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1. Preface

This research habilitation focuses on the use of Nuclear Magnetic Resonance (NMR) spectroscopy
for studying intrinsically disordered proteins and their interactions at atomic resolution. In
particular, special emphasis is put on the development of ensemble descriptions of the proteins on
the basis of experimental NMR data and the perspective of combining several NMR parameters
with diverse averaging properties into a unified representation of the disordered state.

The habilitation is divided into two main parts, where the first part (chapter 3-7) describes some of
the work carried out after my Ph.D. thesis in 2006 focusing mainly on the development of ensemble
descriptions, while the last part concerns future research projects aiming at the application of
ensemble descriptions to novel biological systems involving disordered domains (chapter 8-9).

The work described in this habilitation is based on the following key publications:

Chapter 3: Nodet et al. J. Am. Chem. Soc. (2009), 131, 17908-17918.
“Quantitative description of backbone conformational sampling of unfolded proteins at
amino acid specific resolution from NMR residual dipolar couplings”

Gabel et al. J. Am. Chem. Soc. (2009), 131, 8769-8771.
“Quantitative model-free analysis of urea binding to unfolded ubiquitin using a
combination of small angle X-ray and neutron scattering”

Chapter 4: Salmon et al. J. Am. Chem. Soc. (2010), 132, 8407-8418.
“NMR characterization of long-range order in intrinsically disordered proteins”

Chapter 5: Jensen et al. J. Am. Chem. Soc. (2010), 132, 1270-1272.
“Defining conformational ensembles of intrinsically disordered and partially folded
proteins directly from chemical shifts”

Chapter 6: Jensen and Blackledge. J. Am. Chem. Soc. (2008), 130, 11266-11267.
“On the origin of NMR dipolar waves in transient helical elements of partially folded
proteins”

Jensen et al. J. Am. Chem. Soc. (2008) 130, 8055-8061.

“Quantitative conformational analysis of partially folded proteins from residual dipolar
couplings: Applications to the molecular recognition element of Sendai virus
nucleoprotein”

Chapter 7: Jensen et al. Proc. Natl. Acad. Sci. U.S.A (2011), 108, 9839-9844.
“Intrinsic disorder in measles virus nucleocapsids”

The work described in this habilitation has been the collaborative effort of many people to whom |
should not forget to express my gratitude.

First of all, | would like to thank Dr. Martin Blackledge for accepting me as a postdoctoral fellow in



his group, for the stimulating scientific discussions, for introducing me to the world of intrinsically
disordered proteins, for the numerous conversations about the latest football results (even the
Danish ones), for so many things that it will be impossible to list them all. Thanks Martin, you
provide a true scientific and pleasant working environment!
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Antoine Licinio, Damien Maurin, Dr. Luca Mollica, Dr. Gabrielle Nodet, Valéry Ozenne, Dr. Loic
Salmon, Dr. Robert Schneider and Mingxi Yao. In particular, my appreciation goes to Loic for being
brave enough to undertake my proposed project: “relaxation measurements (week 1), grand fit
(week 2), manuscript writing (week 3)”. Although, my timeline was a bit off (I apologize for this), |
very much enjoyed working with you, and | wish you the best of luck for your postdoctoral stay in
the US. A special thanks also goes to the members of the ASTEROIDS team: Gabrielle, Loic and
Valéry. Thank you for the many versions of ASTEROIDS with different functionalities and the
discussions on whether Python or C is more efficient for coding a genetic algorithm.
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2. Describing intrinsically disordered proteins at atomic resolution

2.1. Intrinsically disordered proteins

The central dogma that has motivated massive worldwide investment in structural genomic projects
has been founded upon the assumption that the resolution of the three-dimensional structure of a
finite number of proteins will provide the key to understanding biological activity (classical
structure-function paradigm). However, over the last decade it has become clear that a large
fraction (up to 40%) of the proteins encoded by the human genome are intrinsically disordered or
contain disordered regions of significant length (> 50 aa) (1-5). Intrinsically disordered proteins
(IDPs) remain functional despite a lack of a well-defined structure. The classical structure-function
paradigm therefore breaks down for this class of proteins, and new insight into the relationship
between primary sequence and molecular function is necessary. The importance of such
investigations is underlined by the fact that numerous IDPs are strongly associated with human
diseases, including cancer, cardiovascular disease, amyloidosis, neurodegenerative disease and
diabetes (6—8). A better understanding of the residual structure and dynamics of IDPs in solution
and, in particular, insight into how IDPs are recognised by their partner proteins, will not only
improve our understanding of fundamental aspects of molecular biology, but will inevitably lead to
the discovery of more efficient drugs targeting protein-protein interactions involving IDPs (9, 10).
The conformational plasticity of IDPs and their intrinsic lack of rigid structure provide them with
unique capabilities to act in functional modes not achievable by folded, globular proteins. A number
of different scenarios have been identified for the binding of IDPs to their partner proteins (11). This
includes the folding-upon-binding mechanism, where the IDPs fold into specific conformations upon
binding to the partner proteins (12-14). Other IDPs are capable of folding into different
conformations depending on the partner, illustrating the complexity of the different binding modes
(15). Finally, some IDPs engage in complexes that are much more dynamic, where the IDPs do not
necessarily adopt a specific conformation in the complex but rather sample various states on the
surface of the partner (fuzziness) (16). It is not entirely clear how the intrinsic structural propensity
of the primary sequence of an IDP is related to the kinetics of the binding reaction and the final
conformation adopted in the complex. Therefore, in order to fully understand how IDPs carry out
their function, atomic resolution models are necessary of the proteins both in their free, pre-
recognition state and in complex with their partner proteins. Both of these states are very probably
highly dynamic, and ensemble descriptions have emerged as the preferred tool for representing the
structural and dynamic properties of IDPs and their complexes (17). Within such descriptions, it is

assumed that the protein adopts a continuum of rapidly inter-converting structures, and the



determination of these representative ensembles is one of the major challenges in the studies of

IDPs.

2.2. NMR as a tool for studying disordered proteins

NMR spectroscopy has recently evolved into one of the most powerful techniques for studying IDPs
(18-22). Even though the protein adopts many different conformers in solution, NMR allows site-
specific characterization of average properties over all conformers of the disordered chain (Figure
1). NMR is a rich source of structural and dynamic information, and a number of experimental

parameters can be used to characterize IDPs and their complexes in solution as described below.
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Figure 1: lllustration of the site-specific information available from NMR spectroscopy. Each peak in the H-EN
HSQC spectrum corresponds to a specific amide group in the protein.

Chemical shifts are the most readily accessible NMR parameters and are sensitive to local backbone
conformations in proteins (23-25). They can be used to locate transiently populated secondary
structures in disordered proteins as well as for estimating the populations of these elements (26).
Chemical shift changes upon partner protein binding (titration experiments) can also be used to
provide information about the regions of interaction, dissociation constants, exchange rates and
possible structural and dynamic changes upon binding. A straightforward interpretation of the
chemical shifts of course requires that the signals of the complex are visible in the NMR spectra and
that they can be assigned. In many cases, however, the coupled folding-and-binding reaction and,
more generally, the dynamic complexes of the IDPs result in exchange broadening of the NMR
signals. This is one of the major obstacles to overcome in future studies of complexes involving IDPs,
and relaxation dispersion is potentially very powerful in this context (12). Relaxation dispersion

measurements are sensitive to exchange processes occurring on the us-ms time scale. It can be



applied to exchanging systems involving a dominant NMR observable state inter-converting with a
weakly populated (> 1%) state that cannot be probed directly (27, 28). The advantage of relaxation
dispersion for studies of IDPs and their complexes is that chemical shifts and exchange kinetics of
the complex state can in principle be derived through measurements on signals of the free state.
IDPs rarely exhibit exchange on the us-ms time scale in their free states at ambient temperatures
allowing a clear identification of exchange processes related to complex formation.

Scalar coupling constants, for example HM-Ho couplings, are also sensitive reporters of local
backbone conformations in proteins. The dependence of the *J coupling on the backbone dihedral

angle has been parameterized according to a Karplus relationship (29-31):

J(@) = Acos’ (¢ —60°) + Bcos(¢p —60°) + C (Eq. 1)

A, B, and C have been optimized using coupling constants measured in several proteins of known
structure and Eqg. 1, therefore, provides a constraint on the distribution of ¢ angles in
conformational ensembles of IDPs (32, 33).

Besides chemical shifts and scalar couplings, residual dipolar couplings (RDCs) are one of the most
powerful reporters of residual structure in the disordered state. In solution NMR, the dipolar
coupling between two spins is effectively averaged to zero because all orientations of the protein
molecule are equally probable (isotropic solution). A small part of the dipolar coupling can be re-
introduced by weakly aligning the protein in the magnetic field for example using lipid bicelles (34),
filamentous phages (35-37), polyacrylamide gels (38, 39), liquid crystals (40) or by exploiting the
magnetic anisotropy of paramagnetic metal ions (41). RDCs report on orientations of inter-nuclear

bond vectors (e.g PN-'HY and Co-'Ha) with respect to the direction of the static magnetic field:

B _y,yjhuo <3c0520 —1> (Eq. 2)

i 87°r? 2

Here, y; andy; are the gyromagnetic ratios of the two nuclei i and j, 8is the angle between the bond
vector and the static magnetic field, and the brackets indicate an average of all conformations
sampled on time scales faster than the millisecond. The dipolar coupling can conveniently be
expressed through a tensor that describes the overall alighnment of the molecule in the magnetic

field. In the absence of internal dynamics, Eq. 2 can be recast to (42, 43):

_ v

if 8Jl’2r3

3
A, (3cos’v —1) + 5 A sin’vcos(2n) (Eq. 3)



Here, A, and A, are the axial and rhombic components of the alighment tensor and (uv,n) describes
the orientation of the inter-nuclear vector with respect to this tensor. RDCs are powerful structural
probes in IDPs and can be used to report on local backbone conformational behaviour and
transiently populated secondary structures (21, 44—47). Recently, it has been shown that RDCs are
also sensitive to long-range contacts between different parts of the unfolded chain (48, 49).

In general, long-range information (< 25A) in disordered states is most easily extracted from the
nuclear relaxation enhancements induced by an unpaired electron artificially introduced into the
protein normally through an MTSL spin label attached to the side chain of a cysteine residue (50,
51). The dipolar interaction induces a paramagnetic relaxation enhancement (PRE) manifest as a
line broadening of the signal of the observed spin that depends on the inverse sixth power of the
distance to the unpaired electron (52). Spin labels have been used to report on long-range contacts
between different parts of the chain in IDPs (53-56) and to map protein folding by identifying
important long-range contacts along the folding pathway (57).

Nuclear relaxation rates, for example >N, report on the local dynamics of proteins on the ps-ns time
scale. For proteins with a folded, stable structure a characterization of the dynamics from these
parameters is relatively straightforward, relying on the assumption that internal motion can be
decoupled from overall tumbling of the protein (58, 59). Analysis of NMR relaxation data to extract
timescales and amplitudes of the underlying motions is not straightforward in the case of
disordered proteins, since the common decoupling of global and internal motions no longer has any
relevance. For this reason most studies so far of spin relaxation in IDPs provide only a qualitative
data interpretation for example identifying less mobile protein segments or hydrophobic clusters
from local increases in °N R, relaxation rates and steady-state nuclear Overhauser enhancements
(nOes) (60).

In conclusion, a number of parameters are available from NMR that in principle allows a mapping of
both the residual structure and the dynamics on various time scales of IDPs in solution. The major
challenge, however, is how to interpret the experimental NMR data in terms of explicit

conformational ensembles that are representative of a given protein in solution.

2.3. Ensemble descriptions from NMR data

The description of the highly heterogeneous conformational space available to IDPs is inherently
difficult due to the vast number of degrees of conformational freedom available to the protein.
Even so, progress has been made over the last fifteen years in the description of intrinsically
disordered states using experimental NMR data. One of the first studies employed PREs converted
into distance restraints to calculate a structural ensemble of the denatured state of staphylococcal

nuclease using a combined distance geometry and molecular dynamics approach (51). Similar
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approaches were later used to map long-range order in denatured acyl Co-A binding protein (ACBP)
(53) and a-synuclein (61) using PRE data from extensive spin labelling measurements. The
combined use of RDCs and PREs in ensemble descriptions to map simultaneously local and long-
range order was introduced in a study of the conformational landscape of urea-denatured ubiquitin
using X-PLOR ensemble structure calculations showing that ubiquitin, although denatured, retains
some degree of native structure (56). Similar conclusions were obtained in another study employing
only the RDC data of ubiquitin as input in restrained molecular dynamics simulations (62).

One common feature of the methods mentioned above is that they rely on molecular dynamics
simulations or on direct restraining of conformational ensembles using experimental data. Such
approaches run the risk of under-sampling the available conformational space, and the effect of
using direct constraints depends strongly on the relative weighting of experimental data and
classical force field terms. It is clear that the accuracy of ensemble descriptions of disordered
proteins will depend strongly on the efficiency of the “structure generator”. For this reason, the
Blackledge group has developed the Flexible-Meccano algorithm for creating structural ensembles
of disordered states (63). The approach is conceptually simple, creating a large number of
conformers using an amino acid specific random coil ¢/y database derived from loop regions of
high-resolution crystal structures. Flexible-Meccano allows for a very efficient, restraint-free
sampling to flood the conformational space available to disordered proteins. This statistical coil
description of the unfolded state thus provides a straightforward method for calculating RDC, PRE,
chemical shift and J-coupling profiles that would be expected, if the protein behaved as a random
coil, devoid of any specific or persistent local or long-range structure. In its initial application,
Flexible-Meccano was shown to provide structural ensembles in agreement with experimentally
measured RDCs in urea-denatured apo-myoglobin and staphylococcal nuclease A131A as well as in
a two-domain viral protein containing a three-helix bundle and a long disordered chain (63).

Often, IDPs are not well described by an ensemble of random-coil conformers, but contain some
degree of residual structure. In these cases, Flexible-Meccano can be used to detect deviations from
random coil behaviour and by modifying the ¢/y-database of Flexible-Meccano, different
conformational sampling regimes can be tested in the regions of the protein where the
experimental data deviate significantly from those predicted from the random coil state. This
approach has successfully identified highly populated turn motifs in the IDP Tau (33) and a-helical
propensity in the molecular recognition element of the N-terminal transactivation domain of the
tumour suppressor p53 (64).

Testing different conformational sampling regimes is a hypothesis-driven method and therefore
severely limits the practical applications as well as the potential for discovery. To overcome this

problem and select conformational ensembles directly from experimental data without the need for
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prior hypotheses, we have developed A Selection Tool for Ensemble Representations Of Intrinsically
Disordered States (ASTEROIDS) (65). ASTEROIDS is a sample-and-select approach, where sub-
ensembles in agreement with experimental data are selected from a large pool of conformers that
is assumed to efficiently sample the conformational space (local and long-range order) available to
the protein under investigation. The selection of conformers follows the evolution scheme of a
genetic algorithm, where generations are obtained by random selection, mutations and crossings of
conformers.

