelein (650 pM) at pH 2.5 was
used to perform triple-resonance experiments for back-
bone assignment at 15 °C. The 3D spectra were acquired
via the conventional strategy™ using HNCACE, CBCA
(COMNH, HNCO, and HN(CAMOD and a new approach
using HNN' via "N-"N connections. Data collection
time for each 30 spectrum at 15 °C is shorter than 20 h
(with 8 or 16 transient scans) ko avoid aggregation during

acquisiion. H50C spectra were collected to check the
stability of e-synuclein before acquiring the next 30
spectrum,

Chemical shifts were calibrated using 2.2-dimethy]-2-
silapentane-S-sulfonate dissolved at pH 25 as a refe
rence.” Comparing the secondary-structure prapensity
using the C* chemical shift deviation from the random-
coil shifts is not appropriate sinee the random-coil C*
chemical shifts measured at pH 5.0°" and 2.3%5 exhibit
sigmificant differences. Directly monitoring the changes of

chemical shifts [AGC" =60 4 =6C" <) was used to
glfpect the secondary-structure propensities at pH 7.4 and
- N

Translational diffusion coefficients and hydredynamic
radii

PFG-NMR experiments incorporated with longitudinal
eddy current pulse schemes and convection compensation
were used to measure the translational diffusion coeffi-
cients (D)™ Samples containing 300 pM a-synuclein
and 35 mM 1 4-dioxane were dissolved in PBS buffers at
pH 7.4 and 2.5 (1007% D,0, pD uncorreched) for FEG-NMR
experiments at 15 “C. Twenty-five 1D PFG-NMR spectra
were acquired over a range of gradient strengths of 2 to
17 Gfem or 5 to 50 G/em for 1 4-dioxane or c-synuclein,
respectively, Integrated peak volumes of 1,4-dioxane and
a-tynuclein (methyl groups only) were fitked using
VNME] 2.1 (Varian Inc., California) and used to caleulate
Diare ™ Sinee ee-symuclein and dioxane were dissolved in
one solution, the viscosity effect on Dy, can be ignored.
Therefore, the Stokes-Einstein equation can be simplified
to get the hydrodynamic radius of e-synuclein by the
relationship:

Bria = synuclein) # Dgpe(a = synuclein)
= Ry {dioxane] « Dy (dioxane)

where Ry, (dioxane) is 2,12 A,

SN relaxation

RE™S U relaxation experiments were acquired using
250 pM “N-labeled o-synuclein at pH 25 and 6.1.
Complex points for each spectrum were 1024 <256 in the
'H and "N dimensions, respectively. The relaxation times
for RS™ were 0,01, 0.03, 0.05, 0.09, 0.13, 0.17, 0.19, 0.21,
and 025 s Recycle delays for each iment were 2 5.
Data were processed by NMEPipe and analyzed by
Sparky.

Site-directed spin label

Metheds for (1-oxy-2,2,55-tetra-methy]-3-pyrroline-3-
methylFmethanesulfonate (MTSL) (Toronto Research Che-
micals, Ontario, Canada} spin-labeled HN-&—synudm
A19C, ASC, or GI132C were done as deseribed in our
previous work.® In brief, 250 pM MISL-labeled o-
synuclein cysteine mutants were dialyzed b pH 25 or
7.4 and were divided to equal volume for experiments at
paramagmetic (oxidized) and diamagnetic (reduced ) states.
Addition of 10 mM Lascorbate (pH 2.5) or 10 mM
dithiothreital (DTT} (pH 7.4} was applied for generating
the diamagnetic samples. [t is not possible to use DTTor L-
ascorbate as a reducing reagent at both pH values, DTT
cannot be used at low pH as the disulfide bond is not
efficiently broken at pH 2.5 because the thiol groups are
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highly protonated. At neutral pH, we have observed
significant signal enhancements and changes of 'H and
N chemical shifts in the presence of Lascorbate. PRE
ratos (1, /L) were caleulated as the intensity ratios of the
same residue in the absence (5} or in the presence (L4} of
L-ascorbate or DTT. At low pH, all mutant samples were
normalized against Lascorbate, and at neutral pH, all
samples were nommalized against DTT.

