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CONSPECTUS: Many multidomain proteins and ribonucleic acids consist of domains that autonomously fold
and that are linked together by flexible junctions. This architectural design allows domains to sample a wide
range of positions with respect to one another, yet do so in a way that retains structural specificity, since the
number of sampled conformations remains extremely small compared to the total conformations that would be
sampled if the domains were connected by an infinitely long linker. This “tuned” flexibility in interdomain
conformation is in turn used in many biochemical processes.

There is great interest in characterizing the dynamic properties of multidomain systems, and moving beyond
conventional descriptions in terms of static structures, toward the characterization of population-weighted
ensembles describing a distribution of many conformations sampled in solution. There is also great interest in
understanding the design principles and underlying physical and chemical interactions that specify the nature of
interdomain flexibility. NMR spectroscopy is one of the most powerful techniques for characterizing motions in
complex biomolecules and has contributed greatly toward our basic understanding of dynamics in proteins and
nucleic acids and its role in folding, recognition, and signaling.

Here, we review methods that have been developed in our laboratories to address these challenges. Our approaches are based on
the ability of one domain of the molecule to self-align in a magnetic field, or to dominate the overall orientation of the molecule,
so that the conformational freedom of other domains can be assessed by their degree of alignment induced by the aligned part. In
turn, this self-alignment ability can be intrinsic or can be caused by tagging appropriate constructs to the molecule of interest. In
general, self-alignment is due to magnetic susceptibility anisotropy. Nucleic acids with elongated helices have this feature, as well
as several paramagnetic metal centers that can be found in, or attached to, a protein domain.

B INTRODUCTION

Many biochemical processes are based on the possibility for
one or more of the participating molecules to adopt different
conformations, while retaining some structural specificity."”
This is the case for systems consisting of independent domains
linked by flexible junctions, such as multidomain proteins and
ribonucleic acids (RNA). For example, changes in the relative
orientation of protein domains make it possible to create
distinct binding surfaces for intermolecular interactions with
many different binding partners.” Likewise, multistep changes
in the orientation of RNA A-form helices carrying catalytic
residues make it possible for one ribozyme to adopt the
conformations that are required in multistep catalytic cycles.*
NMR can uniquely provide site-specific information on
interdomain motions over a broad range of biologically relevant
time scales, from picoseconds to milliseconds.®™”

Sampling multiple conformational states leads to the
averaging of the experimental observables, and, while it is
possible to calculate the average observables given any
structural ensemble, there is an infinite number of ensembles
that might equally account for the average experimental
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observables,'® even in the absence of experimental errors.
Several approaches based on the creation of “optimized”
conformational ensembles have been proposed.>'' ™"

Here, we review the methods that have been applied in our
laboratories to address these challenges. The approaches are
based on the ability of one domain of the molecule to self-align
in a magnetic field. Different approaches, still based on the use
of residual dipolar couplings (RDCs), have been developed in
other laboratories to obtain information on the conformational
variability of the investigated systems. For these, readers can
refer, for instance, to the review by Tolman et al.’ and
references therein.

B RDC ANALYSIS OF DOMAIN MOTIONS BY
ANCHORING OVERALL ALIGNMENT FRAMES
ONTO INDIVIDUAL DOMAINS

In the presence of a magnetic field, the nuclear spin energy
levels are mainly determined by the interaction between the
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nuclear magnetic moments and the external magnetic field
(Zeeman effect), and modulated by interactions of the nuclear
magnetic moments with additional, molecule-specific magnetic
and/or electric fields. Fast isotropic reorientation of molecules
in solution cancels the anisotropic part of these interactions
(Table 1), simplifying the NMR spectrum to sharp lines

Table 1. Summary of Phenomena Involving Nuclear Spins
and Their Manifestations in Isotropic and Anisotropic
Solutions
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centered at the average value of the chemical shielding
interactions and split by the scalar coupling with covalently
bound spins. The relevant structural and dynamical information
encoded in the anisotropic interactions is lost, but it can be
partially recovered by making anisotropic the distribution of
molecular orientations. This can be achieved either by
dissolving biomolecules in ordering media'”'® or when the
molecules themselves have some preferred orientations in the
presence of a high magnetic field, due to intrinsic magnetic
susceptibility anisotropy.'” Many structured nucleic acid
fragments spontaneously align in magnetic fields,*® as well as
several paramagnetic metal centers that can be found in, or
attached to, a protein.”' >

In diamagnetic systems, the anisotropy of the magnetic
susceptibility tensor y is due to the interaction of the magnetic
field with the motion of the electrons in their orbitals. It is
usually small in biomolecules, except, for instance, in heme-
containing proteins or when multiple aromatic planes are
stacked together, as in double stranded nucleic acids.”’