The ASTEROIDS approach is conceptually similar to other sample-and-select approaches such as
ENSEMBLE, developed by Forman-Kay and co-workers (66—70). While the development of this kind
of ensemble sampling is rapidly gaining in popularity, so far they have not been shown to be
predictive. Indeed, the representation of IDPs by ensembles containing a restricted number of
conformers is a classical ill-posed problem that has no unique solution. In the face of such potential
for under-determination, and hence over-fitting, it would appear to be essential that the validity of
the ensembles is independently verified. This can be achieved, for example, by using cross-
validation procedures (consistency checks), where a fraction of the experimental data is left out of
the selection and subsequently compared to the same data back-calculated from the selected
ensemble. It is also necessary to consider how to construct the initial pool from which the sub-
ensembles are selected. Under-representation in the pool of certain structural propensities will
most likely lead to erroneous ensembles and poor cross-validation of independent experimental
data. Another point to take into account is the number of conformers that are needed to describe a
given system and the averaging and convergence characteristics over an ensemble of the different
NMR parameters. For example, RDCs require many thousands of structures to converge, while
parameters such as ®J scalar couplings converge much faster (hundreds of structures). This
inherently poses a problem when selecting ensembles comprising only a small number of structures
and if special attention is not drawn to this fact, the derived conformational sampling could simply
be wrong. These aspects, together with the development, validation and application of the
ASTEROIDS approach, have been the focus of my research over the last few years as described in

the following chapters.
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3. Conformational sampling of disordered proteins from RDCs

3.1. Introduction

IDPs populate a vast conformational space, and the mapping of this landscape represents a classical
ill-posed problem, in which the number and complexity of the available degrees of conformational
freedom far outweigh the accessible experimental data that can be measured for a particular
system. This implies that conformational ensembles can be selected that agree with experimental
data, however, that do not necessarily represent the true conformational sampling of the protein.
The development of robust procedures that address this issue is of paramount importance.

This chapter describes the application of ASTEROIDS to determine the site-specific conformational
sampling of disordered proteins from RDCs. RDCs are sensitive to bond vector orientations
averaged over the ensemble of disordered states and in principle allow a mapping of
conformational space, provided that the RDCs are measured for different types of bond vectors. In
order to characterise the behaviour of sample-and-select approaches for the interpretation of RDCs,
we test the ASTEROIDS approach using extensive simulation. We demonstrate the importance of
taking appropriate account of the convergence characteristics of the RDCs, as well as of determining
the number of structures necessary to accurately characterize the conformational sampling of the
protein. Importantly, we define parametric ranges over which ASTEROIDS can be used to accurately
define conformational space directly from RDCs, and we demonstrate that agreement with
experimental data, achieved outside these parametric ranges, does not necessarily capture the true
conformational sampling of the protein.

Having established the ASTEROIDS protocol for targeting experimental RDCs, we apply it to the
determination of site-specific conformational sampling in urea-denatured ubiquitin for which a
large data set of experimental RDCs was obtained previously in 8 M urea at pH 2.5 (71). Analysis of
the selected ASTEROIDS ensemble shows that ubiquitin on average samples more extended regions
of Ramachandran space (poly-proline Il and -strand) compared to the standard random coil library.
From the derived site-specific conformational sampling, we identify specific residue types that are

more affected by urea binding than others.

3.2. Convergence characteristics of RDCs over structural ensembles

When applying ASTEROIDS to select small sub-ensembles in agreement with experimental RDCs, it
is necessary to take into account the particular convergence characteristics of RDCs when averaged
over structural ensembles. We say that convergence of a parameter has been reached when the
addition of one more conformer to the ensemble does not perturb the calculated average

parameter within a predefined limit. Figure 2 illustrates the convergence of the N-'H" RDC of
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residue 41 of ubiquitin over a structural ensemble with an increasing number of conformers. The
alignment tensor was estimated on the basis of the shape of each conformer using PALES assuming
steric alignment of the molecules (72, 73). Only above 10K structures, convergence is reached, and
it is clear that selection of a sub-ensemble consisting of for example 200 conformers will severely
hamper the reliability of the determined conformational sampling. One way to overcome this
problem is to use the so-called Local Alignment Windows (LAWSs) (74), where the alignment tensor
is calculated for a smaller segment (window) of the protein and only the RDCs of the central amino
acid are kept. The LAW is then moved along the protein sequence to calculate the RDCs for all
residues. As shown in Figure 2 the use of LAWSs significantly improves the convergence
characteristics of the RDCs going from thousands of conformers for the global tensor calculation to

only a few hundreds for shorter LAWSs.

1 10 100 1000 10000
Number of Structures

Figure 2: Convergence of the PN-"HN RDC of residue 41 of ubiquitin over a structural ensemble with an
increasing number of conformers. Results are shown for the calculation using a global alignment tensor for
the 76 amino acids of ubiquitin (red) and different sizes of LAWSs: 25 (black), 15 (blue), 9 (green) and 3 (pink)
amino acids.

In general, ensemble-averaged RDCs follow a bell-shaped distribution (baseline) on which local
fluctuations are superimposed according to amino acid type and residual structure. This baseline
can be analytically described using simulations of for example a random coil poly-valine chain where

fluctuations due to local structure variations are essentially absent (Figure 3):
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B(i) = 2bcosh(a(i —d)) - ¢ (Eq. 4)

Here, d=(L+1)/2 where L is the length of the protein, and g, b and ¢ are parameters that depend on
the length of the protein and the type of coupling. The calculation of RDCs using the LAW approach
effectively removes the contribution from the baseline. The parameterization of the baseline is
therefore useful, as we can re-introduce the baseline on the RDCs calculated using the LAWs by
simple multiplication. In this way, RDCs obtained using the LAW approach closely resemble those

predicted using a global alignment tensor (Figure 4).
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Figure 3: Ensemble-averaged NN (below zero) and Bca-"Ha (above zero) RDCs (100K conformers) of a
random coil poly-valine chain of 76 amino acids. The solid line corresponds to the best fit of Eq. 4 to the RDCs.

1DCH Ha
1DC(: Hat

'DnH
'DnH

10 20 30 40 50 60 70 10 20 30 40 50 60 70
Residue Residue

Figure 4: Comparison of PN-"HN and *co-'Ha RDCs in ubiquitin using 15 amino acids LAWSs (blue, left) with
RDCs calculated using a global tensor (red, left and right). The multiplication of the LAW predicted RDCs with
the parameterized baseline (blue, right) closely resembles the RDCs predicted using a global tensor. In all
cases an average over 50K conformers was used.
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It is also important to consider the size of the LAW used to calculate the RDCs from a structural
ensemble. If a window is used that is significantly smaller than the persistence length of the chain,
erroneous RDCs will be predicted. For example, a LAW of three amino acids fails to reproduce the
RDCs calculated using a global alignment tensor, independent of how many structures are used in
the average (Figure 5). Nine and 15 amino acid windows produce satisfactory results for a standard
conformational sampling regime (Figure 5). The persistence length of an unfolded chain may,
however, vary depending on the conformational sampling. Using a more rigid statistical coil
sampling, a window of nine amino acids also fail to reproduce the RDCs predicted using a global
tensor. Therefore, a 15 amino acid window seems to be the most suitable compromise, allowing
relatively fast convergence of the RDCs over a structural ensemble and providing a good

reproduction of RDCs calculated using a global tensor.

1400 |
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o 800 |
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200 |
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Figure 5: Reproduction of RDCs calculated using a global alignment tensor by RDCs calculated using LAWSs of
different sizes: three (pink), nine (green), 15 (blue) and 25 amino acids (black).

3.3. Testing ASTEROIDS on simulated RDC data

Initially, the performance of ASTEROIDS for determining the amino acid specific conformational
sampling of ubiquitin was tested using simulated data. Thus, a synthetic data set was generated
consisting of different types of ensemble-averaged RDCs over 50K Flexible-Meccano random coil
conformers calculated using a global alighment tensor and a standard statistical coil sampling.
Figure 6 shows the reproduction of the synthetic data set for ASTEROIDS-selected ensembles
comprising 20 and 200 structures, respectively, employing LAWSs of 15 amino acids in length. Both
selected ensembles reproduce well the simulated data, however, a significant difference is
observed in how well the site-specific conformational sampling of ubiquitin is captured by the
selected ensembles (Figure 7). Thus, 200 structures perform significantly better than 20 structures
showing that a minimum number of conformers are necessary in the selected ensemble to

guarantee accurate determination of the site-specific conformational sampling.
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Figure 6: Comparison of synthetic RDC data of ubiquitin (blue) and back-calculated RDCs using 15 amino acid
LAWs (red) from an ASTEROIDS-selected ensemble comprising 200 (left) and 20 (right) conformers.
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Figure 7: Reproduction of site-specific conformational sampling by ensembles selected using ASTEROIDS
targeting synthetic RDC data of ubiquitin. The population in different regions of Ramachandran space is used
as a metric of the accuracy of the determined conformational sampling. The regions are defined as follows: al
{6>0°}; aR {$p < 0,-120° < Y < 50°}; BP {-90° < ¢ < 0°, Y > 50° or P < -120°}; BS {-180° < ¢ < -90°, Y > 50° or Y <
-120°}. The population of these quadrants is denoted p(al), p(aR), p(BP) and p(BS), respectively.
Reproduction of the conformational sampling of the synthetic data (black) is shown for two different
ASTEROIDS ensembles comprising 20 (red, left) and 200 (red, right) conformers.
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Figure 8: Accuracy of the reproduction of the synthetic RDC data of ubiquitin (left) and the site-specific
conformational sampling (right) by ASTERIODS ensembles comprising an increasing number of conformers.
RDCs were calculated using a global alignment tensor (red), nine amino acid LAWSs (green) or 15 amino acid
LAWs (blue).

To determine the appropriate number of conformers in the ASTEROIDS-selected ensembles of
ubiquitin, we carried out selections for different ensemble sizes and monitored the reproduction of
the RDCs and the site-specific conformational sampling (Figure 8). For a protein of the size of
ubiquitin, it appears that around 200 structures are necessary to accurately reproduce the site-
specific conformational sampling. In addition, it is noteworthy that selected sub-ensembles, where
RDCs are obtained using a global alignment tensor, completely fails to reproduce the
conformational sampling demonstrating the importance of employing LAWs for the calculation of

RDCs (Figure 8).

3.4. Applying ASTEROIDS to experimental RDCs in urea-denatured ubiquitin
The ASTEROIDS protocol was then applied to data from ubiquitin, providing good agreement
between the experimental RDCs and those back-calculated from the selected ASTEROIDS ensemble
comprising 200 conformers (Figure 9). In order to check the validity of the selected ensemble, cross-
validation was carried out i.e. 10% of the experimental RDC data were left out of the ASTEROIDS
selection and subsequently back-calculated from the resulting ensemble. Reasonable agreement
between back-calculated and experimental RDCs is found, and the cross-validation procedure
shows that the 200-fold ensemble size is within the range where the cross-validation target function
is essentially flat (Figure 10).

The site-specific conformational sampling of urea-denatured ubiquitin derived from the selected
ASTEROIDS ensemble shows, in agreement with a hypothesis-driven analysis of the same RDCs (71),
that ubiquitin samples on average more extended conformations of Ramachandran space (Figure
11). Close inspection of the sampling reveals that the residues most affected by the presence of
urea are threonines, glutamic acids and arginines which all contain potential hydrogen-bond donor

moieties in their side chains, while only very few hydrophobic residues display a significant
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difference in sampling compared to the standard coil library. A recent study using vibrational
spectroscopy demonstrated that at low pH urea orients with the carboxyl group pointing towards
the protein surface (75), an observation that supports the suggestion that hydrogen-bond donor

groups may interact preferentially with urea as a step in the protein denaturation process.
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Figure 9: Comparison of experimental RDCs in urea-denatured ubiquitin (blue) and the RDCs back-calculated
from the selected ASTEROIDS ensemble comprising 200 conformers (red). Two different scaling factors were
applied to covalently bound and proton-proton RDCs, respectively.

Our results suggest that at low pH, urea binds to ubiquitin and thereby forces a more extended
sampling of the backbone for certain residues. In this context, it is interesting to determine the
effective binding constant of urea to the protein. *H-">N HSQC experiments carried out on ubiquitin
at pH 2.5 at different urea concentrations show that ubiquitin unfolds at urea concentrations above
2 M. In addition, systematic chemical shift changes are observed between 2 M and 8 M urea
according to a fast-exchange regime (J.-R. Huang and S. Grzesiek, unpublished results). The chemical
shift changes in principle allow a site-specific determination of the urea binding constant to
unfolded ubiquitin, however, an analysis of the data shows that ubiquitin is far from saturated at
8M urea (the chemical shifts depend linearly on the urea concentration between 2 and 8 M). An
accurate determination of the binding constant is therefore practically impossible using these

titrations.
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Figure 10: Reproduction (cross-validation) of experimental RDCs not used in the ASTEROIDS selection. (Left)
The ASTEROIDS ensemble selection procedure was repeated, taking 10% of the RDCs out of the analysis and
comparing the predicted values from the resulting ensemble with the experimental RDCs. Color code: BN-HY
(green), Bco-'Ha (red), Bea-c (dark blue), "HNHa (cyan), 1HN-1HOL(i-1) (yellow), 1HN-lHN(i+1) (magenta).
(Right) Average %2 over ten cross-validations as function of the number of structures in the selected
ensemble.
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Figure 11: Comparison of the site-specific conformational sampling in the standard coil library (black) and in
the ASTEROIDS selected ensemble (200 conformers) of urea-denatured ubiquitin on the basis of experimental
RDCs (red).
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Figure 12: (a) SAXS scattering curves of ubiquitin in 8 M urea/H,0 at pH 6.5 and 2.5. The red line represents
the calculated scattering curve of ubiquitin (PDB: 1UBQ) using CRYSOL. (b) Kratky plot of the same data
showing that ubiquitin is folded at pH 6.5 and undergoes unfolding, when the pH is lowered to pH 2.5.

To obtain further insight into the denaturation process of ubiquitin we have employed a powerful
combination of small angle X-ray (SAXS) scattering and small angle neutron scattering (SANS) (76).
SAXS and SANS data obtained in 8 M urea at pH 6.5 and 2.5 in H,0 and D,0 (8 data sets) show that
ubiquitin is folded at pH 6.5 and unfolds when the pH is lowered to 2.5 (Figure 12). By comparing
the coherent intensities scattered at zero angle from SAXS and SANS and exploiting the different
scattering densities of H,0, D,0, ubiquitin and urea for X-rays and neutrons, the number of urea
molecules, N.es, that are preferentially recruited during the unfolding transition from neutral to
acidic pH was determined to be around 20 molecules (76). From these results, the apparent binding
constant, K, of urea to ubiquitin can be calculated assuming that all binding sites are independent

and have the same binding constant:

N
K =—de (Eq. 5)
* ¢ (k-N_)

urea urea

Here, cyea is the urea concentration and k is the total number of binding sites in ubiquitin (assuming
binding to backbone amide groups, k=72 for ubiquitin). From Eq. 5 an apparent binding constant of
0.05 M™ is obtained — an estimate that is in reasonable agreement with the determination of the
same binding constant from NMR (0.1 - 0.3 M) (77, 78), fluorescence (0.08 - 0.3M™) (79),
calorimetry (0.04 - 0.08 M) (80, 81) and end-to-end diffusion (0.3 M™) (82).