ROC measurement

it-Alkyl-poly(ethylene glyeol)/ n-alkyl alcohol misture®
was chosen to prepare the liquid crystalline medium for
RDC experiments; 5% C8SES and 1-octanol were mixid
with PBS buffer at pH 25 or 7.4, The molar ratio of CSES
and 1-octanol is 1.05. The quadrupolar deuterium splitting
constants are 23.8 and 2.7 Hz at pH 7.4 and 2.5, res-
pectively, High-resolution HSQC_IPAP spectra in the
absence or in the presence of an alignment medium
were collected at 15 °C with complex points of 2048
(fx) =512 () and 16 transient scans.

REMD simulations

REMD™ simulations were used o generate the con-
formational ensembles of a-synuclein at low and neutral
pH. In this method, a number of simulations (replicas) are
run in paralle]l over a specified temperature range. The
adjacent replicas (T; and T)} are allowed to exchange
}verincli.cnllf, with an acceptance criterion based on the
ollowing Metropolis transition probability:

W{T, Ty} {1, T} =min(1, exp [ (8, - £,) (£ - £)])

where By =1/KTg and Egy is the potential energy of the
ith (jth) replica. This method provides canonical prob-
ability distributions for the ensembles over the specified
temperature range.” The REMD method has been
implemented in the IMPACT simulation package.™ The
simulations were performed using the AGBENP implicit
solvent™ mode] and the OPLS-AA force field ™

The simulation was performed lor a total of 10 ns over
20 temperatures (300, 308, 317, 325, 334, 343, 353, 362, 372,
382, 393, 403, 414, 426, 437, 449, 461, 474, 457, and 500 K),
correspanding to a total simulation tme of 200 ns. All
simulations were started with a fully extended conforma-
tion of the a-synuclein molecule, The sequence of o
synuclein, for the low-pH condition, was modified to a
state corr wding to that of the molecule under these
conditions, by protonating the side-chain carbonyl groups
of all of the addic residues (aspartates and glutamates), o-
Synuclein was also simulated with a purely repulsive
potential, in which all interactions have been tumed off
except for the repulsive part of the Lennard-Jones poten-
tal, to obtain the ensemble of structures corresponding to
the denatured or most expanded state. The 449 and 414 K
ensemblis were used for the structural characterization of
the low- and neutral-pH ensembles. These ensembles were
chosen because their hydrodynamic radii (20.1 and 305 A,
respectively) most closely makhed the experimental mea-
surements at 15 °C,

A number of analysis methods were used for the struc-
tural characterization of the low-pH ensembles, The ave-
rage size of the ensembles was determined by calculating
the hydrodynamic radii for individual struchunes using
Hydropro. ! The secondary structural assignments for the
oesynuclein ensembles were made using STRIDE' C°

chemical shifts were calculated wsing %if“til(.'“‘ The SASAs
were calculated using the program Surfv,™ The clustering
of the neutral- and low-pH ensemble structures was
performed using a hierarchical elustering method,* with
the clustering based on a distance matrix of distances
between the center of mass of the three regions of synue-
lein (N-terminus, NAC, and C-terminus), The compaction
factors for the low- amd newtral-pH condibons wene
calculated as the ratio of the average end-to-end distance
between the low (neutral) pH and the denatured state of
a-synuclein, The end-to-end distance of the denatured
state was calculated from an ensemble generated using a
purely repulsive potential, which gives the largest average
dimensions possible for the protein.
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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
a-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.

o-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 o-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 a-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 a-synuclein.

Weighted subensembles were selected based on fits to experimental parameters reflecting
the local and long-range conformational properties of a-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 a-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
o-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 a-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 a-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 a-synuclein

The physiological form of a-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 o.-
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 a-synuclein to adopt the tetrameric state, while still
debated, necessitates a reassessment of our current understanding of the native state of a-
synuclein and the key processes leading to the disease state. While this determination of

a-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 a-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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