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Abstract: Intrinsically disordered proteins (IDPs) are predicted to represent a significant fraction of the
human genome, and the development of meaningful molecular descriptions of these proteins remains a
key challenge for contemporary structural biology. In order to describe the conformational behavior of IDPs,
a molecular representation of the disordered state based on diverse sources of structural data that often
exhibit complex and very different averaging behavior is required. In this study, we propose a combination
of paramagnetic relaxation enhancements (PREs) and residual dipolar couplings (RDCs) to define both
long-range and local structural features of IDPs in solution. We demonstrate that ASTEROIDS, an ensemble
selection algorithm, faithfully reproduces intramolecular contacts, even in the presence of highly diffuse,
ill-defined target interactions. We also show that explicit modeling of spin-label mobility significantly improves
the reproduction of experimental PRE data, even in the case of highly disordered proteins. Prediction of
the effects of transient long-range contacts on RDC profiles reveals that weak intramolecular interactions
can induce a severe distortion of the profiles that compromises the description of local conformational
sampling if it is not correctly taken into account. We have developed a solution to this problem that involves
efficiently combining RDC and PRE data to simultaneously determine long-range and local structure in
highly flexible proteins. This combined analysis is shown to be essential for the accurate interpretation of
experimental data from a-synuclein, an important IDP involved in human neurodegenerative disease,

confirming the presence of long-range order between distant regions in the protein.

Introduction

The realization that a large fraction of functional proteins
encoded by the human genome are intrinsically disordered or
contain long disordered regions has revealed a fundamental
limitation of classical structural biology.'~* Intrinsically disor-
dered proteins (IDPs) are functional despite their lack of well-
defined structure, imposing a new perspective on the relationship
between primary protein sequence and function and necessitating
the development of an entirely new set of experimental and
analytical techniques.>® The importance of developing new
methodologies to study these proteins is underlined by the fact
that IDPs are associated with many human diseases, including
cancer, cardiovascular disease, amyloidosis, neurodegenerative
disease, and diabetes.

NMR spectroscopy is exquisitely suited to the study of IDPs,’
primarily because heteronuclear chemical shift assignment
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remains possible even for very large disordered proteins.® NMR
analysis can then be used to precisely study the specific local
conformational preferences that encode biological function.” "
In spite of their highly dynamic nature, IDPs also exhibit
transient or persistent long-range tertiary structure that may be
related to biological activity (e.g., via so-called fly-casting
interactions'?) or simply confer protection from proteolysis or
amyloidosis. It is precisely the transient nature of such contacts
that precludes straightforward NMR detection using standard
techniques such as 'H—'H cross-relaxation. However, long-
range information can be measured via the effects of dipolar
relaxation between the observed spin and an unpaired electron,
which can be artificially introduced into the protein by attaching
a nitroxide group to a strategically placed cysteine mutant.'*'*
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The gyromagnetic ratio of the electron spin is sufficiently high
that the observed line broadening due to the paramagnetic
relaxation enhancement (PRE) affords sensitive long-range
probes of intra- and intermolecular distances and distance
distribution functions. The interpretation of experimental PREs
can be relatively straightforward in the case of folded proteins,
where an assumption of a static probe localized at a single point
in space can be applied to extract approximate distance
constraints.'® It has also been shown that simple modeling of
spin-label side-chain mobility in terms of an average over three
positions can significantly improve the accuracy of the distance
information.'® Detailed information about transient encounter
complexes and their role in protein—protein interactions can
also be extracted by combining paramagnetic effects and
ensemble-averaged restrained molecular dynamics (MD).!"~1?

In the case of partially folded and unfolded proteins,
paramagnetic effects are particularly powerful, as the interactions
are sufficiently strong to allow the identification of fluctuating,
weakly populated tertiary structural contacts. In this case, the
treatment of the intrinsic dynamics of the system is of consider-
able importance. PREs have thus been interpreted in terms of
average distance restraints between the unpaired electron and
the observed spin, and these distances have been incorporated
directly as constraints into restrained MD or ensemble-averaged
restrained MD approaches.”® "7 Explicit relaxation rates can
also be incorporated as constraints,?® and more recently, PREs
have been interpreted in terms of probability distributions.?®>**°
PRE:s can also be used to select representative ensembles from
a large pool of possible conformers.®'

In this study, we have applied to the interpretation of PRE
data from disordered proteins a recently introduced approach
for modeling highly dynamic and disordered systems that derives
explicit molecular ensembles on the basis of experimental data.