Inducing partial alignment in a molecule reintroduces
anisotropic interactions, including RDCs:*'® when not all
orientations have the same probability, the dipole—dipole
interactions between nuclear magnetic moments does not
average to zero anymore. RDCs measured between two nuclei i
and j carry information regarding the orientation distribution of
their internuclear vector relative to the applied magnetic field,
averaged over all orientations sampled at a rate roughly faster
than milliseconds.®'®

The RDCs measured in a partially aligned rigid-body can be
fully accounted for by describing separately the property of
alignment and the local geometry. The degree, the asymmetry
and the direction of alignment of the molecule can be described
using a traceless symmetric tensor, called alignment tensor.
Information about structure or internal motions can then be
recovered.®'® While this “decoupling approximation” holds true
for many globular proteins, it breaks down in multidomain
proteins and RNA:

(a) Changes in the arrangement of domains can result in
significant changes in the shape of a molecule, coupling the
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interdomain conformational freedom to the diffusion property
of the molecule’®*® (Figure 1).

(b) Measurement of RDCs generally requires dissolution
into an ordering medium with which the domains may have
differential interactions, and the electric potential of a charged
alignment medium may perturb differently the different
conformations of the biomolecule.

(c) Different alignment media, to access multiple independ-
ent sets of RDCs, can result in differential perturbations on the
conformational freedom. Furthermore, in the case of RNA,
changing the ordering medium generally does not yield the
desired independent RDCs.>

These challenges can be overcome using approaches based
on anchoring the overall alignment tensor frame on specific
domains through paramagnetic alignment or helix elongation
(Figure 2).

Paramagnetic Alignment

In this approach, partial self-orientation is induced by a
paramagnetic metal ion in a protein domain (Figure 2A), either
naturally present or introduced by substituting a diamagnetic
metal, or by attachment of a paramagnetic tag. The orientation
induced by the presence of an anisotropic paramagnetic center
can be modulated by introducing different ions in the
molecule.”>***" In these cases, the magnetic susceptibility
anisotropy is caused by the anisotropy of the average electron
magnetic moment induced by a magnetic field.

Such anisotropy also causes a shift in the NMR signals, called
pseudocontact shift (PCS).*>*' PCSs originate from the
nonzero averaging upon rotation of the dipolar interaction
between the nuclear magnetic moment and the average induced
electron magnetic moment, and they provide an independent
measure of the susceptibility anisotropy tensor. Furthermore,
they depend on the position of each detected nucleus with
respect to the paramagnetic center and its anisotropy frame,
thus providing additional data related to the relative position of
the protein domains.

The first paramagnetic RDCs were measured on the protein
cyanometmyoglobin.'” Paramagnetic RDCs were first used as
structural restraints for cytochrome b532 and, since then, have
been largely used for the calculation of protein structures.>> >

For multidomain proteins, partial self-orientation is induced
on the domain to which the metal is attached, and RDCs reflect
the orientation distribution of domains relative to the reference
metal-containing domain.

Helix Elongation

In this approach, applied to RNA, a domain is engineered such
that its shape dominates the overall orientation of the molecule
(Figure 2B):'"% 4 helix is elongated to create an extended
shape. The overall alignment of such a RNA, either dissolved in
an ordering medium, or self-aligned by its diamagnetic
susceptibility, is dictated by the elongated helix. As a result,
RDCs can be interpreted in terms of motions of the other
helices relative to the elongated one. Furthermore, introducing
kinks along various positions of the elongated helix modulates
the alignment of the helix itself, regaining access to multiple
independent sets of RDCs. Finally, by elongating different
helices, one can anchor the NMR frame along different
domains and thereby measure changes in orientation of
domains relative to all domains.

Another similar approach for anchoring frames of reference
onto specific sites of RNA involves installing protein bindin
sites and then adding a protein to modulate its alignment.®
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Figure 1. Coupling between internal motion and alignment properties in multidomain systems. Proteins (A) and RNA (B) exhibit a correlated

change in shape and alignment properties.

Elongation or added protein should not perturb the structure
and dynamics of the RNA, as can be monitored by the
comparison of the NMR chemical shifts for the modified and
unmodified RNA.