3.5. Conclusions
An accurate description of IDPs implies an atomic resolution determination of local conformational
propensities. Here, we developed and tested a sample-and-select approach, ASTEROIDS, designed

to map site-specific conformational sampling directly from different types of RDCs. In this context,
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we demonstrated the importance of determining the appropriate number of conformers in the
selected sub-ensembles and of carefully considering the convergence characteristics of the RDCs.
Importantly, we showed that if these aspects are not taken into account, an erroneous
conformational sampling could be derived.

We applied ASTEROIDS to select a sub-ensemble of conformers of the protein ubiquitin under urea-
denaturing conditions, for which a large number of experimental RDCs have been measured. An
analysis of the selected ensemble reveals that urea-denatured ubiquitin samples on average more
extended regions of Ramachandran space compared to the standard random coil database. This
supports the model whereby urea binds to the backbone of ubiquitin as a step in the denaturation
process. This hypothesis was further substantiated by small angle scattering measurements of
ubiquitin showing that approximately 20 urea molecules are recruited to the protein during the

unfolding transition from neutral to acidic pH.
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4. Probing long-range order in IDPs using paramagnetic relaxation

4.1. Introduction

A coherent picture of the conformational behaviour of IDPs and partially folded proteins requires
not only a mapping of local structure but also long-range order. Long-range interactions in IDPs are
often transient in nature and their detection, therefore, requires a strong probe that is active over a
few nanometers such as that provided by an unpaired electron. One of the most efficient ways of
introducing an unpaired electron is by attaching an MTSL spin label to the protein through a
cysteine residue. The dipolar interaction between the unpaired electron and the protein nuclei
induces paramagnetic relaxation enhancements (PREs) that depend strongly on the electron-
nucleus distances. By introducing spin labels at several different positions in the protein, a mapping
becomes possible of long-range interactions in the disordered state.

This chapter describes the use of ASTEROIDS for interpreting experimental PREs in terms of
molecular ensembles in order to probe long-range order present in disordered states. In this
context, we demonstrate the importance of taking into account the motion of the MTSL side chain
in calculations of the relaxation enhancements. We use the resulting ASTEROIDS ensembles for
predicting the effect that the long-range interactions has on RDC baselines and, thereby, provide a
method for combining RDCs and PREs in a single ensemble description to obtain both local and

long-range information in disordered proteins.

4.2. Calculating relaxation enhancements in disordered proteins
The transverse relaxation enhancement, I',, arising from the dipolar interaction between an

unpaired electron and a proton is given by (52):

1w :
[, =% y2g2ul S(S +1)[4J(0) +3J(w (Eq. 6)
, 15(4;;) Vi.gL 13 S(S +1)[4J(0) +3J(w,)]
Here, uo is the permittivity of free space, yy is the gyromagnetic ratio of the proton, g. is the
electron g-factor, ug is the Bohr magneton and S is the electron spin quantum number. Normally,
PREs are calculated over structural ensembles by considering a fixed position of the MTSL side chain

(for example on the Cp atom of the cysteine) and by invoking the spectral density function:

Sw)=r® [Tl (Eq.7)

1+t
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Here, ry.is the distance between the electron and the proton, and the correlation time is given by:

S (Eq. 8)

where T, and T are the rotational and electron spin correlation times, respectively. By assuming
that the inter-conversion rate between members of the ensemble is much slower than the
correlation time of the dipolar interaction, the PREs can be calculated for each conformer

independently and subsequently averaged over an ensemble composed of N structures:

calc 1 .
Lo == 31 (Eq. 9)

Here, we extent the calculation of PREs in inherently dynamic systems to include motion of the
MTSL spin label for each member of the ensemble. We assume that the motion of the MTSL side
chain occurs on a time scale that is much faster than the exchange between individual conformers
of the ensemble. We invoke the motion of the MTSL spin label for each Flexible-Meccano
conformer by sampling different states of the side chain using known rotamer libraries (83) (Figure
13). It is seen that the MTSL side chain covers a rather large volume space, and it is expected that

this motion will contribute significantly to measured PREs in disordered states.

Figure 13: Two Flexible-Meccano conformers (blue) of a-synuclein with distributions of the side chain MTSL
spin labels (red) for four different spin label positions (residues 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 the given backbone
conformation.

To take into account the motion of the spin label in the calculation of PREs, we apply the spectral
density function originally proposed for calculating 'H-'H cross-relaxation rates in the presence of
rapid motion (84) and later adapted to calculate PREs in proteins with flexible paramagnetic tags

(85):
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and T; represents the effective correlation time of the spin label. The order parameter, Sj_e, that
depends on both the orientation and length of the electron-nucleus vector, can be calculated for

each conformer using (84):

2

2 47[ 2 . mol
s = E\ (rr@™)) (Eq. 12)

m=-

Here, Yz'"(Qm"') are the second-order spherical harmonics and Q™ are the Euler angles in the
molecular frame describing the orientation of the interaction vector. In agreement with previous
studies, we assume correlation times of 5 ns for . (54, 56), 500 ps for T; (86) and 10 s for <. (87).

Experimentally, PREs are often measured as the ratio of the intensities in the "H-">N HSQC spectrum
of the protein carrying the MTSL spin label in its oxidized and reduced state, respectively. In this
case, the intensity ratio can be estimated from the calculated relaxation enhancements for each

residue using (88):

L rredexp( Fcalcrmlx) (Eq' 13)

IO rzred rzcalc
Here, Fzred is the intrinsic relaxation rate of the amide proton and T is the mixing time of 10 ms

during which relaxation occurs in the HSQC pulse sequence.

4.3. Testing ASTEROIDS on simulated PRE data

In order to test the performance of ASTEROIDS for mapping long-range interactions in disordered
states on the basis of PREs, we initially generated two sets of synthetic PRE data from ensembles of
a model protein of 100 amino acids with known long-range contacts. We define a contact between
two contiguous strands of the protein, if any CB atom in the first strand is less than 15 A from any
Cp atom in the second strand. We generated synthetic PRE data sets from two ensembles with

persistent long-range contacts between the strands 41-50 and 81-90 as well as between 11-20 and

25



61-70. The motion of the MTSL spin label was taken into account as described above and PRE data

were calculated from four different positions of the spin label (residues 20, 40, 60 and 80).
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Figure 14: Reproduction of synthetic PRE data sets (blue) with ASTEROIDS-selected ensembles comprising 80
conformers (red). (a) The synthetic data set was obtained from an ensemble carrying a persistent long-range
contact between the regions 41-50 and 81-90. (b) The synthetic data set was obtained from an ensemble
carrying a persistent long-range contact between the regions 11-20 and 61-70. The black lines correspond to
the calculated PRE profile from an ensemble carrying no specific contacts. In both (a) and (b) the spin label
was located at residues 20, 40, 60 and 80.

From a large pool (10K) of Flexible-Meccano conformers carrying no specific contacts, ASTEROIDS
was used to select sub-ensembles comprising 80 structures in agreement with the synthetic PRE
data sets. The ASTEROIDS-selected ensembles nicely reproduce the simulated PRE data (Figure 14).
Long-range contacts within the selected ensembles were identified using the metric A; that
compares the distance distribution of the selected ensemble with that of the reference ensemble

carrying no specific long-range contacts:
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A, = -log((d,) 1 d)) (Eq. 14)

Here, d; is the distance between residues i and j in the ASTEROIDS ensemble, while d; is the

corresponding distance in the reference ensemble. The results show that ASTEROIDS successfully

locates the long-range contacts present in the ensembles used to create the synthetic PRE data sets
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Figure 15: Contact maps showing chain proximity (Eq. 14) in the ASTEROIDS-selected ensembles on the basis
of the synthetic PRE data shown in Figure 14 (above the diagonal) in comparison with target ensembles
(below the diagonal). The long-range contact is between 11-20 and 61-70 (a) and between 41-50 and 81-90
(b). 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.

4.4. Combining PREs and RDCs in a single ensemble description

Ideally, PREs and RDCs would be combined in a single ensemble description to probe
simultaneously local and long-range structure in the disordered state. In order to investigate the
effect of long-range order on RDC profiles, we carried out Flexible-Meccano simulations of poly-
valine chains of 100 amino acids with persistent long-range contacts between different parts of the
chain (Figure 16). The simulations show that the presence of long-range contacts strongly
modulates the RDC baselines, with RDCs being reinforced in the contacting regions and quenched in
regions between the two contacts. The parameterization obtained of the RDC baseline in Eq. 4,
therefore, needs to be modified in the case of persistent long-range order within the ensemble.
Based on the simulations shown in Figure 16, we propose an empirical expression that combines
the baseline with no specific contacts (Eq. 4) with Gaussian curves that take into account the
modulation of the RDC baseline by the contact (red curves in Figure 16). Thus, for any length of
protein and any persistent long-range contact the expected RDC baseline can be calculated

analytically (see reference (49) for full analytical expression).
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Figure 16: Simulations of BN-"H" and *Ca-"Ha RDCs (black lines) in a poly-valine chain of 100 amino acids in
the absence (a) and the presence (b-g) of different persistent long-range contacts: contact between 1-20 and
41-60 (b), 1-20 and 61-80 (c), 1-20 and 81-100 (d), 21-40 and 61-80 (e), 21-40 and 81-100 (f), 41-60 and 81-
100 (g). RDCs were averaged over 100K conformers. The red lines correspond to the parameterization of the
baseline with the contact positioned in the centre of each region.
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Figure 17: Example of the combination of analytically calculated baselines and RDCs averaged using the LAW
approach for a model protein of 100 amino acids of arbitrary sequence. (a) Baseline contribution calculated
analytically for contacts between regions centered on residue 50 and 90. (b) RDCs calculated using the LAW
approach with windows of 15 amino acids in length. RDCs were averaged over 200 structures. (c)
Combination of the baseline from (a) and the local RDCs from (b) (red curves) compared to the RDCs
calculated using a global alignment tensor over 100K structures carrying a contact between 41-60 and 81-100
(black curves).

The combination of PREs and RDCs in a single ensemble description requires that both parameters
converge over approximately the same number of structures. As described in the previous chapter,

the combination (multiplication) of the empirical RDC baseline with RDCs calculated using the LAW
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approach dramatically reduces the number of structures needed to achieve convergence of the
RDCs. As demonstrated in Figure 17, this approach can also be applied in the case of disordered
ensembles carrying persistent long-range interactions. Thus, RDCs calculated using a global
alignment tensor carrying a contact between the regions 41-60 and 81-100 are almost identical to
the RDCs obtained by multiplication of the baseline corresponding to a contact between residues 50

and 90 with the RDCs calculated using the LAW approach (Figure 17).
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Figure 18: Combining PREs and RDCs in a single ensemble description in the context of simulated
data. (a) Black: RDCs calculated using the LAW approach over an ensemble of 200 structures. Red:
RDC baseline extracted from the contact map shown in Figure 15a (contact between 11-20 and 61-
70). Blue: RDC baseline extracted from the contact map shown in Figure 15b (contact between 41-
50 and 81-90). (b) Black: RDCs calculated using a global alignment tensor over an ensemble
comprising 100K conformers containing a contact between 41-50 and 81-90. Blue: the combination
of the RDCs calculated using the LAW approach and the blue baseline curve shown in (a). (c) Black:
RDCs calculated using a global alignment tensor over an ensemble comprising 100K conformers
containing a contact between 11-20 and 61-70. Red: combination of the RDCs calculated using the
LAW approach and the red baseline curve shown in (a).

The strategy we propose for combining PREs and RDCs in a single ensemble description relies on the
identification of long-range interactions using PREs, the calculation of the resulting baseline for the
RDCs taking into account the long-range order, and finally the application of this baseline to RDCs
calculated using the LAW approach. Although here described as a three-step process, the
combination of PREs and RDCs can be done simultaneously during the evolution steps of the
ASTEROIDS algorithm. We applied this strategy to the simulated PREs in Figure 14. The
corresponding contact maps (Figure 15) were analyzed to determine the maximum of the

difference between the PRE-derived ensembles and the reference ensembles containing no specific
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contacts. The RDC baselines were calculated for the two different simulations taking into account
the PRE-derived long-range interactions. As shown in Figure 18, the combination of RDCs calculated
using the LAW approach and baselines derived from the PRE contact maps nicely reproduces the
RDCs calculated using a global alignment tensor for the ensembles used to obtain the synthetic PRE
data sets. This shows that a decorrelation is possible of the local and long-range structure
information inherent to RDCs allowing the combination of PREs and RDCs in a single ensemble

description.

4.5. Application to PRE and RDC data of alpha-synuclein
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Figure 19: Selection of ensembles using ASTEROIDS on the basis of experimental PRE data of a-synuclein.
ASTEROIDS ensemble characteristics are plotted as function of the selected ensemble size. (a) Average radius
of gyration. (b) xz for the “passive” data. The passive data in this case consist of the entire A76C data set. Only
data from mutants A18C, A90C and A140C were used in the ensemble selection. (c) XZ for the “active” data.
The active data in this case consist of PRE data from mutants A18C, A90C and A140C.

Following the successful application of ASTEROIDS to simulated PRE data sets, we targeted
experimental PREs in a-synuclein. a-Synuclein is an IDP* of 140-amino acids found in human brain
and strongly implicated in the onset of Parkinson’s disease (90). The protein consists of three
domains: the amphipathic N-terminus (residues 1-60), the hydrophobic self-aggregating non-Af
component (NAC) (residues 61-95) and the acidic C-terminus (residues 96-140). PREs were
previously measured for four different mutants A18C, A76C, A90C and A140C of a-synuclein with
the aim of detecting long-range interactions in the protein (54). In order to determine the number

of conformers necessary to describe the long-range interactions in a-synuclein, we carried out

! Recently, it was found that a-synuclein occurs physiologically as a folded, helical tetramer (89).
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ASTEROIDS selections with different ensemble sizes. Ensembles containing too few structures are
expected to be too compact, and the convergence of the radius of gyration towards a constant
value can, therefore, be used to find the most appropriate ensemble size (Figure 19). In order to
validate our selected ensembles, we also carried out ASTEROIDS selections on the basis of the PREs
of A18C, A90C and A140C (“active” data) and used the PREs of A76C (“passive” data) for cross-
validation. The convergence of the radius of gyration and the XZ of both the active and passive data

indicate that 200 structures are appropriate to describe the experimental PREs of a-synuclein

(] 20 40 60 80 100 120 140 20 40 60 80 100 120 140
Sequence

(Figure 19).
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Figure 20: Reproduction of “passive” PREs of mutant A76C by an ASTEROIDS ensemble (200 structures)
selected on the basis of PREs of A18C, A90C and A140C. The PREs were calculated using both a static (a) and
dynamic (b) side chain of the MTSL spin label.
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Figure 21: Agreement between experimental PREs (red) and back-calculated PREs (blue) from the selected
ASTEROIDS ensemble comprising 200 structures. PREs are shown for the four different mutants A18C (a),
A76C (b), A90C (c) and A140C (d). All experimental PREs were included in the ASTEROIDS selection.
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Figure 22: Contact map showing the long-range interactions in a-synuclein derived from the experimental
PREs of the four mutants A18C, A76C, A90C and A140C.