Ensemble selection is based on the creation of a large number
of conformers using an amino acid-specific random coil database
known as flexible-meccano.** Flexible-meccano allows for very
efficient restraint-free sampling of the available conformational
space and was initially demonstrated and refined to provide
structural ensembles in agreement with experimentally measured
NMR and small-angle X-ray scattering (SAXS) data.’>** In
parallel, the ensemble selection algorithm ASTEROIDS has
been developed to directly determine appropriate regions of
conformational space populated by the IDP through selection
of conformers from the flexible-meccano ensemble using
inferential analysis of experimental NMR data.** To date, the
approach has been applied to experimental measurements that
depend essentially on local structural behavior, such as residual
dipolar couplings (RDCs) and chemical shifts.** Here we have
adapted the approach to incorporate the interpretation of PREs.
In order to allow for flexibility of the spin label with respect
to the backbone conformation, explicit rotameric libraries that
have been parametrized against experimental electron spin
resonance (ESR) measurements and MD simulations*® are
used to map the allowed position of the electron spin. We
then account for the dynamics of the electron spin within
this envelope by evoking a model for the autocorrelation
function of the relaxation-active interaction that was origi-
nally proposed for the interpretation of 'H—'H cross-
relaxation effects.*® This allows the motion of the relaxation-
active dipole—dipole interaction between the electron spin
and the observed nucleus to be modeled for each conformer
in the ensemble.

The observation that RDCs can be measured in disordered
proteins has been followed by the rapid development of
techniques for interpreting experimental data in terms of local
structure.*8404147760 Comparison of experimental data with
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predictions from calculated ensembles of random-coil conform-
ers has indicated that RDCs are sensitive to amino acid-specific
backbone dihedral angle distributions. The ability to define
random-coil RDC values has led to first the identification and
then the quantification of the level of secondary structure
propensity in IDPs, initially by comparison with ensemble
averages reporting on different sampling regimes™~** and more
recently by using RDCs to determine conformational sampling
on an amino acid-specific basis using ASTEROIDS.* In the
latter case, a highly efficient local alignment window (LAW)
approach to the simulation of RDCs was used to account for
local-sampling and near-neighbor effects.**> This demonstrated
that in order to correctly define the conformational behavior
for a LAW with a length of 15 amino acids, at least 200
structures are needed to average the RDCs.* In addition, it was
noted that in contrast to chemical shifts and scalar couplings,
RDCs are also sensitive to the degree and nature of transient
long-range order, and even in the absence of specific contacts,
it was found to be necessary to combine the local prediction
from the LAWSs with a generic baseline profile along the primary
sequence that accounts for the chainlike nature of the protein.

In this study, ASTEROIDS and flexible-meccano were
adapted to allow for transient long-range order and combined
with experimental PREs to determine an ensemble description
of a-synuclein, a paradigm of the IDP family, whose confor-
mational properties in free solution have been characterized
extensively using NMR spectroscopy and associated biophysical
techniques.?*?*2617%6 We demonstrate that even in the pres-
ence of highly diffuse, ill-defined target interactions, explicit
modeling of spin-label mobility significantly improves the
prediction of experimental data not used in the analysis. We
also show that even weak intramolecular interactions can induce
a severe distortion of the expected RDC values that compromises
the description of local conformational sampling if not correctly
taken into account. The expected modulation of the RDCs is
parametrized in such a way that it can be analytically introduced
into the predicted RDC profile, and we demonstrate that
incorporation of long-range contacts from the PRE-derived
ensemble significantly improves the prediction of experimental
RDCs from a-synuclein.* This novel approach allows for the
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direct and efficient introduction of long-range contacts into
ensemble-averaged RDCs and provides for the simple and
powerful combination of RDCs and PREs into a single ensemble
description.

Theoretical Aspects

Dynamic Averaging of PREs. IDPs are highly flexible on
diverse time scales, and this flexibility must be taken into
account in the analysis of the measured PREs. The transverse
relaxation rate due to the presence of the unpaired electron, I,
can be expressed as follows:®’

2

Ir,= s\a

(#0) Vi 8ot S(s. T DIAIO0) + 3J(@y)] (1)
where g. is the electron g-factor, yy is the gyromagnetic ratio
of the observed nucleus (proton), s. is the electron spin, wy is
the proton frequency, ug is the Bohr magneton, and u is the
permittivity of free space. It has been shown'**S that the spectral
density function J(w) can be described using a model-free
expression of the order parameter comprising the orientational
and distance-dependent components of the internal motion, both
of which strongly depend on the motion of the spin label with
respect to the observed nuclear spin:

Sieele | (1= Sh)
J@) =y + @)
e+ 't} 1+ ot

where the order parameter S_. describes the motion of the
dipolar interaction vector, 7. = 7,7/(7, + 7,) is defined in terms
of the electron spin and rotational correlation times 7, and 7,
respectively, 7. is given by the expression 7. = 1/(t; ' + 7,7!
+ 7,71, in which 7; represents the effective correlation time of
the spin label, and ry— is the instantaneous distance between
the proton and electron spins. The order parameter can be
usefully decomposed into radial and angular components as

Slz—{fe = SingSrzad (33)
where
Sta = (e O e ) (3b)
and
S 4” 2 KY(Q )P (3c)
m=-2

in which Q™! refers to the orientation of the interaction vector
in the frame of the flexible-meccano conformer. These expres-
sions are used to calculate the effective transverse relaxation
rate for each backbone conformation produced with the flexible-
meccano algorithm.

