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The conformational flexibility inherent to natively unfolded
proteins places them beyond the reach of classical structural biology.
It is, however, becoming clear that these proteins participate in a
vast range of biochemical processes,1 and that their native plasticity
bestows specific functional properties.2 In contrast to structured
proteins, intrinsically unfolded proteins must be described by an
ensemble of interconverting conformers. Residual dipolar couplings
(RDCs)3 report on time and ensemble-averaged conformations up
to the millisecond time scale4 and can, therefore, be used to
characterize both the structure and dynamics of unfolded proteins.5

In this study, we present a novel interpretation of RDCs that
simultaneously describes long-range structural order and local
conformational sampling. This approach is used to describe the
structure and dynamics ofR-Synuclein (RS), a 140 amino acid
protein found in human brain and strongly implicated in the onset
of Parkinson’s disease (PD).6

Recent studies have shown that nativeRS presents a more
compact structure than expected for a completely unfolded chain,
and this compactness has been linked to inhibition of fibrillation,
due to burial of the NAC domain.7-9 A network of transient long-
range contacts has been proposed from the observation of relaxation
enhancement (PRE) in the vicinity of a series of spin labels
distributed along the chain.7,8 RDCs have also been measured in
RS, providing important complementary information about the
structural response to different experimental conditions7 and, in
particular, showing that long-range interactions are perturbed in
familial mutants ofRS linked to PD.10 Here we demonstrate the
use of RDCs to study both short- and long-range interactions inRS.

Our approach to the interpretation of RDCs in unfolded proteins
is to generate a statistical ensemble of coil conformations and
calculate averaged RDCs over the entire population.11 To achieve
this, we have developedflexible-meccano, an algorithm that
sequentially builds peptide chains using randomly selectedφ/ψ pairs
drawn from a database of amino acid specific conformations present
in loop regions of high-resolution X-ray structures.12 A simple
volume-exclusion model is used to avoid steric overlap.13 The
alignment tensor is predicted14 for each complete conformer on the
basis of hydrodynamic shape,15 and associated RDCs are calculated
for each NH vector with respect to this tensor. RDCs from each
site are then averaged over 50 000 conformers to ensure conver-
gence.

RDCs predicted fromRS are compared to experimental data in
Figure 1.7 Close agreement is found for the central region (residues
30-110). This underlines the observation that the range and fine
structure of RDCs measured in unfolded proteins can be accurately
predicted on the basis of local, amino acid specific conformational
propensity.11 RDCs from urea-unfoldedRS are also in broad
agreement with these ensemble-averaged values.16 In native RS,

however, the RDC profiles in the N and C-terminal regions deviate
significantly from simulation, suggesting the existence of more
complex conformational behavior. The striking distribution of RDCs
measured in these regions has indeed been attributed to long-range
contacts involving the C-terminal, NAC (61-95), and N-terminal
domains.7

We have investigated the presence of tertiary contacts by creating
conformational ensembles that fulfill distance constraints between
âC atoms at specified positions in the primary sequence. The
relevance of long-range interactions between different parts of the
protein was systematically tested by dividing the 140 amino acid
chain into 7 20-residue strands 1-20, 21-40, etc. Theflexible-
meccano procedure was repeated, and conformers were only
accepted if aâC from one of the 20-residue domains was less than
15 Å from aâC from the other specified domain. Adjacent domains
give identical profiles to those in Figure 1, as close contacts between
neighboring domains will always be fulfilled, leaving 15 indepen-
dent ensembles of 50 000 conformers containing contacts between
the different regions. The resulting profiles of averaged RDCs were
compared to experimental data and fit to experimental profiles by
varying a single scaling factor over the whole sequence.