In order to evaluate the effect on the selected ensembles of the imposed dynamics of the MTSL side
chain, we carried out ASTEROIDS selections using both a static (Eq. 7) and a dynamic (Eq. 10)
description of the MTSL side chain on the basis of the experimental PREs for the mutants A18C,
A90C and A140C. The ensembles determined using both the static and the dynamic side-chain fit
the experimental data from the three active mutants to within experimental uncertainty. A
comparison of the back-calculated PREs from the selected ensembles to the experimental (passive)
PREs of A76C, however, demonstrates that the dynamic side chain performs significantly better in
the cross-validation than the static side chain (Figure 20).

An ASTEROIDS ensemble comprising 200 structures selected on the basis of the PREs from the four
spin labels of a-synuclein nicely reproduces the experimental data (Figure 21) and, in agreement
with previous studies of a-synuclein, the resulting contact map reveals a long-range interaction
between the N- and C-terminus of the protein (Figure 22). This interaction has been proposed to
protect the hydrophobic NAC domain from being exposed to the solvent and from subsequent
fibrillation of the protein (54, 61). As in the case of the simulated PRE data sets, we used the contact
map to derive the RDC baseline corresponding to the most populated contact in the protein. The
combination of this baseline with the RDCs calculated using the LAW approach significantly
improves the reproduction of experimental RDCs in a-synuclein compared to an ensemble, where
the presence of the long-range contact was not taken into account (Figure 23). This demonstrates
that experimental RDCs are indeed affected by long-range contacts and an erroneous
conformational sampling will inevitably be derived, if the RDCs are interpreted in terms of local

structure only.
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Figure 23: Combined analysis of PREs and RDCs in a.-synuclein. (a) Comparison of experimental BN-"HY RDCs
obtained in PEG/hexanol liquid crystals (blue) with couplings calculated using a global alignment tensor over a
Flexible-Meccano ensemble comprising 50K structures (red). The rmsd between the two sets of RDCs is 0.78
Hz. (b) RDCs predicted using the LAW approach (red) and effective baseline derived from the contact map
shown in Figure 22 (black). (c) Combination of the curves shown in (b) (red) compared to the experimental
N-"H" RDCs (blue). The rmsd between the two sets of RDCs is 0.52 Hz.

4.6. Conclusions

In this chapter, the use of ASTEROIDS was described for mapping long-range interactions in IDPs on
the basis of extensive sets of PREs. The PREs were induced by MTSL spin labels attached at different
positions in the protein, and a formalism was described for taking into account the motion of the
MTSL side chain in the calculation of PREs from the structural ensembles. The approach was
validated on synthetic PRE data sets and subsequently applied to experimental PREs in the IDP a-
synuclein. Interestingly, a dynamic side chain of the MTSL spin label performed better than a static
side chain in a cross-validation of “passive” PREs from the ASTEROIDS-selected ensemble of a-
synuclein.

A mapping of both local and long-strange structure is essential for a complete description of IDPs,
and the combination of PREs and RDCs is particularly attractive in this context. Here, we derived
analytical expressions of the RDC baselines in the presence of long-range interactions allowing the
combination of PREs and RDCs in a single ensemble description. We applied the approach to a-

synuclein and showed that the inclusion of the PRE-derived long-range interaction between the N-
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and C-terminus of the protein improved the reproduction of experimental RDCs by a statistical coil
ensemble.

One of the major challenges in characterizing long-range interactions in disordered proteins is the
separation of the distance and population contributions to the measured PREs. Thus, a fully
populated contact within a structural ensemble characterized by a long distance can in principle
give rise to the same PRE profile as a less populated contact characterized by a short distance. The
separation of populations and distances is only possible if enough spin labels are attached along the
primary sequence of the protein. In the present analysis we have made no effort to quantify the
different contacts determined by the ASTEROIDS analysis of PREs. Thus, the baselines that we apply
correspond to a contact population of 100%. One way to overcome this problem in the future will
be to apply a baseline for each member of the ASTEROIDS ensemble instead of applying a global

baseline to the entire ensemble.
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5. Defining conformational ensembles from chemical shifts

5.1. Introduction

Over the last decade, remarkable progress has been made in the prediction of chemical shifts from
protein conformation (91-95) culminating recently with the successful structure determination of
small proteins (< 150 amino acids) using only chemical shifts in combination with molecular
mechanics force fields (96, 97). Chemical shifts are very sensitive to backbone conformation and the
possibility of exploiting this sensitivity to define conformational ensembles of IDPs is particularly
attractive, especially considering that the determination of (backbone) chemical shifts is a
prerequisite for any NMR study.

The advantage of chemical shifts as structural probes is that they depend in a different,
complementary manner on the backbone dihedral angles and therefore, in principle, allows a site-
specific mapping of the conformational sampling in disordered proteins. Here, we investigate this
possibility by applying a combination of Flexible-Meccano, the state-of-the-art chemical shift
prediction program SPARTA (94) and ASTEROIDS to target experimental chemical shifts in IDPs. The
developed approach starts from a pool of random coil conformers and iteratively provides
conformational ensembles with transiently populated secondary structures, if these are encoded in

the experimental chemical shifts.

5.2. Chemical shifts and their dependence on backbone conformation
Chemical shift prediction using SPARTA relies on a database that contains 200 high-resolution
crystal structures for which nearly complete sets of chemical shift assignments are available.
SPARTA predicts chemical shifts by comparison of amino acid type, backbone and side chain
conformation (¢, ¢y and Xl) of tri-peptides in the target protein to those of the SPARTA database. A
scoring function is used to measure the similarity between the tri-peptides, and the predicted
chemical shifts are obtained as averages over the 20 best performing tri-peptides in the SPARTA
database. It is expected that prediction of chemical shifts of random coil conformers, such as those
created by Flexible-Meccano, would largely be based on tri-peptides from the SPARTA database
corresponding to loop regions of the crystal structures.

Initially, we investigated the information contents of the chemical shifts by performing calculations
of an ensemble of small poly-alanine chains created by Flexible-Meccano. Figure 24 shows the
distribution in Ramachandran space of the predicted chemical shifts by SPARTA of one of the
alanine residues. While “*Ca, 1—“CB, 3¢’ and Ha chemical shifts depend strongly on @ and v, >N and

'HN chemical shifts show a more or less uniform dependence on the two dihedral angles. In
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addition, the “*Ca and *CB chemical shifts display an almost inverse dependence on the ¢/
distribution and therefore allows a precise determination of the populations of a-helix and p-sheet
in the disordered state. This is the basis of the so-called SSP program developed by Forman-Kay and
coworkers that converts “Ca and CB chemical shifts into o— and B-secondary structure

propensities (26).
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Figure 24: Distribution of predicted chemical shifts for the central residue i of an Ala-Ala;;-Alai-Ala;i-Ala
sequence as function of the conformational sampling (¢ and ) of residue i. The results for 2000 conformers
are shown.

The determination of the populations in other regions of Ramachandran space is equally important.
From complementary techniques such as vibrational spectroscopy and circular dichroism, it has
been proposed that poly-proline Il (PPIl) is one of the dominant conformations in IDPs (98—100). A
method that unequivocally maps the population of PPIl conformations in disordered proteins on a
residue specific basis is, therefore, of high interest. Almost equally sized chemical shifts are
obtained in the PPIl region and the upper left hand side of the a-helical region (we denote it the o’'-
helical region: -125<@<-75 and -50<y< 25) making it difficult, on the basis of the chemical shifts
shown in Figure 24, to map the precise populations in these regions. To a certain extent, this
degeneracy can be overcome by considering the influence of the ¢/y sampling on the chemical
shifts of the neighbouring amino acids (Figure 25). In principle, *C’ chemical shifts of the preceding
residue, and especially >N and *H" chemical shifts of the following residue allow to separate the

populations in the PPIl and the a’-helical region. A protocol that combines Flexible-Meccano and
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ASTEROIDS to obtain site-specific conformational sampling on the basis of experimental chemical
shifts, therefore, needs to take into account the influence of the /1y sampling of one residue on

the chemical shifts of the neighbouring residues.
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Figure 25: Predicted chemical shifts in the neighbouring amino acids (i-1 and i+1) of an Ala-Ala;;-Ala-Ala;;-Ala
sequence as function of the conformational sampling (¢ and ) of residue i. The results for 2000 conformers
are shown. Only B¢’ chemical shifts of residue i-1 (left), N chemical shifts of residue i+1 (middle) and N
chemical shifts of residue i+1 (right) show a significant dependence on the conformational sampling of residue
i. Other types of chemical shifts in the neighbouring amino acids display a more or less uniform dependence
on ¢ and ).
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Figure 26: Distributions of pH and temperature in the NMR assignment experiments of the proteins
constituting the SPARTA database.

A point to consider when using chemical shifts to map conformational sampling in disordered
proteins is the experimental conditions under which the chemical shifts were measured. It is well
known that chemical shifts depend on parameters such as pH and temperature, carbon chemical
shifts being less dependent than N and HN chemical shifts (101). Figure 26 shows the distribution of
pH and temperature used in the assignment experiments of the proteins constituting the SPARTA
database. Thus, it is expected that prediction of chemical shifts using SPARTA will be most accurate
close to neutral pH and around room temperature — excellent conditions for studies of IDPs by
NMR. SPARTA holds less promise, however, for prediction of chemical shifts in pH-denatured

proteins, where the change in protonation states significantly affects the chemical shifts of aspartic
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acids, glutamic acids and histidines. The same is true for chemically denatured proteins for which

we are not yet able to take into account the effect of the denaturant on the chemical shifts.

5.3. Combining Flexible-Meccano and ASTEROIDS to target chemical shifts

The selection of sub-ensembles on the basis of chemical shifts using ASTEROIDS requires a diverse
initial pool of structures. A simple selection of a sub-ensemble from a standard Flexible-Meccano
pool (random coil conformers) on the basis of experimental chemical shifts is not likely to work in
cases where the IDPs possess a significant amount of secondary structure. The protocol that we
have developed to assemble structural ensembles on the basis of chemical shifts is outlined in

Figure 27.

Starting pool of 10K Flexible-
Meccano coil conformers

Calculate chemical shifts for each
conformer using SPARTA

ASTEROIDS selection of 5x200 ¢/ angles
for each amino acid on the basis
of Car, Cp and C’ chemical shifts

|

Create new Flexible-Meccano
conformers (10K) using the new —
protein specific coil database

|

Select 200 conformers using
ASTEROIDS targeting Ca,
Cp, C’ and N chemical shifts

suoneusy|

Figure 27: Flow-chart of Flexible-Meccano/ASTEROIDS selection of conformational ensembles on the basis of
experimental chemical shifts of disordered proteins.

Initially, a large pool of random coil conformers (10K) is generated using Flexible-Meccano. For each
conformer, side chains are added using the program SCCOMP (102) and the chemical shifts are
calculated using SPARTA. The selection procedure involves two steps: an iteration step where each
residue is treated independently, and a final step where full structures are selected.

The first iteration step consists of the selection of 200 ¢/y values for each residue that are in
agreement with the experimental *Ca, 13C|3 and °C’ chemical shifts. This step is repeated five times

to obtain 1000 ¢/ values for each residue. A new ensemble of structures is created using Flexible-
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Meccano, however, this time using the selected 1000 ¢/ values for each residue. This results in a
new pool of conformers specific to the protein under investigation. To avoid premature
convergence of the protocol into a local minimum, we add 25% random coil Flexible-Meccano
conformers to this new pool. ASTEROIDS is applied again for each residue independently to select 5
x 200 ¢/y values from the new pool of conformers. This iterative procedure is repeated until no
further improvement in the fitting of the chemical shifts of the individual residues can be obtained.
In practice this depends on the amount of secondary structure present in the protein.

Step two of the selection procedure is then applied to **Ca, 13C[S, B3¢’ and N chemical shifts, where
entire structures (typically 200 conformers) are selected from the pool generated during the
previous iterations. The N chemical shifts are used only in the second step of the selection
procedure as they depend primarily on the conformational sampling of the neighbouring residues
(Figure 24 and Figure 25) and, therefore in principle, do not contribute to the fitting of the
individual amino acids in the iteration steps.

The convergence characteristics of the different types of chemical shifts over a structural ensemble
were investigated. The range of chemical shifts predicted for members of a random coil ensemble is
rather small, resulting in fast convergence of the chemical shifts compared to other NMR
parameters such as RDCs. Typically, convergence is achieved around a few hundred structures and
the selection of 200 conformers using ASTEROIDS, as proposed in the protocol above, seems to be
reasonable and would eventually allow the simultaneous fitting of both chemical shifts and RDCs,

assuming that the LAW approach is applied.

5.4. Testing ASTEROIDS on simulated chemical shift data

Initially, we applied the protocol in Figure 27 to simulated chemical shift data sets in order to
investigate to which extent chemical shifts alone can reproduce a known conformational sampling.
Ensembles of a model sequence (50 amino acids) were created using the standard ¢/ database of
Flexible-Meccano, an extended database sampling more [-sheet and PPII regions and a database
sampling more a-helical conformations. The ensemble-averaged chemical shifts for the three
ensembles were calculated over 10K conformers. The three sets of chemical shifts (standard,
extended and helix) were then subjected to ASTEROIDS for selection of a sub-ensemble of 200
conformers from a pool of conformers generated using the standard database. The final selection of
full structures was done with and without the inclusion of "N chemical shifts to evaluate the effect
of these chemical shifts for distinguishing the populations in the PPIlI region and the o’-helical

region.
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Figure 28: Reproduction of conformational sampling by an ASTEROIDS-selected ensemble comprising 200
conformers obtained by targeting the synthetic “standard” chemical shift data set. The initial pool from which
the structures were selected was created using the standard coil library of Flexible-Meccano. The selection of
full structures (second step of the protocol) was carried out using 13Ca, 13CB and ®c’ (red) and 13Coz, 13C[3, Be
and ®°N (green) and compared to the target conformational sampling (blue).
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Figure 29: Reproduction of conformational sampling by an ASTEROIDS-selected ensemble comprising 200
conformers obtained by targeting the synthetic “helix” chemical shift data set. The initial pool from which the
structures were selected was created using the standard coil library of Flexible-Meccano. The selection of full
structures (second step of the protocol) was carried out using 13Coc, 13CB and ®cC’ (red) and 13Coz, 13C[3, B¢ and
15 . .

N (green) and compared to the target conformational sampling (blue).
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In all three cases (standard, extended and helix) the synthetic chemical shift data sets were well
reproduced by the ASTEROIDS-selected ensembles (data not shown). The reproduction of the
conformational sampling was investigated as described in the legend of Figure 7. The
conformational sampling present in the standard and the more helical ensemble were well captured
by the selected ensembles (Figure 28 and Figure 29), while slightly larger deviations were observed
in the case of the more extended ensemble (Figure 30). Importantly, it is seen that the introduction
of the N chemical shifts in the final selection of full structures improves the reproduction of the
conformational sampling, in particular in the case of the more extended ensemble. In general, the
simulations demonstrate that it is possible to obtain a standard coil, more extended sampling or a

more helical sampling directly from the chemical shifts to within 5% accuracy.
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Figure 30: Reproduction of conformational sampling by an ASTEROIDS-selected ensemble comprising 200
conformers obtained by targeting the synthetic “extended” chemical shift data set. The initial pool from
which the structures were selected was created using the standard coil library of Flexible-Meccano. The
selection of full structures (second step of the protocol) was carried out using 13Coz, 13CB and ®cC’ (red) and
Bca, 13CB, Bc’and N (green) and compared to the target conformational sampling (blue).