The electron spin label is attached to the molecule via a thiol-
reactive methanethiosulfonate (MTSL) attached to a cysteine
side chain. MTSL conformations are built explicitly for each
flexible-meccano backbone conformer by randomly sampling
known rotameric descriptions.*> Only conformations that do not
result in steric overlap with the remainder of the chain are
retained in the N-conformer ensemble that is used to represent
the position of the side chain. Thus, for each backbone

(67) Solomon, 1. Rlikes. 1955, 99, 559-565.
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Figure 1. Representation of the possible nitroxide spin label positions relative to the backbone of individual structures calculated using the conformational
sampling algorithm flexible-meccano. Two representative conformers are shown. The positions of the heavy atoms are represented by the blue ribbon, while
allowed MTSL side-chain positions are shown in red for each of four paramagnetic probes used in the o-synuclein study (amino acids 18, 76, 90, and 140).
Previously proposed MTSL rotameric libraries*> were randomly sampled for a total of 600 conformers for each site. Each position was retained and included
in the averaging procedure if no steric clashes were found with respect to the given backbone conformation.

conformation, the MTSL side chain is represented by a
population-weighted sampling of the available rotameric states.
The effective relaxation rate for each amide proton is taken as
the average of the rates T'4". for the N retained flexible-meccano
conformers:

N
rtzotal — ]%Erzr’ri (4)
c=1

Effective intensities are then calculated as described in Methods.

The assumption made here are that the interconversion
between different side-chain conformations is independent of
(and faster than) the interconversion between different discrete
conformers. In common with previous applications,>*® we
estimated 7. to be 5 ns, and the internal motion describing the
sampling of the different side-chain conformations was assumed
to have a correlation time of 500 ps. This is in broad agreement
with values derived from earlier MD/ESR-based studies,®® and
we note that changing the internal correlation time by a factor
of 2 in either direction had no noticeable influence on the
resulting analysis.

Figure 1 shows the possible positions of the spin label for
each of four paramagnetic probes attached to cysteine mutants
of the protein a-synuclein in two flexible-meccano conformers
(amino acids 18, 76, 90, and 140, which are the positions used
in the experimental study).?® The spin label can clearly occupy

(68) Sezer, D.; Freed, J. H.; Roux, B. juufissssitias. 2008, /28, 165106.
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a large volume space that could potentially affect the effective
relaxation behavior of the observed spins.

Results and Discussion

Our aim in this study was to analyze the effects of long-
range transient contacts on experimentally observable NMR
parameters from unfolded proteins and to develop a formalism
that allows their use for the meaningful characterization of both
local and long-range structure in these highly flexible systems.
In order to do this, we initially used molecular simulations to
investigate the expected effects in systems with either one or two
dominant long-range contacts. Although these simulated systems
were intentionally oversimplified for the sake of clarity, the
application of the observed results to more complex networks of
long-range transient interactions is expected to be straightforward.

Paramagnetic Relaxation Enhancement in Highly Disordered
Systems: Simulation. We initially determined whether it is
possible to detect weakly specific long-range interactions via
the combined ASTEROIDS and flexible-meccano analysis
applied to simulated PREs. Figure 2 shows PREs calculated
for a simulated model protein of 100 amino acids with
paramagnetic spin labels attached at positions 20, 40, 60, and
80 (red bars). In Figure 2a, each conformer contains a contact
between 41—50 and 81—90. The definition of a contact is given
in Methods. The solid line shows the expected broadening in
the absence of specific contacts (the reference ensemble where
all conformers are allowed). We note that the effective broaden-
ing, even in the absence of specific contacts, is quite significant
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Figure 2. Reproduction of simulated sample PRE data for ensembles containing specific contacts using the ASTEROIDS ensemble selection algorithm.*?
(a) Blue: data averaged over the target ensemble in which each conformer has a contact between 41—50 and 81—90. Red: data averaged over an ensemble
of 80 structures selected using ASTEROIDS. The four boxes show the PRE data for simulated spin labels at residues 20 (top left), 40 (top right), 60 (bottom
left), and 80 (bottom right). Lines show the PREs calculated from a control ensemble with no specific contacts. (b) Blue: as in (a) for a target ensemble in
which each conformer has a contact between 11—20 and 61—70. Red: data averaged over an ensemble of 80 structures selected using ASTEROIDS.

as a result of the large volume space sampled by the spin label.
Figure 2b shows a similar representation of an ensemble with
contacts between positions 11—20 and 61—70. The ASTEROIDS
algorithm targeting these simulated PREs was then used to select
80-member conformational ensembles from a pool of 10 000
structures without specific contacts calculated using the flexible-
meccano Monte Carlo sampling approach (see Methods). The
resulting ensembles reproduced the simulated PREs well, as
shown by the blue bars in Figure 2. It should be noted that
these simulations used examples that were quite demanding,
with 20% of the chain involved in weakly specific contacts.
These simulations nevertheless represent a reasonable reproduc-
tion of the situation that one may encounter when studying
intrinsically disordered or partially folded proteins, with long-
range interactions occurring between strands carrying comple-
mentary electrostatic charge or containing hydrophobic side-
chains. It was therefore of interest to determine whether the
broad averaging effects predicted from such a simulation would
allow the extraction of meaningful information concerning the
long-range contacts.