Although the degree of self-alignment (107*—107°) and
magnitude of RDCs measured in magnetically aligned RNA is
1—-2 orders of magnitude smaller than optimum (107%), self-
alignment has a simple dependence on nucleic acid structure,
which could be exploited to understand the effects of motional
couplings. For a magnetically aligned nucleic acid, the
alignment tensor is given by the overall diamagnetic
susceptibility (y) tensor that, to a good approximation, is
given by a tensor summation over all y-tensors associated with
individual nucleobases.”**® This property makes it possible to
relate the alignment tensor to the nucleic acid structure, and
specifically to the orientation of nucleobases.

An alternative approach for treating correlations between
conformations and overall alignment in systems dissolved in
ordering media involves using programs such as PALES® or
PATI that compute the alignment based on molecular shape
(and electrostatic properties). By treating correlations between
internal and overall alignment and obviating the need to
elongate helices extensively, this approach made it possible to
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use variable degrees of linear and kinked elongations in the
ensemble determination of two helices connected by a
trinucleotide bulge in HIV-1 TAR*

B RDCs ANALYSIS IN TERMS OF INTERDOMAIN
CONFORMATIONAL DISTRIBUTIONS

We have used two distinct approaches for extracting
information from RDCs. Both methods rely on the
experimental determination of the alignment tensor for all
domains in the multidomain system. For a rigid system, all
domains sense the same alignment tensor of the reference
domain, that is, of the domain that dominates alignment or
bears the alignment device; however, in the presence of
interdomain conformational freedom, the alignment tensor
sensed by the other domains will be averaged over the various
relative arrangements of the two domains. Therefore, the extent
of the conformational variability can be evaluated by comparing
the alignment tensor of the reporter domain with that of the
reference domain (Figure 3).****" Notably, complete inde-
pendence of the second domain would reduce its alignment
tensor to zero. This does not hold true in the case of external
alignment, especially for domains of similar size: it can be
shown that the tensor after averaging can have the same
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Figure 2. Decoupling between internal motion and alignment properties in multidomain systems (A) using a paramagnetic ion or (B) by elongating

the terminal helix of a RNA.

magnitude of the alignment tensor determined for a single rigid
conformation.*®

Data Guided Selection of Conformers from a Pool

RDCs and other data are used to select conformations from a
pool generated using computational methods (molecular
dynamics,"***** enhanced sampling,'"> or Monte Carlo
models'"'?). This approach involves two steps: (i) generation
of a pool of conformations that broadly sample the interdomain
free energy landscape and (ii) use of experimental data to select
a subensemble from the conformational pool.'**’ This
approach is sometimes referred to as “sample and select”
(SAS, Figure 4A).14

The success of SAS-based approaches critically depends on
the sampling of all allowed conformations in the starting pool."®
This condition can generally be met for two-domain systems,
for which all conformations can be generated from 3 rotational
and 3 translational degrees of freedom and those which are
chemically impossible to achieve (either because the linker is
too short to maintain connectivity or because of severe steric
clashes) are subsequently removed. In a second step, structures
are selected from the conformational pool in order to
reproduce the experimental data. The selection procedure can
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be accomplished using a variety of search algorithms including
simulated annealing'"'*** and genetic algorithms.'>*> To
construct the subensembles, N conformers are selected from
the conformational pool to maximize the agreement between
measured and predicted data. The ensemble size is then
incrementally increased from N 1 until either the
experimental data are reproduced within experimental error
or the agreement is not improved by adding more conformers
(Figure 4A). This approach has to be followed by rigorous
analysis and cross-validation.'** The procedure can be
repeated hundreds of times, with the family of conformations
selected over all runs pooled together to obtain a final
ensemble. Recent studies suggest that the SAS approach
employing RDCs can be used to capture the statistical weights
of dominant conformers in the ensemble.*

Maximum Occurrence Calculations

A second complementary approach, called “Maximum
Occurrence” (MaxOcc), at variance with methods based on
ensemble reconstruction, aims at finding the maximum percent
of time that the system can spend in one given conformation
and still be compatible with the experimental observations,

dx.doi.org/10.1021/ar5002318 | Acc. Chem. Res. 2014, 47, 31183126
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A