5.5. Application to the C-terminal domain of Sendai virus nucleoprotein

The approach was then applied to map the site-specific conformational sampling of the intrinsically
disordered C-terminal domain, Nra., of Sendai virus nucleoprotein. We choose this particular
example because Nya, although intrinsically disordered, contains large amounts of a-helical
propensity in its molecular recognition element (residues 475-495) and, therefore, constitutes a
rather demanding test of the approach. An ASTEROIDS ensemble comprising 200 conformers of

Nt Was selected on the basis of the experimental Beg, 13CB, 3¢ and N chemical shifts. Excellent
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agreement between the experimental chemical shifts and those back-calculated from the selected

ensemble was obtained (Figure 31). The site-specific conformational sampling of N1, derived from

the chemical shifts shows that Ny, samples essentially random coil conformations with large

amounts of helical propensity in the molecular recognition element (Figure 32 and Figure 33). An

analysis of the distribution of the selected conformers outside the helical element reveals that the

fully disordered regions of the protein have an overall tendency to sample less (-extended and

more (on average 5%) PPIl than is present in the standard random coil database.
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Figure 31: Agreement between experimental secondary chemical shifts (black) in Ny and back-calculated
secondary chemical shifts (red) from the ASTEROIDS-selected ensemble comprising 200 conformers.
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Figure 32: Conformational sampling of Na. derived from ASTEROIDS-selected ensembles on the basis of
experimental 13(:(1, 13C[S, B3¢ and N chemical shifts. The selection of full structures (200 conformers) was
repeated five times and the different colours indicate the conformational sampling obtained in each selection.
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Figure 33: Site-specific conformational sampling (Ramachandran plots) obtained from the ASTEROIDS-
selected ensembles of Nya . on the basis of experimental chemical shifts. An excerpt of the sequence is shown
surrounding the molecular recognition element.
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Figure 34: Reproduction of independent data not used in the ASTEROIDS selection. (A) Comparison of
experimental PN-'HN RDCs measured in a liquid crystal composed of poly-ethylene glycol and 1-hexanol
(black) and RDCs back-calculated from a Flexible-Meccano ensemble of 50K conformers using the @/y
sampling obtained on the basis of the experimental 13Coz, 13CB, B¢’ and N chemical shifts (red). (B)
Comparison of experimental BN secondary chemical shifts (black) and secondary chemical shifts back-
calculated from the ASTEROIDS ensemble selected on the basis of 13Coc, 13CB and “c’ (red). Random coil
values from RefDB were used.
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As described in the previous chapter, it is essential to be able to validate the selected ensembles for
example using independent data not used in the ensemble selection (cross-validation). For this
purpose we compared experimental “N-'H" RDCs measured in partially aligned N to those
calculated using an ensemble obtained from the chemical shift derived conformational sampling
(Figure 34). The agreement is striking, in both the partially folded and disordered regions of the
protein, demonstrating the ability of ASTEROIDS to unambiguously interpret chemical shifts in
terms of local conformational propensity. In a further test of consistency, we also compared the
experimental >N secondary chemical shifts to those back-calculated from the ASTEROIDS-selected
ensemble on the basis of *Ca, 13CB and °C’ only (Figure 34). Although this implies removing 25% of
the data in the ASTEROIDS selection, the experimental secondary chemical shifts are still reasonably

well reproduced providing a further validation of our approach.

5.6. Conclusions

The ability to describe conformational sampling on the basis of chemical shifts alone is important
for the development of atomic resolution descriptions of IDPs. The approach presented here makes
only simple assumptions concerning the true conformational properties of the molecule, starting
with a standard statistical coil description of backbone conformational sampling, and refining this
iteratively until convergence is reached compared to the experimental data. We show that this
allows the identification and characterization of entire secondary structural elements and their
associated populations, as well as providing indications of the subtle detail of local conformational
sampling in disordered proteins. This approach raises the prospect of probing the conformational
behaviour of disordered proteins under conditions where additional parameters cannot be easily
measured, but where chemical shifts are still accessible, for example in crowded or cellular
environments (103, 104). Currently, we are applying ASTEROIDS to target experimental chemical
shifts in many different IDPs in order to obtain a more elaborate picture of the conformational
sampling in disordered proteins. Our preliminary results show, like in the case of Ny, that the PPII
conformation seems to be prevalent at the cost of -extended conformations.

The simulations presented in this chapter showed that the populations in the different regions of
Ramachandran space could be mapped with about 5% accuracy using the chemical shifts. However,
the populations of the PPII region and the a’-helix region remain difficult to separate, because of
the similar chemical shifts in these regions for most nuclei. In order to obtain a better separation of
the populations in the Ramachandran space, we are currently combining the chemical shifts with

other types of NMR parameters such as RDCs.
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6. Quantitative description of helices in IDPs using RDCs

6.1. Introduction

The lack of stable, folded structures of IDPs confers numerous functional advantages, including,
paradoxically, both binding promiscuity and high specificity in target interactions. Atomic resolution
details of how IDPs are recognized by their partner proteins are currently lacking and in particular
insight into which features control the kinetics of coupled folding-and-binding reactions. Some of
the key questions that currently remain unanswered are to what extent the IDPs need to be
structurally pre-configured prior to partner protein binding, and how the “right” conformation is
stabilized in an otherwise disordered protein.

In order to provide insight into molecular recognition in disordered proteins, we have been studying
IDPs that undergo a-helical folding upon binding to their partner proteins. One of these proteins is
the intrinsically disordered C-terminal domain, Ntu,, of Sendai virus nucleoprotein whose molecular
recognition element undergoes a-helical folding upon binding to the phosphoprotein of the viral
polymerase complex (105, 106). In the previous chapter, the conformational sampling of this
protein was investigated using ASTEROIDS targeting the experimental chemical shifts of N1, and it
was found that the molecular recognition element samples large amounts of a-helix already in its
pre-recognition state.

In this chapter, an approach is presented that, on the basis of measurements of multiple RDCs,
allows a quantitative identification of the most populated helical elements in the pre-recognition
state of Nta. — information that cannot be obtained from chemical shifts alone. The approach
provides insight into early stages of molecular recognition in disordered proteins and reveals an
essential role of the primary sequence for dictating and stabilizing this particular pre-recognition

state.

6.2. Using dipolar waves to characterize helical elements in IDPs

RDCs are particularly sensitive to the presence of helical elements in disordered proteins. The
reason for this is that the sign of N-'H" RDCs is expected to change when going from more
extended (disordered) conformations to helical or turn conformations as illustrated in Figure 35 (45,
47). To understand in more detail how RDCs can help us to characterize helices in terms of length,
population and capping, we carried out Flexible-Meccano simulations of a poly-alanine sequence
(100 amino acids), where helices with different lengths and positions were introduced by sampling
the a-helical region of ¢/y space. The alignment tensor for each conformer was calculated using

PALES (72, 73) and the RDCs were subsequently averaged over the entire ensemble.
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Figure 35: Figurative representation of effective angular averaging properties of '"HN-N bond vectors in a

disordered protein dissolved in a weakly aligning medium with the director along the magnetic field. (A) RDCs

1,,N 15 . . . .
measured for "H -"°N bond vectors in more extended conformations, as commonly found in disordered

proteins, will have negative values (6 ~ 90°). (B) RDCs measured for '"WNN bond vectors in turns or helical

conformations will have positive values (6 ~ 0°).
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Figure 36: Ensemble-averaged RDCs (50K conformers) of a poly-alanine chain of 100 amino acids with helices
at residues 26-41 (top) and 26-39 (bottom). The helices were introduced by sampling the a-helical region of
¢/ space (-65°, -40°) using a Gaussian distribution with a width of 3°. In each case, 15 superimposed
conformers from Flexible-Meccano show the directionality of the disordered chains projected from the helix
caps. For clarity only the first four residues before and after the helix are shown. The effective tilt angle
imposed by the helix capping is 1.3° (top) and 18° (bottom).

Comparing °N-"H" RDCs from two of the simulations, where helices where introduced at residues
26-39 and 26-41, shows that a difference in length of only two amino acids induces distinctly
different dipolar waves within the helical elements (Figure 36). Despite the high flexibility of the

long N- and C-terminal chains, the appearance of periodicity in the RDC profile within the helix is
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strongly correlated with the direction of the unfolded chains as they are projected from the helix
caps. If the dynamic chains are projected in the same direction (26-41), dipolar wave oscillations are
small, because the effective orientation of the helix is close to parallel to the field. If the chains are
projected in opposing directions (26-39), large oscillations are observed due to the large effective
tilt of the helix (Figure 36). Fitting the simulated ensemble-averaged RDCs within the helical
elements to a perfect helical structure in Module (107) using Eq. 3 shows that the rhombic part of

the alignment tensor is very small and can essentially be ignored.

N-term _

Q(°)

P, ()

C-term

Figure 37: Dipolar waves in flexible chains. (A) Effective tilt angle, Q, relative to magnetic field as a function of
helix length / (in residues) introduced between sites 26 and 65 of a 100 amino acid poly-alanine chain. RDCs
were averaged over 2000 conformers and fit to an ideal helix using Eq. 15. Line corresponds to the fit of
simulated data points with Q(/)=/<1eXp(-kz/)COSZ(K(/)/Z); K is the angle between points of chain projection given
by k(/)=360(/-1)/p+2A (fitted values: k; = 37.3, k,=0.01, p (periodicity) = 3.6 and A = 60). Filled circles indicate
the two simulations in Figure 36. (B) Helix polarity, po, as a function of /. py was obtained by fitting simulated
RDCs to Eqg. 15 using an ideal helical structure. Line corresponds to the expected polarity calculated as the
average position of the two points of chain projection. The polarity can only be accurately determined for Q >
4°. (C) Top view of helix of length 16 showing the position of the first (res 0) and last (res 15) residues as well
as the positions of chain projection. Dashed line indicates expected p, value. (D) Top view of helix length 14.
These helices correspond to the two simulations in Figure 36.

In agreement with previous studies of dipolar waves in folded proteins, the RDCs within helical

elements of partially folded proteins can, therefore, be calculated according to (108—112):

v h
D, =- };);zﬁ? [A,, (3(cosQcosd —sinQsindcos(p — p,))* - 1)] (Eq. 15)
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Here, d is the orientation of the inter-nuclear vector with respect to the helix axis and p (=2tn/3.6
with n =0, ..., | - 1) is the position of the individual residue along the helix. It turns out that the
effective tilt (©2) of the helix axis with respect to the alignment frame and the polarity, po, describing
the angular position of the helix relative to this axis, depend in a periodic and parameterisable
manner on the helix length (Figure 37). This allows the prediction of expected dipolar waves in
partially folded proteins without the need for construction of explicit ensembles of the proteins.

From the observations made above, it is clear that the distribution of *>N-'H" RDCs, the size of the
couplings and the shape of the dipolar wave allow a determination of helix length, population and
capping in partially folded proteins. This is in contrast to chemical shifts that only report on the helix
population at a given residue. The measurement of several types of RDCs is expected to increase
the accuracy of the determined helical parameters, as the only difference between different inter-
nuclear bond vectors relies in the angle 8. The simulations presented above contained a single
helical element with a well-defined dipolar wave. In disordered or partially folded proteins, several
helices may be preferentially populated, and the observed dipolar wave has to be interpreted as the
population-weighted sum of several dipolar waves as described below in the case of the molecular

recognition element of Sendai virus Nya.

6.3. Application to the molecular recognition element of Nta,,

To quantitatively describe the a-helical sampling in the pre-recognition state of Sendai virus Nya,
we measured several types of RDCs (*°N-'H", *Ca-'Ha, *Ca-*C’ and *C’-'H") using polyethylene
glycol (PEG)/1-hexanol liquid crystals. The >N-'H" RDCs measured within the molecular recognition
element of N1a, are positive and clearly display a dipolar wave indicating that specific helices are
preferentially being populated in solution (Figure 38). In order to exploit the available information
in the experimental RDCs, we have developed a minimal ensemble approach that allows us to
guantitatively characterize these helices (113). Using Flexible-Meccano, we generated
conformational ensembles of N with helices of different lengths and positions within the
molecular recognition element (residues 476-495). Each ensemble consisted of 10K conformers in
order to ensure convergence of the RDCs over the structural ensemble. A total of 153 different
ensembles were necessary to simulate all possible helices with a minimum length of four amino
acids to a maximum length of 20 amino acids. The approach serves to find the minimal ensemble
that best fit the experimental RDCs by combining the predicted RDCs from the different ensembles

and optimizing the populations of the helical elements:

N N
D;alc — Eka’f + (1 _ Epk)D,-}meld (Eq 16)
k=1 k=1
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Here, pi represents the populations of the N helical conformers for which D,’j are the individual

predicted couplings between nuclei i and j, and D;nf"'dare the predicted couplings from the

completely disordered state. The calculated couplings are compared to the experimental data

according to:
X =08 -De®) /o7 (Eq. 17)

All four measured types of couplings were included in the fitting procedure. The number of helical
ensembles present in the equilibrium was increased (starting from N=1) and F-tests were applied to
verify the statistical significance of the improvement of the fitting of the experimental data (Table
1). It was found that N=3 is the minimum number of helix lengths that are needed to describe the
experimental RDCs. Figure 38 shows the agreement between experimental >N-'"H" RDCs and back-
calculated RDCs for the different models in Table 1, while Figure 39 shows the reproduction of all

types of RDCs in the molecular recognition element of Nya, for the best fitting model (N=3).

Table 1: Reproduction of experimental RDCs in Ny, from models with different numbers of helical
ensembles.

Number of X“ Number of Helical Population Significance ©

helical optimized conformers © (%) d

ensembles (N) parameters b

1 427 4 476-488 52

2 227 7 476-488 37 P<0.0001
479-484 45

3 120 10 476-488 28 P<0.0001
479-484 36
478-492 11

4 113 13 476-488 31 P=0.16
479-484 24
478-495 6
479-492 5

“The target function (XZ) included all 100 experimental data points (four types of RDCs).

® One helix implies the optimization of three parameters: starting amino acid, final amino acid and the
population. In addition a scaling factor is optimized to take into account the absolute level of alignment for
the RDCs.

“Range of the invoked helices.

“The population of the invoked helices. The remaining conformers are completely unfolded.

¢Significance of the improvement of this model as compared to the simpler model calculated using a standard
F-test.
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Figure 38: Reproduction of experimental N-'HN RDCs in Nya for models with an increasing number of helical
ensembles: N=0 (a), N=1 (b), N=2 (c) and N=3 (d). Experimental RDCs are shown in red, while back-calculated
RDCs from the different models are shown in blue.

The best fitting model of the molecular recognition element of Nya. comprises three helical
elements, 479-484 populated to 36+3%, 476-488 populated to 28+1% and 478-492 populated to
11+1% in exchange with completely disordered conformers corresponding to 25+4% of all
molecules (Figure 40). Noise-base Monte Carlo simulations were used to estimate the uncertainties
in the helical populations. Interestingly, all the selected helices are preceded by aspartic acids or
serines that are the most common N-capping residues in helices in folded proteins (Figure 40) (114—
116). An N-capping residue stabilizes a helix by forming a hydrogen bond between its side chain and
the backbone amides at position 2 or 3 in the helix (Figure 40) (117, 118). Importantly, this indicates
that the helices preferentially being populated in solution in Ny, are stabilized by N-capping
interactions, and the helical formation is being promoted by strategically placed aspartic acids and
serines in the primary sequence of the protein.