ASTEROIDS Reproduces the Overall Biophysical Features
of the Target Ensemble. Figure 3 shows the effective contacts
present in the ASTEROIDS ensembles that matched the
simulated data. This representation compares interatomic (C*)
distances present in the reference ensemble with those in the
selected ensemble (see Methods). The contacts that were used
to simulate the data are well identified in both cases. The exact
values of the distances were not reproduced (the distances were
underestimated), but this is not considered a serious drawback
in view of the ill-defined nature of the contact. We also
compared the overall distributions of the selected ensembles
relative to the reference ensemble. Figure 4 shows that the
ASTEROIDS ensemble of structures selected using the simu-
lated PREs from the ensemble containing contacts between
regions 11—20 and 61—70 (Figure 2b) reproduced the
distribution of the radiii of gyration (R,) for members of the
target ensemble quite closely. The average R, of the ASTER-
OIDS ensembles increased slightly with increasing number of
structures, from 21.3 A for the 80-member ensemble to 21.7 A
for the 160-member ensemble, compared with 22.6 A for the
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Figure 4. Ability of the ASTEROIDS approach to accurately reproduce
70 o6l the distribution of radii of gyration (R,) in the selected ensembles. (a)
i Histogram showing the overall dimensions of the structures in ASTEROIDS
o 60 ensembles selected on the basis of PREs shown in Figure 2b (contacts
3 0.4l between 11—20 and 61—70). Blue: distribution of R, in ensembles of size
B 50 ' 80 (average R, = 21.3 A). Red: distribution of radii of gyration in ensembles
o 40 of size 160 (average R, = 21.7 A). (b) Distribution of R, for a set of 2000
0.2 structures from the target ensembles in which all of the structures contain
30 i a contact between 11—20 and 61—70 (average R, = 22.6 A).
20 0 and 61—70 or between 141—150 and 181—190. Simulated data
10 from eight paramagnetic probes allowed ASTEROIDS to
0.9 accurately and unambiguously find both contacts (Figure 5).
10 20 30 40 50 60 70 80 90 100 The simulated target and fitted data from the eight sites are
Hesidys shown in Figure S1 in the Supporting Information.

Figure 3. Contact maps showing chain proximity in the ensembles selected
using ASTEROIDS on the basis of the data shown in Figure 2 (above the
diagonal) in comparison with target ensembles (below the diagonal). In
(a), the contact was between 11—20 and 61—70, while for (b), the contact
was between 41—50 and 81—90. The scale for the data above the diagonal
in each panel has been multiplied by a factor of 0.50 for ease of identification
of the contact.

target ensemble. The previously noted tendency of PRE-based
analysis to produce unrealistically compact ensembles of
unfolded states, although present, was apparently less pro-
nounced using the combined ASTEROIDS and flexible-meccano
approach than in the case of restrained MD-based studies.”®”2®
The exact origin of this observation is not clear and will require
further comparative studies, but the improvement may be related
to the explicit modeling of side-chain flexibility or to the fact
that this approach uses the data to select representative
ensembles rather than fitting the conformational sampling
directly to the data.

We tested the ability of the combined ASTEROIDS and
flexible-meccano approach to reproduce more than one contact.
Clearly, the accuracy of this reproduction depends strongly on
the number of paramagnetic probes and their specific distribution
in the protein as well as the nature of the contacts (diffuse or
well-defined). We performed an additional simulation, in this
case for a protein containing 200 amino acids, where the target
ensemble consisted of conformers with a contact between 11—20

8412 J. AM. CHEM. SOC. = VOL. 132, NO. 24, 2010

Paramagnetic Relaxation Enhancement in Highly Disordered
Systems: Experimental Data. In order to test the ensemble
selection procedure further, we applied this approach to an
experimental data set measured by Bertoncini et al.>® for the
intrinsically disordered protein a-synuclein. We employed these
experimental data to determine how the use of an explicit
flexible side-chain description of the spin label compares to
using a fixed single position for each flexible-meccano con-
former. In order to do this, we used ASTEROIDS to select
ensembles based on the PRE data from cysteine mutants 18,
90, and 140 and then used these ensembles to predict the PREs
measured for the spin label at position 76. It should be noted
that this involved removing 25% of the available experimental
data. The ensembles determined using a flexible side-chain
description and a static side-chain description both fit the
experimental data from the three “active” labels to within the
experimental uncertainty, with the flexible side-chain model
affording a slightly better fit (data not shown). More importantly,
the reproduction of the “passive” data (i.e., the data not used in
the ensemble selection) was systematically and significantly
better when the flexible side-chain model was employed: the
root-mean-square deviation (rmsd) for the flexible side-chain
model was 0.17 £ 0.01, compared with an rmsd of 0.24 £ 0.02
for the static description. An example is shown in Figure 6,
where the data reproductions of the PREs induced by the spin
label at position 76 are compared for the two descriptions. This
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Figure 5. Contact map showing chain proximity in the presence of two
contacts. Above the diagonal: contact map for an ASTEROIDS ensemble
selected to reproduce simulated PRE data averaged over an ensemble in
which each 200 amino acid conformer has a contact between 11—20 and
61—70 or between 141—150 and 181—190. In this case, eight PRE sites
were simulated (sequence numbers 22, 44, 66, 88, 110, 132, 154, and 176).
Below the diagonal: contact map for the target ensemble used to simulate
the PRE data. The scale for the data above the diagonal has been multiplied
by a factor of 0.66 for ease of identification of the contact.

