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NMR experiments and tools for the characterization of the structure and dynamics of paramagnetic
proteins are presented here. The focus is on the importance of *C direct-detection NMR for the
assignment of paramagnetic systems in solution, on the information contained in paramagnetic effects
observed both in solution and in the solid state, and on novel paramagnetism-based tools for the
investigation of conformational heterogeneity in protein—protein complexes or in multi-domain

proteins.

Introduction

A significant share of the proteome is constituted by metall-
oproteins.! Among them, a large number contains paramagnetic
metal ions, or metal ions which cycle between different oxidation
states, one of which is paramagnetic.

Proteins containing diamagnetic metal ions can in principle be
studied by NMR like any non-metal-containing protein. The metal
nucleus—proton scalar connectivities can be exploited to prove
the existence of a metal-protein bond. This is the case for "*Cd
and ""Hg, for which metal-ligand couplings can be detected by
heteronuclear 2D experiments such as metal-proton correlation
spectra.”® Histidine ligands can be easily recognized through "H-
N HSQC spectra optimized for the detection of >Jyy; couplings.®
For the identification of other ligands, such as cysteines, one can
rely on NMR experiments that provide the assignment of *C
nuclei, the chemical shift of which is generally very sensitive to the
presence of a bond to a metal ion.” The application protocols are
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well established and we do not expect relevant innovations in this
area for the near future.

Paramagnetic proteins are more challenging, and were believed
not to be suitable for NMR structure determination until the
mid-nineties,® but eventually novel experiments and software
protocols were developed with the specific purpose of making
these systems as friendly as possible. Most importantly, the
presence of the paramagnetic center can be a precious source
of structural information.® It affects longitudinal and transverse
relaxation rates of the observed nuclei, as well as their chemical
shifts, via different mechanisms that are now well understood and
exploited.*! Furthermore, self-orientation of the protein due to
the intrinsic magnetic anisotropy of a metal ion induces additional
splitting of coupled nuclei without the need for external orienting
media like liquid crystals.!' As each paramagnetic metal ion has
peculiarities, to exploit its potential of information it is necessary
to tailor the approach accordingly. To the end of obtaining
structural information, NMR spectroscopy can be complemented
with other techniques targeted at the metal ion, such as electronic
spectroscopy, extended X-ray absorption fine structure (EXAFS)
and the like.™

We will present here some experiments and novel tools in
paramagnetic NMR for the characterization of protein structure
and dynamics. In particular, our attention will be focused on
the importance of *C direct detection for the characterization of
paramagnetic systems in solution, on the information contained
in paramagnetism-based effects observed both in solution and in
the solid state, and on novel paramagnetism-based tools for the
investigation of conformational heterogeneity in protein—protein
complexes or in multi-domain proteins. Some of these experiments
may require instrumentation not available in all laboratories; in
such cases researchers can take advantage of the availability of
research infrastructures for NMR offering access to their instru-
mentation, such as those in the EU-NMR consortium in Europe
(www.eu-nmr.eu) or NHMFL (http://www.magnet.fsu.edu) and
NMRFAM (http://www.nmrfam.wisc.edu) in the USA.

Enhancing the detectability of NMR signals in
paramagnetic systems

The magnitude of the paramagnetic effects on nuclear relaxation
rates depends on the nature of the metal ion and on its electronic
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relaxation rate.”!* Depending on the metal-nucleus distance, the
electron—nucleus coupling effects may prevent the observation of
proton signals of the residues close to the metal site due to induced
broadening of the NMR lines.” As the paramagnetic dipolar
contributions to nuclear relaxation depend on the square of the
gyromagnetic ratio of the observed nucleus, going from 'H (y; =
2.67 x 10*) to *C (y ¢ = 6.73 x 107) detection produces a decrease
in relaxation rates of a factor of about 16. This reduction enables
the identification of nuclei in the proximity of the paramagnetic
center.'*'* A further step toward the metal ion can be accomplished
by exploiting "N direct-detection (yy = —2.71 x 107).1%"7