Figure 3. Averaged tensors resulting from the fit of the RDCs of domains mobile with respect to the reference domain: (A) A two-domain protein is
shown with the first domain bearing a paramagnetic ion, depicted in blue, and a second domain in three different positions (in magenta, cyan, and
green). The nuclei of the second domain see the magnetic susceptibility anisotropy tensor in three different orientations. Therefore, the RDCs
depend on an averaged tensor (gray), resulting as the average of the three tensors and different from the real magnetic susceptibility anisotropy
tensor (black). (B) Similar effect, presented for an elongated RNA.
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Figure 4. In the presence of conformational variability, ensembles of conformations must be considered for reproducing averaged data. (A) These
ensembles are built by selecting protein conformations from a pregenerated pool of structures. The agreement between backcalculated and
experimental data increases (lower target function) by increasing the number of conformations included in the ensemble, until a lower threshold is
reached. In this example, ensembles of four structures are needed to fit the experimental data. (B) The Maximum Occurrence (MaxOcc) of a chosen
conformation is obtained by searching for ensembles of structures which include the chosen (fixed) conformation, with different weights, together
with other freely selected conformations. In this example, the MaxOcc is between 0.4 and 0.5.

when taken together with any optimized combination of other calculations are done by selecting an ensemble which includes
conformations.>**® such conformation with a fixed weight, and tens of other

Also this method relies on a very broad pool of conformations providing averaged data in best agreement with
conformations, in order to map the whole conformational the experimental data. These calculations are repeated for
space that the system can sample.*” MaxOcc calculations are increasing weights of the selected conformation, until it
performed separately for any conformation of interest. The becomes impossible to find an ensemble in agreement with
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Figure S. (A) Two conformations of MMP-1 with MaxOcc equal to 0.19 and 0.47. In the bottom, the conformations are displayed superimposed on
the catalytic domain (in gray), which bears the paramagnetic (Ln)CLaNP-S bound to the residues in pink, by representing the hemopexin domain
with a 3-axes frame, positioned in its center of mass and color-coded according to the corresponding MaxOcc, from blue (0.05) to red (0.47). (B)
Three-state description of HIV-1 TAR dynamics: (top) Capability to reproduce the experimental RDCs for different ensemble size (left) and for the
final ensemble (right); (middle) the three conformers constituting the ensemble; (bottom) comparison of the ensemble (green) with known ligand

bound TAR conformations (gray).

the experimental data, thus determining the MaxOcc value of
that conformation (Figure 4B). Once the MaxOcc values, that
is, the largest possible weights, are determined for a large
number of conformations, it is possible to identify the
conformations which must necessarily have a negligibly small
weight and those which may have a large weight.

B APPLICATIONS TO PROTEINS

A widely studied example of a flexible two domain protein is
calmodulin, a protein composed of two domains connected by
a flexible linker.*® The extensive conformational variability of
free calmodulin is testified by the sizable reduction of the RDC-
derived anisotropy tensor of the C-terminal domain with
respect to the anisotropy tensor of the N-terminal domain,
where a paramagnetic lanthanide ion is introduced.>*¢

The MaxOcc approach was applied to characterize the
conformational variability experienced by calmodulin both
when free in solution®>*® or bound to intrinsically disordered
proteins.*” Three sets of PCSs and RDCs were used, by
substituting one of the calcium(II) ions in the N-terminal
domain with lanthanides. In these cases, the protein samples a
large ensemble of conformations, as no single structure, or
ensemble of structurally similar conformations, agrees with the
experimental data. Other restraints like paramagnetic relaxation
enhancements® or SAXS data*® were also included for better
discrimination of the MaxOcc values. This approach provided a
picture of the regions in the conformational space which can be
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mostly sampled by the protein and of those that can only be
sampled to a limited extent.

Another remarkable two-domain protein example is matrix
metalloproteinase 1 (MMP-1), an enzyme that can cleave
collagen despite the fact that collagen’s quaternary and
superquaternary organization conceals the cleavage site.”' The
key resides in the relative motions of the two domains of the
protein, that open to accommodate the substrate, then come
closer again to unwind the triple-helix, and finally accomplish
the cleavage.”' The MaxOcc approach was used to characterize
the conformational variability of MMP-1 (Figure SA) by rigidly
attaching a paramagnetic tag”' to the catalytic domain.'® Again,
the mean tensors determined for the hemopexin domain are
significantly smaller than the susceptibility anisotropy tensors
determined from the catalytic domain, pointing to some
conformational averaging. The reduction was less dramatic than
for calmodulin, and indeed the MMP-1 conformations with the
highest MaxOcc are clustered in a relatively restricted region.'®
This corresponds to protein structures very different from the
crystal structure and much more extended but, strikingly, not
distant from the conformation that MMP-1 was proposed to
adopt when binding the colla§en substrate in the first step of
the collagenolytic mechanism.”"