example was chosen at random and is representative of the
observed improvement. This result demonstrates the importance
of incorporating local MTSL side-chain dynamics into the
ensemble interpretation of the PREs, even for highly dynamic
systems. These motions are predicted to occur on a relaxation-
active time scale*” and therefore require the use of the model-
free or equivalent description that can explicitly account for
the effect of local motions on the spectral density function. If
fast motions of the spin label relative to the backbone are not
included in the analysis, time-scale-dependent modulation of
the observed relaxation interaction may be aliased into the
effective intramolecular distance distribution.

The quality of the cross-validated data reproduction using
the dynamic description allowed us to use this approach to probe
the optimal number of structures required to describe the
ensemble. This number depends on the complexity of the system

Figure 7. Ensemble characteristics as a function of selected ensemble size,
targeting experimental PRE data measured in a-synuclein. (a) Average
radius of gyration as a function of the number of structures in the selected
ensemble. (b) %2 for the passive data as a function of the number of structures
in the selected ensemble. The passive data in this case consists of the entire
A76C data set. Only data from A18C, A90C, and A140C were used in the
ensemble selection for the cross-validated reproduction of the “passive”
data set. (c) y? for the active data as a function of the number of structures
in the selected ensemble.

(including the number of long-range contacts) as well as the
number and position of the spin labels, but in this case, both
the active and passive y? values indicated that ensembles of
~200 structures were appropriate (Figure 7). This was supported
by analysis of the effective radius of gyration, which rises until
it reaches a plateau at approximately the same number of
structures. Figure 8 shows the data reproduction when data from
all four sites were included in the analysis; also shown is the
resulting contact map comparing average interatomic distances
in the ensemble with those from a control ensemble in which
no selection on the basis of experimental data was made. In
line with previous studies, a long-range contact between the C-
and N-terminal domains was observed as well as a weaker
contact between the so-called NAC region (residues 65—95)
and the C-terminal domain.??%%
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Figure 6. Cross-validation of “passive” o-synuclein PRE data. Only data from A18C, A90C, and A140C were used in the ensemble selection. (a) Example
of the reproduction of the PRE data from the A76C site using the static position of the C# atom as a representation of the average position of the spin label.
(b) Example of the reproduction of the PRE data from the A76C site using the explicit MTSL side-chain dynamic averaging model described in the text. In
both cases, the experimental PREs are shown in red and the calculated ratios in blue.
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Figure 8. Reproduction of PRE data measured for a-synuclein. (a—d) Comparison of (red) experimental and (blue) ensemble-averaged data for an example
calculation. (e) Resulting contact map showing the relative proximity of different parts of the chain.

Effects of Weak Long-Range Contacts on RDCs Measured
in Highly Disordered Systems. In order to obtain a unified
representation of the behavior of disordered proteins in solution,
it is necessary to incorporate data from different sources that
exhibit different structural and dynamic dependences. Here we
investigate the effects of weak long-range contacts on the
expected values of RDCs that are generally assumed to report
mainly on local conformational propensities in disordered chains,
and we propose appropriate guidelines for combining PREs and
RDCs when using ensemble descriptions of flexible proteins.

The flexible-meccano approach was used to predict RDCs
from 100 000-member ensembles of the 100 amino acid model

8414 J. AM. CHEM. SOC. = VOL. 132, NO. 24, 2010

sequence in the presence of weakly defined long-range contacts
(Figure 9). The expected profiles when no specific contacts were
present are also shown (Figure 9a). Figure 9b—g shows profiles
of the expected "'N—"HN (! Dyy) and *C*—"H* (!D¢opg) RDCs
when a contact between two 20 amino acid strands (e.g., regions
1—20 and 81—100) was present. The effect of even such diffuse
long-range contacts is surprisingly strong, resulting in significant
quenching of the RDC values in regions between the two contact
regions and some reinforcement of RDCs in the region of the
contacting parts of the chain. Amino acids in all regions had
essentially identical conformational sampling in all cases, but
the RDCs were very different, indicating very clearly that
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Figure 9. Simulation of 'Dyy and 'Dcgue RDC profiles for a disordered protein with an arbitrary sequence in the presence of contacts between different
sections of the chain. (a) Profile of couplings in the absence of specific contacts. The program PALES was used to calculate RDCs for each conformer;
100 000 conformers were used in this average and the ones shown in panels (b—g). (b—g) Profiles of couplings in the presence of contacts between regions
iand j: (b) i = 120, j = 41-60; (c) i = 1-20, j = 61—80; (d) i = 1—20, j = 81—100; (e) i = 21—40, j = 61—80; (f) i = 21—40,j = 81—100; (g) i =
41—60, j = 81—100. The two continuous red bars above each plot indicate the positions of the contacting regions.

caution needs to be exercised when interpreting RDCs uniquely
in terms of local structure if long-range contacts are also present.
This would potentially lead to significant error in the cases
shown in Figure 9.