Sendai virus Ny interacts with the C-terminal three-helix bundle domain, XD, of the
phosphoprotein of the viral polymerase complex and thereby initiates transcription and replication
of the virus. It has been proposed previously that electrostatic forces control this interaction, as a
large negative patch is displayed on the surface of XD at the Na, binding site (106). The molecular
recognition element of Nta, contains several positively charged arginines spaced by 3-4 amino acids
in the primary sequence. Thus, the formation of helices already in the pre-recognition state of Ny,
places the arginines on the same side of the helical elements and, thereby, creates a positive

“patch” complementary to the negative surface on the partner protein (Figure 40).
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Figure 39: Reproduction of the four types of RDCs in the molecular recognition element of Ny, for the best-
fitting model containing three helical ensembles (N=3). Experimental RDCs are shown in red, while back-

calculated RDCs from the model are shown in blue.

a ] b
\
—
4
P m\
/X .-
Unfolded H1 (479-484)
25% 36%
C

H2 (476-488)
28%

H3 (478-492)
1%

468 EEETNDEDVSDIERRIAMRLAERRQEDSATHGD 500
EEETNDEDVSDIERRIAMRLAERRQEDSATHGD H3
EEETNDEDVSDIERRIAMRLAERRQEDSATHGD H2
EEETNDEDVSDIERRIAMRLAERRQEDSATHGD H1

ARERS

Occurrence as N-Cap (%)
(-]

ILE  p—

SER

ASP

GLY

THR

ASN

PRO

LEU

LYS prm—
GLU

VAL

ARG

GLN

PHE  pr—
HIS  fpr—
TYR  pr—
MET  pomee
CYS e
TRP e

Figure 40: (a) Molecular representation of the proposed conformational equilibrium of the molecular
recognition element of Ny in solution. The four conformations are presented as a single structure for the
completely disordered form and as twenty randomly selected conformers for the three helical conformations.
The molecular recognition arginines are displayed in red, while N-capping residues are shown in blue. (b) The
amino acid sequence of the molecular recognition element of Ny showing the positions of the selected
helices. The cartoon figure illustrates an N-capping aspartic acid side chain-backbone interaction. (c) The
occurrence of different types of amino acids as N-capping residues in helices of folded proteins.
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It is also noteworthy that the two most populated helices (H1 and H2) in Ny, differ by one turn in
each end. As a consequence, the unfolded ends are projected in a specific direction in the majority
of the helical conformers. This projection does not point away from the partner in the bound
complex, as defined by the position of the arginines on one side of the helix, but rather in the same
overall direction as the arginine side chains (Figure 40). This observation is only valid for the first
few amino acids preceding and following the helix, beyond which the statistical coil sampling of the
chain results in very diffuse directionalities, but may be important in terms of non-specific

interactions away from the binding site, which facilitate formation of the complex (119).

6.4. Conclusions

The minimal ensemble approach presented in this chapter allows the identification of preferentially
populated helical elements in partially folded proteins. This is particularly relevant for intrinsically
disordered or partially folded proteins that bind to their partner proteins through helical regions,
and for which an identification of the specific helical conformers provides new insight into
molecular recognition. The limitation of the approach probably lies in the percentage of helix
sampled, as the method is expected to be most accurate for larger amounts (>20%). In addition, if
many helices are randomly sampled, the dipolar wave will be quenched and the applicability of the
approach reduced.

Applying the approach to Nra, that undergoes a-helical folding of the molecular recognition
element upon binding to its partner protein, we find that N1, samples specific helical conformers
that are all stabilized by N-capping interactions. The high percentage of helix already in the pre-
recognition state has the advantage of lowering the energy-barrier between free and bound forms
of the protein, and probably controls the kinetics of the coupled folded-and-binding reaction. We
are currently investigating the binding kinetics of Nta. and the role that the specific a-helical
conformers play in this context by site-directed mutagenesis of the N-capping residues (see chapter

8).
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7. Intrinsic disorder in Measles virus nucleocapsids

7.1. Introduction

IDPs are normally expressed and studied as isolated protein domains in vitro. However, in the cell,
these proteins are often integral parts of much larger assemblies with many different protein
domains — both folded and disordered. The possibility that a protein is disordered and highly
flexible when studied in its isolated form in vitro, but folded or not flexible in situ, underlines the
importance of studying intrinsic disorder under more physiological conditions.

One way to characterize IDPs in situ is to collect solution NMR data of the proteins in the context of
the entire molecular assemblies. Although such objects are normally too big to be studied by NMR
due to the slow re-orientation in solution, the signals of the IDPs are still detectable, if the domains
retain their flexibility in the context of the full-length proteins. This approach allows us to study the
conformational behaviour of disordered domains under conditions approaching the physiological
and to compare the results with structural studies of the domains in their isolated forms.

Our first application of this approach concerned the disordered N-terminal transactivation domain
(TAD) of the tumour suppressor p53 (64). We characterized this 93 amino acid disordered domain
using RDCs, both in its isolated form and in the context of the 175 kDa full-length, tetrameric
p53/DNA complex. It was shown that the TAD samples similar conformations in its isolated form
and within the full-length protein, including 30% helical propensity stabilized by N-capping

interactions in the MDM2 molecular recognition element located within the TAD (Figure 41).
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Figure 41: '"HN-*N RDCs measured in the isolated TAD of p53 (blue, top) and in the full-length tetrameric
p53/DNA complex (bottom, blue) compared to predictions from Flexible-Meccano (red). In the predictions an
amino acid-specific coil sampling was used with the presence of a single-turn helix at residues 22-24
populated at a level of 30% and an increased level of polyproline Il sampling for the residues 58-91. The
cartoon represents a model of the full-length, tetrameric p53/DNA complex including the flexible TAD. The
tetramerization domain of p53 is shown in gray, while the DNA is shown in magenta.
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Recently, we have pushed the limits significantly of this “in situ approach” by characterizing intrinsic
disorder in intact Measles virus nucleocapsids — objects with sizes approaching 150MDa.
Interestingly, as described in this chapter, we obtain new insight into the functional advantages of
intrinsic disorder in the nucleocapsids — information that could not be obtained by studying the
intrinsically disordered domain in isolation. In addition, we employ the power of “integrated
structural biology” by combining our NMR data with SAXS and electron microscopy to provide an

integral model of intact Measles virus nucleocapsids.

7.2. Measles virus

Measles virus belongs to the Paramyxovirus family comprising negative sense, single stranded RNA
viruses. In paramyxoviruses, the viral genome is encapsidated by multiple copies of the
nucleoprotein (N) forming a helical nucleocapsid. Transcription and replication of the viral RNA are
initiated by an interaction between N and the polymerase complex, composed of phosphoprotein

(P) and the RNA-dependent RNA polymerase (L) (120).

RNA binding P binding
Nucleoprotein Neore N
1 400 525
NP binding L binding N-RNA binding
Phosphoprotein PNT | PMD l | XD
1 304 376 457 507
PCT

Figure 42: Domain organization of Measles virus nucleoprotein N and phosphoprotein P (left). Gray domains
are predicted to be intrinsically disordered. Upon binding of the viral RNA, the nucleoprotein assembles into
helical nucleocapsids (right). Sendai virus N and P proteins have similar domain organizations.

Nucleoprotein N consists of two domains: Ncoge (residues 1-400) of unknown structure, responsible
for the interaction with the viral RNA and for maintaining the nucleocapsid structure, and an
intrinsically disordered domain, Nra. (residues 401-525) serving as the anchor point for the
polymerase complex (105, 121) (Figure 42).

The phosphoprotein P comprises an intrinsically disordered N-terminal domain (PNT) through which
P binds to RNA-free N (N°), forming an N°-P complex that prevents the polymerization of N and the
non-specific encapsidation of host cell RNAs in the early stages of transcription and replication
(122—-124). The C-terminal domain of P (PCT) consists of two domains: the multimerization domain
(PMD) that binds L and the C-terminal domain XD that associates with the N-RNA nucleocapsid

template (Figure 42) (125). So far no structural characterization has been carried out of PNT and
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PMD, while the three-helix bundle structure of XD has been determined by X-ray crystallography
(126).

Sendai and Measles virus both belong to the Paramyxovirus family, and although the sequence
homology is low between the two viruses, they share similar domain organizations of the N and P
proteins. The structure of PMD of Sendai virus P has been determined by X-ray crystallography and
adopts a tetrameric, coiled-coil conformation (127) (Figure 43). A similar structure is predicted for
the PMD of Measles virus P. The XD domain of Sendai virus adopts a three-helix bundle structure

and is, therefore, very similar to the Measles virus XD domain (128).

Figure 43: Structure of the tetramerization domain (PMD) of Sendai virus P determined by X-ray
crystallography. Top view (left) and side view (right) are shown of the coiled-coil domain.

Figure 44: Crystal structure of the chimeric complex between Measles virus XD (blue) and a short construct of
N+ar (red) encompassing the molecular recognition element (residues 485-502).

The molecular recognition element (residues 485-502) of Measles virus Nra. interacts with XD of P
and thereby recruits the polymerase complex onto the nucleocapsid template (129, 130). A crystal
structure of the chimeric complex between XD and a construct of Nta. encompassing the molecular
recognition element shows that Ny, folds into an a-helix in the complex (Figure 44) (131). The
disorder present in Nra is particularly intriguing, as the interaction site of Ny is located
approximately 80 disordered amino acids from the folded Ncore domain that binds the RNA. In order
to understand the mechanism by which this “remote” interaction between N1, and XD initiates
transcription and replication, it is necessary to have an atomic resolution model of Nta, in context

of the intact nucleocapsids.
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7.3. Structural characterization of isolated Measles virus Nqa,

Initially, we performed NMR experiments of the isolated Nta. domain in order to obtain a detailed
structural characterization. We assigned the backbone of the protein and measured several types of
RDCs (°N-'HY, BCa-'Ha and Ca-2C’). An atomic resolution description of the conformational
equilibrium of the molecular recognition element of Nta. was obtained using the minimal ensemble
approach applied to the experimental RDCs and Ca chemical shifts, in the same way as described in
the previous chapter for Sendai virus Nta. The Ca chemical shifts were included in the analysis to

obtain a better determination of the populations of the individual helical elements.

A
S491
A492 S488
D493 R497 R489
A494
Q499
5481
A2 D484

H2: 30 % pP485

H1:22 % H3: 10 %
*81SSQDPQDSRRSADALLRLQAMAGISES*
SSQDPQDSRRSADALLRLOAMAGISE H1

SSQDPQDSRRSADALLRLQAMAGISE H2

EEs SSQDPQDSRRSADALLRLOAMAGISE H3 A502
SSQDPQDSRRSADALLRLQAMAGISE H4
Unfolded: 25 % H4:13 %
o
. i N d’l“' ‘”‘HL i
- e YA
20 c
¥ il
3 N ‘I‘IIH“‘I‘lll‘nll'l'l“[||l'l1")ll| Wlml". r'|1l')1llflll '\'“I1L"llll ||| g ”|"|1\|.
Sequence

Figure 45: (A) Conformational equilibrium in the molecular recognition element of Measles virus Nray
obtained from the minimal ensemble approach applied to experimental RDCs and Ca chemical shifts. The
primary sequence shows the location of the helical elements preferentially being sampled in solution. All the
selected helical elements are stabilized by N-capping interactions through aspartic acids or serine residues
(blue residues). (B) Agreement between experimental BN-'HY RDCs (blue) and back-calculated RDCs (red)
from the conformational equilibrium shown in A. (B) Agreement between Ca secondary chemical shifts (blue)
and back-calculated secondary chemical shifts (red) from the conformational equilibrium shown in A. Only
RDCs and chemical shifts of residues in the molecular recognition element were included in the fitting
procedure.

56



Figure 45 shows the dynamic equilibrium adopted by the molecular recognition element of Measles
virus Nta. Four helices are preferentially being populated in solution in exchange with completely
disordered conformations (25%). Two helices are rather short but highly populated (22% and 30%),
while the longer helices are less populated (10% and 13%). All the selected helices in the minimal
ensemble approach are preceded by aspartic acids or serines, again identifying N-capping
interactions as important stabilizers of helices in IDPs and partially folded proteins. Excellent
agreement is obtained between the experimental RDCs and chemical shifts and those back-

calculated from the selected ensemble (Figure 45).
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Figure 46: (A) Secondary structure propensity (SSP) of Measles virus Ny obtained from experimental Ca and
Cp chemical shifts of N alone (red) and in complex with XD (blue). (B) N-'HY RDCs obtained in
PEG/hexanol liquid crystals of Ny, alone (red) and in complex with XD (blue).

By comparing the conformational sampling of N1, in its free state with the structure adopted in the
complex with XD, interesting observations regarding molecular recognition in the Nta /XD system
can be made. The helices present in the molecular recognition element of N1a. in the free state
ensure maximum helical propensity on the residues A494, L495, and L498. These residues are
directly involved in the hydrophobic interaction with the partner protein XD as observed in the
crystal structure (Figure 44). This demonstrates how helical propensity can be maximized for
efficient interaction through strategically placed aspartic acids and serines in the primary sequence.
Another interesting observation is that Ny, adopts a helix between residues Q486 and A502 in the
crystal form of the complex. This helix corresponds to the longest helix sampled by Nra, already in
its free pre-recognition state supporting conformational selection as a dominant molecular

recognition mechanism (132, 133).
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We investigated the interaction between Nya and XD by chemical shift titration experiments (134).
As XD is added, line broadening and chemical shift changes are observed of the N1, resonances in
the molecular recognition element in agreement with a fast-to-intermediate exchange regime, and
a dissociation constant of 10-50 uM was estimated on the basis of these measurements (134).
Saturation of Nt with XD allowed the partial assignment of the complex and the measurement of
N-'H" RDCs (Figure 46). The chemical shifts and RDCs show that Nta. undergoes a-helical folding
upon binding to XD and that the first 80 amino acids of Ny, are not implicated in the interaction
with XD. It is worth noting that even for a large excess of XD compared to Nya. (1:10), line
broadening due to intermediate exchange persists for residues surrounding the two smallest helices
(H1 and H2) selected by the minimal ensemble approach. This indicates that N, undergoes a
coupled folding and binding reaction (induced fit) pointing towards a more dynamic complex than
that represented by the crystal structure. Thus, both conformational selection and induced fit could

play a role in molecular recognition in the Nya /XD system.

7.4. Modelling N5, in intact Measles virus nucleocapsids

The interaction between Ny and XD did not reveal a functional role of the first 80 amino acids of
NtaL and we therefore proceeded with a characterization in situ of the Nta. domain. Electron
microscopy (EM) studies of the nucleocapsids show that they adopt a characteristic herringbone
appearance (135-138). Both the structure and dynamics of the nucleocapsids appear to be strongly
modulated by the disordered Nta, Where intact nucleocapsids have open and flexible structures
that become more compact and rigid upon cleavage of the disordered tail by trypsin (139, 140)
(Figure 47).