B APPLICATIONS TO RNAs

By independently elongating two helices in HIV-1 TAR, it was
possible to anchor the NMR frame for RDC to each of the two
helices HI and HII (Figure 5B)."! The RDCs carried the
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required sensitivity to all three Euler angles defining interhelical
orientation. Using these RDCs, an ensemble was determined
using the SAS approach and a grid search was performed over
sterically allowed conformations. A static representation of the
two helices is incompatible with the RDCs, and an ensemble
consisting of a minimum of three equally populated states is
required. A striking feature of the RDC-derived ensemble was
that the three conformations fell nearly along a straight line in
the 3D interhelix Euler space defining twisting around each
helix and interhelical bending. Thus, although the helices HI
and HII undergo large amplitude collective motions (>90°)
relative to one another, and they appear to move in a very
specific and directional manner. This was a clear sign of
“directional flexibility” in RNA, and interestingly, the three-state
ensemble enveloped many of the known ligand-bound TAR
conformations, indicating that, on its own, RNA is capable of
sampling a variety of conformations that are stabilized on ligand
binding (Figure SB). Subsequent works®>*® showed that the
molecular basis for these large and directional interhelical
motions consists of topological constraints (steric and
connectivity) that play essential roles in RNA folding and
conformational adaptation.>*™°

The same two sets of RDCs measured in HIV-1 TAR were
used to determine atomic-resolution ensembles using the SAS
approach and a conformational pool derived from a 80 ns MD
trajectory of HIV-1 TAR* computed using CHARMM.®
Although some correlation was observed between the measured
and predicted RDCs for both EI-TAR and EII-TAR, the
deviations were substantially larger than the estimated
uncertainty. However, the simulation time was not long enough
to match the RDC time scale (milliseconds), and this failure to
predict the RDCs could not be considered an evidence for a
poor force field. Using the SAS approach, an ensemble of N =
20 conformations was constructed that satisfies the measured
RDCs. The RDC-derived TAR ensemble was qualitatively
cross-validated using independent NMR measurements that
were not included in the ensemble determination including
NOEs and trans-hydrogen bond scalar couplings. It featured
very similar correlated variations in the interhelical bend angle
as observed with the three-state ensemble of TAR but,
importantly, it also allowed the visualization of local motions
in and around the bulge. More recently,** a SAS approach was
used in which PALES is used to back-predict RDCs to
construct an ensemble for TAR using four independent sets of
RDCs measured in four differentially elongated TAR samples,
and a broad pool of conformations derived from a much longer
8.2 ps MD trajectory. The approach allowed to directly treat
the coupling between internal motion and alignment, and to
use a construct in which the alignment is not dominated by a
given domain. The ensemble showed similar interhelical
distributions as determined previously, but also showed that
large transitions in interhelical orientation are coupled to local
melting of base-pairs near the junction. The RDC-selected
ensemble included conformations that bear strong resemblance
to the ligand bound conformations of TAR, including with
regards to the details of binding pocket near the bulge, again
indicating that intrinsic motions specify the TAR ligand bound
conformations.** In later studies, the dynamic ensemble was
targeted using virtual screening yielding new compounds that
bind TAR and inhibit HIV replication,*® illustrating one
example of a biomedical application involving conformational
ensembles.
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B CONCLUSIONS AND PERSPECTIVES

The modular design of biomolecules as beads on a string is
widely used by nature to create robust biomolecular systems
that are endowed with specific conformational flexibility. The
latter can be tuned to carry out biochemical processes that
require not one but a range of conformations. These systems
present unique challenges to NMR structural and dynamic
characterization that we have sought to address in proteins and
RNA by anchoring frames of reference onto individual domains
through paramagnetic tagging and elongation of helical
domains. Such approaches have made it possible to disentangle
contributions to common NMR parameters such as RDCs due
to internal and overall motions, and thereby to quantitatively
characterize interdomain motions in terms of some form of a
probability distribution. Finally, while we have focused on two
domain systems, there is a need to address the behavior of
systems containing a larger number of domains, in both
proteins and RNA, where we expect to see new behaviors and
complexities.
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