In order to further clarify the origin of these effects, the same
analysis was carried out for a homopolymer (polyvaline),
resulting in the expected bell-shaped curve for the ensembles
without contact-specific selection (Figure 10a) and clear modi-
fications occurring for the ensembles with specific contacts
(Figure 10b—g). The effect of diffuse long-range contacts is
apparently to superpose a more complex baseline upon the local
structure of the expected RDCs. This baseline has peaks in the
interacting regions and a trough in the intervening region. We
believe that the effect has a similar origin as that found in the
presence of helical elements in disordered chains, where 'Dyy
values become positive as a result of the effective average
alignment of the "’N—'HN bond vectors with the average chain
direction and thereby the magnetic field.°® The same effect may
occur here, although in this case, the helix has a very long period
in terms of amino acids and therefore would create a very broad
inverted curve relative to the bell-shaped curve, whose shal-
lowness depends on the distance between the interacting
segments, as observed from the numerical simulation.

Parametrization of the Effect of Long-Range Contacts on
RDC:s in Disordered Systems. It has previously been shown that
RDCs from unfolded chains with no specific interacting regions
can be expressed in terms of the product of a generic baseline,
b, and RDCs derived from sampling of conformational space
that can be defined using short local alignment windows
(LAWS): 3243

Dml = |bml|DLAW (5)

ml

where m and [ represent the pair of nuclei (e.g., N and HY). In
Figure 10, the red curves were obtained using the parametriza-
tion of a generic baseline expression that reproduces the
numerically predicted baselines shown for the polyvaline chain
(see Methods for the full expression). This can be described as
a combination of the baseline expression for no specific contacts
(a hyperbolic cosine function introduced previously*®) with
Gaussian curves between the contact points. Importantly, the
curves depend only on the position of the contacts and the length
of the chain.

This expression can then be combined with RDCs predicted
using LAWs accounting for short-range conformational behav-
ior. This is illustrated in Figure 11, where the LAW-derived
profile (Figure 11b), which was calculated using 200 structures,
is combined with the baseline predicted for long-range contacts
between segments 41—60 and 81—100 (Figure 1la). The
prediction agrees essentially identically with the explicit simula-
tions calculated using 100 000 conformers containing the
required contact (Figure 11c). In the case of more than one
contact (as shown in Figure 5, for example), the baseline effects
are combined as shown in eq 11 and can again be shown to
accurately reproduce the effects simulated from explicit averages
over 100 000 conformers containing these contacts (see Figure
S2 in the Supporting Information).

Simultaneous Analysis of PRE-Derived Long-Range Contacts
and RDC-Derived Local Information. The above results show
that it is possible in principle to combine PRE-derived long-
range information with RDC-derived local information while
accounting for possibly significant long-range effects on RDCs
and preserving a relatively small number of structures. This latter
point is of particular importance when using ensemble selection
approaches. In order to test this possibility further, we analyzed
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Figure 10. Simulation of RDC profiles for a homopolymer (polyvaline) in the presence of contacts between different sections of the chain. (a) Profile of
calculated couplings in the absence of specific contacts. The program PALES was used to calculate RDCs from each conformer; 100 000 conformers were
used in this average and the ones shown in panels (b—g). (b—g) Profiles of couplings in the presence of contacts between regions i and j: (b) i = 1—20,
Jj=41-60; (c) i = 1-20, j = 61—80; (d) i = 1-20, j = 81—100; (e) i = 21—40, j = 61—80; (f) i = 2140, j = 81—100; (g) i = 41—60, j = 81—100.
The two continuous bars above each plot indicate the positions of the contacting regions. The red curves were computed using eq 11 with the contact

positioned in the center of each region.
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Figure 11. Example of the combination of analytically calculated baselines and RDCs averaged using the local alignment window (LAW) approach. (a)
Baseline contribution calculated analytically using eq 11 for contacts between the regions centered on residues 50 and 90. (b) RDCs calculated using the
previously proposed LAW approach with windows 15 amino acids in length; each RDC was averaged over 200 structures. (c) Combination of the baseline
from (a) and the local RDCs from (b) (red curves) compared to the RDCs averaged over 100 000 full-length conformers in which each structure has a

contact between 41—60 and 81—100 (black curves).

the ensembles presented in Figure 3, where the target contacts
were between positions 11—20 and 61—70 and between
positions 41—50 and 81—90. The contact matrices were analyzed
to find the maximum of the difference between the PRE-derived
ensemble and the reference ensemble containing no specific
contacts (see Methods). The results are shown in Figure 12. In
Figure 12a, the red and blue curves indicate the RDC baselines
derived using this approach (calculated using eq 11), and the black
curve shows the ' Dny RDCs calculated using the LAW approach.
In Figure 12b,c, the combination of the baseline and the locally
calculated RDCs is compared to RDCs calculated explicitly from
100 000 conformers, all of which fulfill the contact criterion. The
good agreement demonstrates that one can combine PREs and
RDCs in a meaningful way for the ensemble description of
disordered proteins using experimental data.