In order to shed light on how Nta. modulates the morphology of the nucleocapsids and to probe the
conformational behaviour and flexibility of N4 in situ, we have recorded solution NMR spectra of
N, Bc-labeled nucleocapsids (Figure 47). From EM we estimate the molecular mass distribution of
the objects in the NMR sample to fall in a range between 2 to 50 MD that would normally preclude
detection of solution state NMR signals of a folded, globular protein. A comparison of the 'H-"N
HSQC spectra of the isolated Nta. domain and the intact nucleocapsids shows that the NMR
resonances superimpose well, demonstrating that the conformational behaviour of the residues
450-525 of Nyuy is retained in situ (Figure 47). This includes the helical sampling of the molecular
recognition element determined by RDCs and chemical shifts in the isolated Nia. domain. An
intensity profile of the nucleocapsid spectrum shows that the first 50 amino acids (residues 401-
450) of Nya, are absent from the HSQC spectrum (Figure 48). The large variations in the intensities

of the visible resonances indicate differential flexibility along the chain of Nya.
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Figure 47: (A) Electron micrograph of the B¢, PN-labeled intact Measles virus nucleocapsids used for NMR.
(B) Electron micrograph of 13C, >N-labeled cleaved nucleocapsids (no Nqay) (C) Superposition of the H-BN
HSQC spectra of the isolated N1, domain (blue) and intact nucleocapsids (red).
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Figure 48: (A) Intensity profile of the 'H-N HsQC spectrum of intact nucleocapsids calculated as the ratio of
intensities in the nucleocapsid spectrum (/) and in the spectrum of the isolated Nia. domain (IO). (B) BN R,
relaxation rates in isolated Ny (blue) and in situ (red). (C) Calculated order parameters of Ny from the
proposed model of intact nucleocapsids shown in Figure 50.
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In order to further probe the conformational dynamics of Nap in situ, we measured N R,
relaxation rates and compared them to the rates of the isolated N5, domain (Figure 48). N, alone
shows almost uniform relaxation rates except in the molecular recognition element where slightly
elevated rates are observed due to the presence of residual helical structure. The relaxation rates of
Nraw in situ increase significantly around residue 460 indicating a decrease in flexibility when going
towards the folded domains forming the nucleocapsid. This is in agreement with the lack of signals
in the *H-">N HSQC spectrum for the first 50 amino acids of Nta.. Furthermore, the relaxation rates
measured in the centre of the molecular recognition element (around residue 495) are almost
identical in the isolated Nt domain and in the nucleocapsids. This suggests that this part of the
protein is in slow exchange on and off the surface of the nucleocapsid resulting in the large
reduction in intensities for the residues in this region. It is estimated from the intensities that
around 95% of the Npa. molecules are bound to the nucleocapsid surface via the molecular
recognition element. On the border of the molecular recognition element, the rates measured of
NraL in situ are significantly larger than those measured in isolated Ny, indicating that the
exchange rate on and off the nucleocapsid surface appears faster (smaller chemical shift
differences) for these sites. A final observation includes the C-terminus of N that also appears to
contact the nucleocapsid, either directly or by folding back onto the molecular recognition element

as it interacts with the nucleocapsid surface.

Figure 49: EM reconstructions of cleaved (A) and intact (B) Measles virus nucleocapsids. The atomic resolution
crystal structure of RSV nucleoprotein was docked into the electron density of both cleaved (C) and intact (D)
Measles virus nucleocapsids. The docking reveals that Nya, exits the nucleocapsid from the helix interior. The
figure was adapted from Desfosses et al., J. Virol. (2011), 85, 1391-1395.
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Figure 50: Proposed model of the location of Nya, in intact Measles virus nucleocapsids. (A) Representation of
the conformational sampling of Na. from a single N protein in the nucleocapsid. Different copies of the first
50 amino acids of Nra. (red) are shown to indicate the available volume sampling of the chain. (B)
Representation of the conformational sampling of Nya. from a single N protein in the nucleocapsid, shown
along the nucleocapsid axis. (C) Representation of the thirteen Ny, conformers from a single turn of the
nucleocapsid. (D) Representation of the thirteen Ny conformers from a single turn of the nucleocapsid
shown along the helix axis. (E) Intact nucleocapsid showing the Nta. molecules in red. In the interests of
clarity, (B—E) deliberately show more conformers outside the nucleocapsid, and fewer bound to the surface,
than are probable at any one time. The position of the RNA is shown in blue.

In a recent study, EM reconstructions of both intact and cleaved nucleocapsids were obtained
showing that each turn contains thirteen N subunits and that the nucleocapsid diameter decreases
from 200 to 190 A and the helical pitch shortens from 57.2 A to 48.7 A upon removal of Nt (141)
(Figure 49). In that study, no information could be obtained about the location and conformational
state of Nyu in the nucleocapsids, because Ny did not contribute coherently to the reconstructed
density from EM. The atomic resolution structure of Ncore is unknown, however the crystal
structure of the N-RNA complex of another Paramyxovirus, namely respiratory syncytial virus (RSV),
was solved recently (142). A docking of this structure into the reconstructed density of the Measles
virus nucleocapsids surprisingly places the N-terminal end of Nta, at the interior of the nucleocapsid
helix (141). Due to steric hindrance, the 13 copies of N, per turn cannot reside in the interior of
the nucleocapsid and remain flexible enough to give rise to NMR signals.

In order to provide a model of N in the context of the intact nucleocapsids, we used the EM
reconstruction of the Measles virus nucleocapsids with the docked atomic resolution structure of
the RSV nucleoprotein, to add conformers obeying random coil statistics of Nta using Flexible-
Meccano. A simple steric exclusion was imposed to avoid any contacts between N, and the folded

Ncore domains. The model building shows that there is enough space for Nta. to escape from the
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inside to the outside of the nucleocapsid via the interstitial space between successive Ncore lobes
(Figure 50). From the model we calculated an order parameter S” of Nya. reporting on the degree of
orientational freedom of the unfolded chain. The order parameter decreases for the first 50 amino
acids of the chain and then becomes approximately constant as Nya, exits from the interior of the
nucleocapsid (Figure 48), providing a reasonable explanation for the lack of resonances for the first

50 amino acids of Nt in the HSQC spectrum of the nucleocapsids.
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Figure 51: (A) Small angle X-ray scattering profiles of intact (red) and cleaved (blue) nucleocapsids. (B) Analysis
of the scattering data according to Eq. 18 of the intact (red) and cleaved (blue) nucleocapsids.

As a validation of our model, we carried out SAXS experiments of cleaved and intact nucleocapsids
with the aim of determining the cross-sectional radii of gyration (Figure 51). The scattering curves in
both cases were analyzed in terms of rod-like particles where the length was assumed to be much

larger than the diameter (143):

II@QQ) = In(0)Q) - %REQZ (Eq. 18)

The cross-sectional radius of gyration, Rc, was obtained to be (78.0 + 0.6) A and (69.5 = 2.4) A for
intact and cleaved nucleocapsids, respectively (Figure 51). From our model we can explicitly
calculate the expected cross-sectional radius of gyration using the radial coordinates r; of N atoms in

a unit sectorial element around the cylindrical axis of symmetry:

1
RCZ- =_Er'2 (Eq. 19)

We obtain a value of 68.0 A for the cleaved nucleocapsid, which is in excellent agreement with the
value derived from the SAXS experiment. For the intact nucleocapsid, where Nt was built using

the Flexible-Meccano algorithm, we obtain a cross-sectional radius of gyration of 83.8 A. By
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retaining only the Flexible-Meccano conformers where the molecular recognition element is within
8 A of any Ncore domain, a value of 78.4 A is obtained. The SAXS experiments therefore substantiate
our model and support the fact that the molecular recognition element of N is not entirely free,
but stays close to the surface of the nucleocapsid a large percentage of the time.

The presence of Ny in the interstitial space between the helical lobes explains how Na. modulates
the structure and dynamics of the nucleocapsids as visualized by EM (Figure 47). NtaL appears to
have two functional roles. It forms an articulated spacer that allows the molecular recognition
element to escape from the inside to the outside of the nucleocapsid and at the same time provides
access to the viral RNA by increasing the helical pitch. In addition, the molecular recognition
element exchanges on and off the nucleocapsid surface, where approximately one N molecule
out of thirteen per helical nucleocapsid turn is free in solution at any given time. While we currently
have no information about the position of the binding site, or whether this binding is specific, we
can speculate that such a mode of action would provide an efficient mechanism by which Ny, could
“catch” the viral polymerase complex when in free solution, and co-localize the complex on the

nucleocapsid surface, thereby initiating transcription and replication of the viral RNA.

7.5. Conclusions

NMR studies of IDPs as isolated domains in vitro facilitate the characterization of the proteins at
atomic resolution. The results presented in this chapter, however, underline the importance of
investigating disordered domains in more physiological environments for example as integral parts
of their high molecular weight assemblies. In the case of the disordered Ny, domain of the Measles
virus nucleoprotein, we carried out a structural characterization of the isolated domain and
compared it to that obtained in the context of the intact Measles virus nucleocapsids. The study in
situ adds significantly to our understanding of the role of intrinsic disorder in transcription and
replication of the virus. The disordered domain not only interacts with the viral polymerase
complex, but also facilitates the access to the viral RNA by ensuring open and dynamic
nucleocapsids.

The study of the intact Measles virus nucleocapsids presents a nice example of how several
complementary techniques can be combined to resolve more complex problems. In this case, we
used NMR for obtaining atomic resolution information about the conformational sampling and
dynamics of Nyap in situ. We applied EM to probe the difference in appearance between cleaved
and intact nucleocapsids and the corresponding reconstruction as a model for the folded domain of
the nucleoprotein. SAXS was used to probe dimensions of the nucleocapsids in solution, in

particular, the contribution to the scattering from the part of Na. located on the outside of the
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nucleocapsids. Combining the different techniques provided us with an integral model of the intact

nucleocapsids.
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8. The role of intrinsic disorder in Paramyxoviruses

8.1. Introduction

Understanding the role and functional implications of intrinsic disorder requires atomic resolution
models of the proteins and their dynamic complexes. Due to the inherent flexibility of IDPs, NMR
spectroscopy is the method of choice for characterizing both the structure and dynamics of the
proteins at atomic resolution. The previous chapters of this habilitation have described the
application of the ensemble selection algorithm ASTEROIDS for characterizing both local and long-
range structure in IDPs from various NMR parameters such as RDCs, chemical shifts and PREs. Even
for large molecular assemblies, as for example the viral nucleocapsids, NMR can be used to detect
the signals of the flexible domains. NMR is therefore highly complementary to other techniques
such as X-ray crystallography and electron microscopy that rarely observe these important, and
often functional, domains. Future perspectives of the work described in this habilitation include the
development of NMR methods for characterizing the structure, dynamics and kinetics of IDP
complexes. In addition, we will apply the developed methods and ensemble descriptions to
elucidate the role of intrinsic disorder in two novel biological systems, namely the Paramyxoviruses
(this chapter) and the mitogen activated protein kinase (MAPK) cell signalling pathways (see chapter
9).

So far, we have made significant progress in understanding the role of intrinsic disorder in
transcription and replication of Paramyxoviruses. We have characterized the isolated Nt domains
of Sendai and Measles virus nucleoproteins, and we have obtained a description of Na. in the
context of intact Measles virus nucleocapsids. In future studies, we will develop methods for
characterizing the structure, dynamics and kinetics of the complex formed between N+a, and the C-
terminal domain, XD, of the phosphoprotein. We will use relaxation dispersion measurements for
probing the kinetics of the binding reaction, as well as for obtaining NMR parameters that describe
the structure and dynamics of Ny within the complex. We will characterize the Nya. domains of
several members of the Paramyxovirus family, both as isolated domains and in context of intact
nucleocapsids. In general, we aim at comparing the conformational behaviour of the disordered
domains and their interactions across several members of the Paramyxovirus family such as Sendai,

Measles, Hendra and Nipah viruses.

8.2. Structure, dynamics and kinetics of the N1, /XD complex
One of the main difficulties encountered when studying protein-protein complexes involving IDPs is
that the coupled folding-and-binding reaction and the dynamic behaviour of the proteins often

result in exchange broadening of the NMR signals. This is also the case for the interaction between
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NtaL and XD of both Sendai and Measles virus that show a fast-to-intermediate exchange regime,
resulting in extreme line broadening of most of the NMR resonances in the molecular recognition
element of Nqa. This exchange regime, however, holds great promise for relaxation dispersion
measurements, where the complex kinetics and the bound form of Ny are studied via
measurements on the resonances of the free protein in the presence of sub-stoichiometric amounts
of XD. We will attempt to tune the exchange rate to allow the observation of relaxation dispersion
arising from the complex formation by variation of the concentrations of Nya. and XD as well as the
temperature. In order to monitor more precisely the dynamics of Na. in the complex, we will
construct a chimeric Nra /XD complex in order to identify the contribution from the binding event
of NraL to the relaxation dispersion curves. Using these methods, we will compare the binding

kinetics and the dynamics of different Nra /XD complexes within the Paramyxovirus family (Figure

52).
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Figure 52: Model of the interaction between N, (blue) and XD (yellow) of Sendai, Measles, Hendra and
Nipah viruses. The molecular recognition element of N1, undergoes a-helical folding upon binding to XD. The
binding kinetics and the structure and dynamics of Ny in the complex will be studied through relaxation
dispersion measurements.

The characterization of Nta from Sendai and Measles virus using RDCs revealed that the molecular
recognition element samples specific a-helical conformers stabilized by N-capping interactions. We
will modify the pre-recognition state of Nt by mutation of N-capping residues and, thereby, map
the influence of specific helical conformers and their population on the kinetics of the complex
formation. So far, we have performed a simultaneous mutation of two of the N-capping residues
(D475A and D478A) in Sendai virus Ny that are responsible for stabilizing more than 60% of the
helical propensity (Figure 40). Our preliminary RDC data show that the mutations result in only a
small decrease of helical propensity in the molecular recognition element, however, the
conformational equilibrium changes such that the helical conformers are stabilized largely by S477
and to a smaller extent by D473. We will study by relaxation dispersion how this change in

conformational equilibrium affects the binding kinetics of Nta..
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The intermediate exchange regime seems to be highly prevalent in interactions involving IDPs
because of folding-upon-binding reactions and/or the existence of pervasive dynamics in the
complexes. As discussed above, relaxation dispersion measurements are expected to be helpful in
this context, however, we will also investigate the possibility of overcoming the intermediate
exchange regime by studying IDP complexes at very low temperatures. We will pursue the study of
the Nra /XD complex in super-cooled water, where temperatures as low as -20°C can be accessed
without freezing the protein solutions (144—-146).

In addition to the studies proposed above for the N /XD complex, we will explore the possibility of
using paramagnetic metal ions, e.g. lanthanide ions, as structural probes. Most of the lanthanides
are paramagnetic and have strong anisotropic magnetic susceptibilities inducing both
pseudocontact shifts (PCSs), RDCs and PREs (147). The advantage of PCSs is that they are easy to
measure and they depend not only on the distance to the paramagnetic metal ion, but also on the
orientation of the metal-nucleus vector with respect to the magnetic susceptibility tensor (148).
Paramagnetic lanthanide ions span a wide range of magnetic anisotropies providing the perspective
of obtaining structural information in different distance ranges from the paramagnetic ion. For
example, ce®* normally provides useful PCSs and relaxation enhancements in the 5-15 A range from
the metal ion, Yb>* in the 9-25 A range and Dy’' in the 13-40 A range (149). Thus, lanthanides are
expected to extend the range of distances that can be measured, compared to for example MTSL
spin labels, as well as introducing new independent orientational information in the IDPs.