ø2 values resulting from this procedure are shown in Table 1,
and examples of different ensemble averages shown in Figure 2.
The distribution of experimental RDCs is closely reproduced
throughout the sequence when contacts between the N- and
C-terminal regions 1-20 and 121-140 are present. This is true
using both alcohol and Pf1 phage alignment.16 Additional calcula-
tions were performed, implicating more specific contacts between
these two regions, by further dividing domains 1-20 and 121-
140 into 10 and 5 residue segments. The ensemble with contacts
between regions (6-10) and (136-140) best reproduces the data

Figure 1. Ensemble-averaged RDCs simulated (red) without long-range
contacts and (blue) experimental in (A) Pf1 bacteriophage and (B) lyotropic
media (see ref 7). Simulated data are scaled to maximize fit in the region
22-112. For illustration purposes, the RDC sign is inverted compared to
conventions found in, for example, ref 19.
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from both alignment media. The net charge of region 6-10 is+2
(K6, K10) and that of region 136-140 is -2 (E137, E139),
indicating that the strongest interaction may be electrostatic.7

Varying the interaction distance constraint from 15 to 25 Å induced
negligible difference in calculated RDCs.

The agreement of experimental and simulated RDCs along the
whole sequence for conformational sub-ensembles containing a
contact between the N- and C-terminal domains is striking. The
local structure found in the C-terminus corresponds to the presence
of three prolines and numerous bulky side chains that combine to
induce increased order that is accentuated in the regions implicated
in the long-range contact. The results indicate that the proposed
contact is present in nativeRS in solution, although they do not
exclude the presence of other contacts within the same conformer.
Indeed, a model with simultaneous 15 Å contacts between the
C-terminal domain and regions 1-20 and the NAC domain fits
the data almost as closely (ø2 ) 59, data not shown). These results
are therefore complementary to PRE-based detection of long-range
contacts inRS.7,8 The existence of long-range contacts between

the N- and C-termini is supported by the observation of enhanced
fibrillation rates upon addition of polyamines, on acidification, with
increasing ionic strength, and in site-specific mutants10 as well as
deletion of the C-terminus ofRS.17 Under these conditions, an
electrostatic interaction between the terminal domains may be
disrupted, resulting in increased solvent accessibility of the
hydrophobic NAC domain, provoking onset of fibrillation.18

The structural model proposed here indicates that two features
are required to describeRS in solution: local conformational
fluctuations based on random sampling of residue-specificφ/ψ
distributions, and long-range contacts between domains that are
distant in primary sequence. Inclusion of both aspects accurately
reproduces nonaveraged couplings measured inRS. The model is
validated from RDCs predicted from the shape of each conformer
approximated as an ellipsoid.15 An atomic resolution approach to
alignment prediction14 may deliver more precise detail, and we are
currently actively investigating this possibility. Although RDCs have
previously been shown to report on local conformational preferences
in unstructured proteins,11,19this study demonstrates their additional
sensitivity to long-range order in highly flexible systems. The
demonstration that RDCs can be accurately reproduced using simple
models of local and long-range structure has important implications
for our understanding of the conformational behavior of unfolded
proteins in solution.
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Table 1. Effect of Long-Range Contacts on Capacity of
Conformational Ensembles to Reproduce Experimental RDCs from
RS

segment 41−60 61−80 81−100 101−120 121−140

1-20 141a 117 120 89 55
21-40 129 119 99 71
41-60 132 140 118
61-80 143 156
81-100 181

a Figures denoteø2 )∑(1Dij ,calc - 1Dij ,meas)2 that compares experimental
RDCs measured inRS aligned in Pf1 phage with calculated averages over
50 000 conformers having long-range contacts (<15 Å) betweenâCs in
the specified ranges. Adjacent domains are equivalent to ensembles with
no specified contact shown in Figure 1 (ø2) 129) and are not shown.

Figure 2. (A-E) Comparison of experimental1DNH (blue) and simulated
from long-range contact ensembles (red). Contact regions are indicated by
bars. (A) (1-20, 41-60); (B) (21-40, 81-100); (C) (41-60, 101-120);
(D) (61-80, 121-140); (E) (1-20, 121-140).
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