8416 J. AM. CHEM. SOC. = VOL. 132, NO. 24, 2010

Combining Experimental PREs and RDCs in o-Synuclein
Validates RDC Baseline Analysis. Finally, we applied this
analysis to the contact matrix determined on the basis of
experimental PRE data from o-synuclein (shown in Figure 8e).
Experimentally measured RDCs are shown in Figure 13a and
compared to RDCs calculated from an explicit representation
of full-length a-synuclein. The RDC baseline derived from
analysis of the contact matrix is shown in Figure 13b,
superimposed on the RDCs calculated using the LAW approach.
The two curves were combined using eq 5, and the result is
compared to the experimental data (after appropriate scaling)
in Figure 13c. The RDC profile reproduces the experimental
data significantly better than the ensemble derived in the absence
of specific contacts (rmsd of 0.52 Hz compared with 0.78 Hz).
This study therefore not only validates the predicted effects on
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Figure 12. Example of a combined analysis of PREs and RDCs in the
context of simulated data. PREs were used to determine long-range contacts.
RDC profiles were calculated using baselines determined on the basis of
PRE analysis and LAWs. Contacts were identified from distance matrices
as described in the text. The reproduction of the PREs and the resulting
distance matrix from this simulation are shown in Figures 2 and 3. (a) Black
curve: LAW-averaged RDCs. Blue curve: RDC baseline extracted from
the contact matrix shown in Figure 3a (contact between 11—20 and 61—70).
Red curve: RDC baseline extracted from the contact matrix shown in Figure
3b (contact between 41—50 and 81—90). (b) Black curve: RDCs calculated
from an explicit ensemble calculation using 100 000 conformers containing
a contact between 41—50 and 81—90. Red curve: the combination of the
LAW curve and red baseline curve shown in (a) (contact between regions
41—50 and 81—90). (c) Black curve: RDCs calculated from an explicit
ensemble calculation using 100 000 conformers containing a contact between
11—20 and 61—70. Red curve: combination of the LAW curve and blue
baseline curve shown in (a) (contact between regions 11—20 and 61—70).

RDC profiles due to long-range transient contacts in unfolded
systems but also demonstrates that PREs and RDCs can be
usefully combined in an experimental context. This provides
further support for previously published observations that RDCs
have been correctly reproduced only in the presence of long-
range contacts.™

Conclusions

In order to understand the conformational behavior of IDPs,
a molecular representation of the partially folded state is
required. Because of the very large number of degrees of
conformational freedom available to such a disordered system,
this representation should be based on extensive sets of
experimental data. Each experimental parameter is sensitive to
different aspects of the structural and dynamic behavior of the
disordered state and requires specific consideration of the
relevant averaging properties of the physical interaction. In this
study, we have taken another step toward the development of a
unified molecular representation of the disordered state by
combining complementary data sets with novel analytical tools
designed to exploit the specific conformational sensitivity of
the different experimental parameters.

Having recently demonstrated that multiple RDCs can be
combined with an efficient ensemble selection algorithm
(ASTEROIDS) to define local conformational sampling directly
from the experimental data, we have extended the approach to
incorporate the possible presence of long-range contacts. We

Figure 13. Example of a combined analysis of PREs and RDCs in the
context of experimental data: comparison of experimental 'Dyy RDCs
measured from a-synuclein aligned in PEG-hexanol with values obtained
using the combination of LAW and baseline prediction from PRE
analysis. (a) Comparison of experimental 'Dyy RDCs (blue) with
couplings calculated using a standard flexible-meccano prediction (red).
The rmsd between the two distributions was 0.78 Hz. (b) LAW-predicted
RDCs (red) and effective baseline derived from the contact map shown in Figure
8e using eq 11 (black). (¢) Combination of the curves shown in (b) (red)
compared to the experimental 'Dyy RDCs (blue). The rmsd in this case
was 0.52 Hz.

have demonstrated the use of ASTEROIDS to analyze PREs
and faithfully reproduce intramolecular proximity even in the
presence of highly diffuse, ill-defined contacts that give rise to
broad PRE profiles. We have also demonstrated that the
combination of numerical and analytical modeling of spin-label
mobility significantly improves the reproduction of the experi-
mental data. The effects of long-range contacts on RDCs have
been shown to produce severe distortion of RDC profiles
predicted on the basis of local sampling alone. We have
demonstrated that this distortion can be generally parametrized
and combined with RDC prediction based on local sampling
alone to provide an efficient and reliable tool for interpreting
RDCs in flexible chains containing preferred long-range contacts.