The introduction of paramagnetic metal ions in IDPs requires a metal binding tag that can be
attached to the side chain of cysteine residues. Several suitable, high-affinity lanthanide tags have
been proposed that when attached to folded proteins induce sizable PCSs and RDCs (150-158). The
feasibility of inducing PCSs and RDCs in IDPs via attachment of lanthanide binding tags has recently
been demonstrated in urea-denatured ubiquitin, where a Dy**-loaded DOTA-derived metal binding
tag attached at residue 6 induced sizable PCSs for residues 17-30, while residues 1-16 were
broadened beyond detection due to strong PREs (155).

The application of paramagnetic metal ions for obtaining structural information is potentially even
more powerful in studies of the structure and dynamics of IDP complexes. We will explore this
possibility in the case of the Ny /XD complex by attaching a lanthanide binding tag to XD and
measure the paramagnetic effects in Nta. In this way, we can increase the sensitivity of chemical
shift titrations or relaxation dispersion type experiments by amplifying the chemical shift changes

that occur upon complex formation due to the presence of an appropriately placed lanthanide ion.
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8.3. Studies of nucleocapsids of Paramyxoviruses by NMR, EM and SAXS

The study of the conformational behaviour of N1, in intact Measles virus nucleocapsids by solution
NMR has opened up new possibilities to study the mechanism of transcription and replication of the
virus. Our study revealed that the molecular recognition element of Ny, interacts with the surface
of the nucleocapsid a large percentage of the time. We will determine the factors that govern this
interaction by screening different solution conditions (salt, pH, buffer etc) with the aim of changing
the affinity of the interaction. The molecular recognition element of both Sendai and Measles virus
N+aL contains a number of positively charged arginines that could potentially be interacting with the
negatively charged phosphate groups of the RNA. We will perform mutational studies of the
molecular recognition element of Na in order to identify the residues that are responsible for this

interaction.
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Figure 53: Expansions of the Ca-CX regions of the Bc-c correlation spectra (DARR mixing of 25ms) recorded
on trypsin-digested (blue) and intact (red) nucleocapsids. The experiments were acquired on a 1GHz
spectrometer at 10kHz magic angle spinning.

Figure 54: Electron micrographs of Sendai virus nucleocapsids revealing a striking similarity to Measles virus
nucleocapsids (Figure 47).

To complement the solution NMR studies, we will carry out solid-state NMR of both intact and

13~ 13
C-

cleaved nucleocapsids (Figure 53). In the solid-state C correlation spectra, the signals of the

RNA (random cellular RNA) are visible, allowing us to investigate if the molecular recognition
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element of Ny, interacts with the RNA. This requires a comparison of the chemical shifts of the
RNA in the cleaved and intact nucleocapsids, respectively.

In order to obtain further insight into the mechanism of transcription and replication of Measles
virus, we will study the interaction between the nucleocapsids and XD (or full-length
phosphoprotein), in order to probe which parts of Nya, stay flexible upon complex formation. In a
more general picture, we will compare our findings in Measles virus nucleocapsids with other
members of the Paramyxovirus family. So far, we have obtained nucleocapsids of Sendai and
Hendra virus, and we are currently studying these by solution NMR and other complementary

techniques (Figure 54).
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9. Intrinsic disorder in MAPK cell signalling pathways

9.1. Introduction

Mitogen-activated protein kinases (MAPKs) are essential components of eukaryotic signal
transduction networks that enable cells to respond appropriately to extracellular stimuli (mitogens).
The MAPK signalling pathways feature three sequentially acting protein kinases making up a
signalling module: an MKKK (MAPK kinase kinase) that phosphorylates and thereby activates an
MKK (MAPK kinase), which then activates the MAPK by phosphorylation (159). In mammalian
organisms four major MAPK cascades have been identified: ERK1/2 (ERK: extracellular-signal-
regulated kinase), ERK5, p38 and JNK (159). The c-Jun N-terminal kinase (JNK) pathway primarily
regulates stress and inflammatory responses, and the deregulation of this pathway has been shown
to be implicated in the pathogenesis of many human diseases such as cancer (160), diabetes (161),
Alzheimer’s (162) and Parkinson’s disease (163). Inhibition of JNK activity is considered as a possible
therapy for many of these diseases.

Considering the large number of signalling pathways in mammalian organisms, one of the main
questions is how signalling specificity is maintained allowing kinases to distinguish their correct
substrates from a vast excess of incorrect substrates that contain similar target residues. As an
example, we can consider a kinase that recognizes a substrate to be activated by phosphorylation at
the target sequence Ser/Thr-Pro. This sequence is found in approximately 80% of all proteins and is,
therefore, clearly insufficient to dictate whether or not a particular protein is a substrate of a given
kinase (164).

Specificity in the MAPK signalling pathway appears to be largely controlled by intrinsically
disordered regulatory domains of the kinases that selectively bind to the surfaces of the “right”
substrates and/or by intrinsically disordered scaffold proteins that simultaneously bind the
components of a specific pathway (164-167). Although many studies have mapped the large
interaction network of each signalling pathway, a picture at the molecular level of the structural
features governing signalling specificity is currently lacking. Here, we will focus on a single signalling
module namely MLK3-MKK7-JNK1 and the associated scaffold protein JIP1. We will characterize the
disordered regulatory domain of MKK7 and its interaction with JNK1, and we will investigate the
role of JIP1 in mediating the interaction between MKK7 and JNK1. The overall aim of our study is to

reveal the molecular basis for signalling specificity in the JNK pathway.

9.2. Specificity in the MKK7-JNK1 signalosome
Initially, we will focus on a single signalling module namely MLK3-MKK7-JNK1 with special emphasis

on the interaction between MKK7 and JNK1. MKK7 is a 419 amino acid protein (isoform 1) that
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consists of the N-terminal regulatory domain (residues 1-100) and the protein kinase domain
(residues 101-405). MKK7 is activated by phosphorylation at S271 and T275 and the structure of an
activated mutant (5271D, T275D) of the kinase domain has been solved by X-ray crystallography
(Figure 55). Very limited structural information is available for the regulatory domain of MKK7, and
a prediction of the level of disorder in MKK7 using IUPRED (168) suggests that this domain is largely
disordered (Figure 56). JNK1 is a 384 amino acid protein (isoform al) comprising an N-terminal
domain (residues 9-112 and 347-363) and a C-terminal domain (residues 113-337) that is activated
by phosphorylation at T183 and Y185. A crystal structure has been solved of JINK1 in complex with a

peptide from the scaffold protein JIP1 (Figure 55).

MKK7 JNK1

Figure 55: (Left) Crystal structure of human MKK7 activated mutant (5271D, T275D). The construct
encompasses residues 101-405 of MKK7 (PDB: 2DYL). (Right) Crystal structure of the JNK1 al isoform in
complex with a peptide from the JIP1 scaffold protein (peptide not shown in the representation) (PDB: 1UKH).
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Figure 56: Disorder prediction of MKK7 using the IUPRED server. A score of 1 indicates disorder, while a score
of 0 indicates order.

JNK1 is activated upon phosphorylation by MKK7, and signalling specificity is in some way controlled
by the intrinsically disordered N-terminal regulatory domain of MKK7 that binds to a docking groove

on the surface of JNK1 (Figure 57). In general, JNK1 interacts with proteins or substrates containing
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docking sites characterized by a core consensus sequence composed of a cluster of two to three
basic residues, followed by a short spacer of 1-6 residues, and finally a hydrophobic-X-hydrophobic
submotif (K/R;.3-X1.6-¢-X-) (169) (Figure 57). The hydrophobic residues are usually Leu, lle or Val.
The variability in the number and position of hydrophobic and basic residues within the docking site

is known to determine specificity, however, the details at a molecular level are currently unknown

(170, 171).
Docking site
JNK1 on substrate
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Figure 57: Specificity in MAPK signalling pathways is believed to be controlled by docking sites. (Left) The N-
terminal regulatory domain of MKK7 docks onto the surface of its substrate JNK1, and the kinase domain of
MKK7 phosphorylates the JNK1 activation loop. (Right) The substrates of JNK1 are recognized by docking sites
in the substrates. Figure adapted from L. Bardwell, Biochem. Soc. Trans. (2006), 34, 837-841.
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Figure 58: The sequence of the N-terminal regulatory domain of MKK7 and MKK4 (residues 1-100). Three
docking sites are found within MKK7: D1: R25-L32, D2: R40-L47 and D3: R70-L77, while only one site is
present in MKK4: K39-L46.

Three docking sites important for binding of JNK1 have been identified in the N-terminal regulatory
domain of MKK7 (172) (Figure 58). The three sites appear to work in partial cooperation for the
binding of JNK1, although the exact mechanism is not known. Two possibilities to consider are an
additive mechanism versus a synergistic mechanism. In an additive mechanism, the different
docking sites bind to the same docking groove of JNK1, and the effect is comparable with tripling
the concentration of a single docking site. In a synergistic mechanism, the three docking sites bind
to distinct docking grooves on JNK1 (172).

JNK1 is also regulated by another MAPK kinase namely MKK4. Optimal activation of JNK1 requires
the activity of both kinases, although both are capable of dual phosphorylation of JNK1 at the

activation loop threonine and tyrosine residues. MKK4 prefers the tyrosine and is primarily
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activated by environmental stresses, while MKK7 prefers the threonine and is primarily activated by
cytokines (173-175). Only one docking site appears to be present within the regulatory domain of
MKK4 (Figure 58). Interestingly, MKK4 can also activate the p38a kinase in the p38 signalling

cascade (176) and, therefore, appears not to be particularly pathway specific.
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Figure 59: 'H-"N HsQC spectrum of a construct of MKK7 comprising residues 1-73. The limited 'H spectral
dispersion shows that the protein is disordered.

In order to obtain insight into how specificity is achieved using docking sites, we will study the N-
terminal regulatory domains of MKK4 and MKK7 by NMR chemical shifts, RDCs and PREs and obtain
representative ensemble descriptions of the domains. So far we have expressed and purified the
construct 1-73 of MKK7 showing that this domain is indeed disordered (Figure 59). Assignment of a
longer construct containing all three docking sites will follow. We will compare the conformational
sampling of the different docking sites in MKK4 and MKK7 and perform the interaction with JNK1
using NMR titration experiments. In the case of MKK7 that contains three docking sites, we aim at
determining the relative importance of the different docking sites, deciphering the binding events
as well as determining the mechanism of interaction.

As a counterpart of the docking sites, JNK1 has a docking groove that regulates the docking
specificity (Figure 57). The docking groove is located on the opposite side of the substrate

recognition site. To obtain further insight into the docking specificity, we will explore the possibility
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of solution NMR studies of JNK1 using standard approaches such as per-deuteration combined with
TROSY techniques or, if necessary, specific labelling of methyl groups combined with methyl TROSY
NMR. We will monitor the binding of the regulatory domains of MKK4 and MKK7 to identify the
surface of JNK1 involved in the binding as well as the residues controlling specificity within the
different docking sites.

The crystal structure of JNK1 obtained in complex with the docking site of the scaffold protein JIP1
reveals that upon binding of the peptide, a change of about 15° occurs in the relative orientation of
the N- and C-terminal domains of JNK1 (177). A recent crystal structure of the same complex (PDB:
3017) shows another set of domain orientations. For this reason, it is not entirely clear how much
domain motion occurs upon binding of different docking sites. We will attempt to study these
domain motions using NMR relaxation and RDCs complemented by SAXS measurements of JNK1 in
its free form and in complex with different docking sites. The domain motions are believed to be
important for the activity of the kinase. The binding site for ATP is partially distorted upon domain
reorganization leading to a decrease in the affinity of ATP binding to JNK1 with about a factor of 3

(177).

9.3. Characterizing the disordered scaffold protein JIP1 and its interactions

The JNK-interacting protein-1 (JIP1) was initially characterized as an inhibitor of the JNK signalling
pathway following the observation that when over-expressed in cells it prevented JNK from
phosphorylating its substrates such as c-Jun (178). This led to the development of peptide inhibitors
of JNK based on the sequence of JIP1 (177, 179). Subsequently, it was found that JIP1 also binds to
MKK?7 and members of the MLK (mixed-lineage kinase) family, and thereby could enhance JNK
signalling when the scaffold protein was not in excess compared to the JNK components of the
pathway (180). JIP1 is very likely an important regulator of JNK signalling being on one hand an

inhibitor and on the other hand an activator depending on the protein levels in the cell.
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JNK binding MKK7 binding MLK3 binding

Figure 60: The domain organization of JIP1. Two domains have been identified, an SH3 domain and a PID, that
are both located in the C-terminal part of the protein. The regions for the binding of the signalling module
have been identified. JNK binds to JIP1 via the 127-285 region, while MKK7 and MLK3 bind to the central and
C-terminal region of JIP1, respectively.
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Figure 61: Disorder prediction of human JIP1 using the IUPRED server showing that the first 450 amino acids
of JIP1 are largely disordered.

Figure 62: Crystal structure of JNK1 in complex with the docking site of JIP1. The surface of JNK1 is shown in
red, while the docking site (sequence: PKRPTTLNLF) of JIP1 is shown in blue sticks.

Human JIP1 is a 711-residue protein with a domain organization as shown in Figure 60. The protein
contains two well-defined domains: Src homology 3 (SH3) and a phosphotyrosine interaction
domain (PID). Structural information of JIP1 is limited to the SH3 domain through which JIP1 has
been shown to dimerize (181). A prediction of disorder using IUPRED reveals that the first 450
amino acids of JIP1 most likely are disordered (Figure 61). The interaction between JNK1 and JIP1
has been mapped to the region 127-285 of JIP1 with the interaction being mediated by a specific,
high-affinity docking site located at residues 157-167 (177, 178) (Figure 62). The interaction
between MKK7 and JIP1 has been mapped to the region 285-471 of JIP1, while the last component
of the signalling module MLK3 binds to the region of JIP1 containing the SH3 and PID domains (178).
We will characterize JIP1 using NMR with special emphasis on the region possessing large amounts
of intrinsic disorder. We will obtain ensemble descriptions on the basis of various NMR parameters,
and we will compare the conformational sampling of the docking site of JIP1 with those of MKK7

and MKK4. We will perform interaction studies between JIP1 and JNK1 as well as between JIP1 and
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MKK?7 to locate more precisely the binding site for MKK7. MKK4 is reported not to bind to JIP1 (182)
and we will verify this by NMR.

We will attempt to assemble the signalosome consisting of JIP1, JNK1 and MKK7 and determine the
binding affinities as well as the order of binding of JNK1 and MKK7 using NMR. It is clear that with
the presence of several docking sites within a single signalosome, the order of binding of the
different kinases must be important. We will also focus on elucidating the role that the dimer
formation of JIP1 plays in the assembly of the JIP1-JNK1-MKK7 signalosome. If a stable signalosome

can be assembled we will investigate the overall architecture using SAXS.
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