We thus have shown that it is possible to combine NMR data
that exhibit very different averaging properties and structural
dependences in a meaningful way, providing the perspective
of characterizing the essential local and long-range conforma-
tional characteristics of unfolded proteins using PREs and RDCs.
In the example we provided, the reproduction of experimental
RDCs from the protein a-synuclein was significantly improved
when baseline effects derived from the PRE analysis were
introduced into the analysis, demonstrating the feasibility of
combining these experimental parameters into an informative
ensemble description.

Methods

Experimental Data. Details of experimental measurements of
RDCs and PREs have been published elsewhere.?*-**

PRE Calculations with Flexible-Meccano. Sterically allowed
MTSL side-chain conformations were sampled using previously
published rotameric distributions®® and built explicitly for each spin-
label site of each flexible-meccano backbone; 600 side-chain
conformers were calculated, and the sterically allowed conformers
were retained. Relaxation effects were averaged over these con-
formers as described in Theoretical Aspects.
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Definition of Contacts. We considered a contact to be present
between two different parts of the polypeptide chain if the C# of
an amino acid in one contiguous strand (e.g., residues 11—20) was
located less than 15 A from any C? in another contiguous strand
(e.g., residues 51—60).

Contact Matrices. Average distances between sites were
represented in terms of the metric A, defined as

A; = log({d/ (dfj)) 6)

where dj; is the distance between sites i and j in any given structure
of the ASTEROIDS ensemble and dY is the distance between sites
i and j in any given structure of the reference ensemble (with no
specific selection). This metric was used to highlight a higher
propensity to form contacts than in a molecule that has no specific
contacts. It should be noted that this representation of average
interatomic distances naturally (and artificially) enhances contacts
that are further apart in the chain, so the observed contacts are
“smeared” away from the diagonal.

Contact matrices were analyzed to determine /;**, the maximum
of the difference between the PRE-derived ensemble and the
reference ensemble containing no specific contacts:

™ = max (A, @)

y ijelln] Y

The matrix was divided into segments of 5 x 5 amino acids and
searched for the highest-populated segment fulfilling the following
criterion:

0.9 < Ay = [ (8)

This approach identified the highest-populated contacting region.
The center of this region was then used to calculate the baseline
effects on the RDC profile using eq 11.

RDC Calculations with Flexible-Meccano Using a Global
Alignment Tensor. Simulated RDCs were calculated using the
program flexible-meccano interfaced to PALES.® Profiles of RDCs
in the presence of long-range order were simulated by retaining
only conformers for which the desired contact was present.

RDC Calculations with Flexible-Meccano Using a Local
Alignment Window. For calculations using a LAW, the RDC for
the central amino acid of the local 15 amino acid segment was
calculated for each individual structure.** For the terminal amino
acids, seven alanines were added to the N- or C-terminus during
the building of the protein to ensure that a 15 amino acid segment
was always present. The resulting RDC profile along the primary
sequence was calculated by averaging each value over the whole
ensemble and multiplying by the corresponding scaled absolute
value of the effective baseline given in eq 11. RDCs calculated
using full-length descriptions of the protein were averaged over
all conformers as previously described.**

ASTEROIDS Ensemble Selection. ASTEROIDS uses a previ-
ously described genetic algorithm to build a representative ensemble
of structures of fixed size N from a large database. The algorithm
selects an ensemble of NV structures by comparing with experimental
data using the following fitness function:

X;szTEROIDs = 2 (Allc{alcd - Alzxptl)z )
k

(69) Zweckstetter, M.; Bax, A. iy 2000, /22, 3791.
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where

k k
Iﬂ2,red CXp( - I_‘Z,paratm)

k k
I‘Z,red + I‘Z,para

Alk aled —

(&

(10)

in which I'> . is the paramagnetic component of the measured
relaxation rate given in eq 4, I'.q is the intrinsic transverse
relaxation rate of the observed proton spin, and t,, is the mixing
time, for which a value of 10 ms was used. The final ensemble is
obtained from generations of ensembles that undergo evolution and
selection using this fitness function. Each generation comprises 100
different ensembles of size N. Remaining parameters are treated
as previously described.

Parametrization of a Generic RDC Baseline Expression
for Transiently Contacting Chains. A generic RDC baseline
expression for transiently contacting chains can be obtained by
combining the baseline expression for no specific contacts (a
hyperbolic cosine function introduced previously**) with a Gaussian
curve between the contact points and then correcting this with
Gaussian curves in the vicinity of the contacting points. Importantly,
the Gaussian curves depend only on the position of the contacts
and the length of the chain. This results in the following analytical
expression for the baseline RDC, DB

DEL = {2b(L) cosh[—a(L)(m — my)] —
c(L)}(l — D {Ge it 4

A
(D, — S,)e’(m*nz.ﬁs,-/z)z/zaz]}) (11

where L is the length of the chain, the contact occurs between positions
ny and ny, and the sum includes all of the independent contacts i. Other
parameters are defined as follows: my = (L + 1)/2, np = (n, + ny)/2,
D = In; — nyl, and S = ny — my. The parametrizations of a, b, c,
G, H, 0, and 0 are given in the Supporting Information.
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