Starting from the available building blocks for triple-resonance
experiments,’ it is possible to implement a set of sequences
enabling the complete assignment of a protein using “C direct
detection without involving 'H transfers.”?' A peculiarity of *C
direct-detection experiments is the presence of signal splitting in
the acquisition dimension due to the strong 'J.c coupling. For a
C’ signal the main coupling is with the C*, which gives a relatively
constant splitting of about 54 Hz. Such a splitting can be removed
using a “trick”, based on spin-state-selective methods, developed
taking advantage of the uniformity of the splitting value.”? C*
nuclei generally present two large couplings, with C' (=~ 54 Hz)
and with C* (= 35 Hz) nuclei. In the case of spectra based on
C* acquisition, a double spin-state-selective scheme can thus be
implemented to remove the double splitting.”** The removal of
the splitting can be obtained, even with some compromise in the
signal-to-noise ratio of the spectra, with the use of band-selective
homodecoupling.'** This could be convenient for those cases in
which *Clines have a linewidth comparable to the J - coupling. As
a further step, the final building block of the NMR pulse sequence
(in which in general the anti-phase coherence is refocused) can be
eliminated and the anti-phase component directly detected.**
This leaves the signal splitting, but considerably reduces the
relaxation losses in case of highly paramagnetic proteins.

The "C direct-detection experiments can be further optimized
for paramagnetic proteins by selecting the most efficient coherence
transfer pathways and identifying those that are least affected by
fast relaxation. In principle, the most sensitive experiments are
those based on coherence transfer mechanisms mediated by large
scalar couplings; however, when transverse relaxation is much
faster than longitudinal relaxation, dipolar-based transfers (e.g.
nuclear Overhauser effect spectroscopy, NOESY) can be usefully
exploited, especially at higher fields.™*

A nice example of the potential of BC direct-detection is
provided by the study of oxidized monomeric copper—zinc super-
oxide dismutase (SOD).'** This enzyme catalyzes the dismutation
of superoxide to O, and H,0,, and it contains a copper ion
which alternates between Cu(i) and Cu(l) during the catalytic
cycle. Cu(n) is coordinated by four histidines, one of which also
coordinates to Zn(11), which in turn is bound to three histidines
and an aspartate (Fig. 1). Copper(i1) in SOD is type II, and as such
provides much stronger line broadening than type I copper(11) or
mixed valence copper.'**=*? For the monomeric form of SOD it
was observed that "H NMR signals withina 11 A sphere centred on
Cu(m) are not detectable in standard 'H-"*N HSQC experiments
due to paramagnetic broadening." The assignment of C’' and C*
nuclei of this protein was thus accomplished by using a set of
BC direct-detection NMR experiments such as C*~C’ correlation
(COCA) and CP-C*-C’ correlation (CBCACO) experiments, 2

Fig. 1 Ribbon display of the structure of the monomeric unit of Cu-Zn
SOD. The metal ions are indicated as spheres of arbitrary radius. The
metal ion ligands are depicted by black sticks.

as well as "C-*C NOESY experiments.’** Only the four copper
ligands could not be identified because contact relaxation, due to
the presence of unpaired spin density delocalized through chemical
bonds onto the resonating nuclei, broadens the NMR lines beyond
detectable limits.

Calbindin Dy, (Cb), a calcium binding protein where one
calcium ion can be easily replaced with paramagnetic lanthanide
ions, can be used as an example to show the different performances
of various type of NMR experiments for the assignment purpose.
This is graphically summarized in Fig. 2 for the highly paramag-
netic thulium(1)-substituted derivative. In this case the sphere for
which signals are broad beyond detection has a radius as large
as 17.5 A for standard 'H experiments, that can be reduced to
14 A for standard “C-detected experiments, 9 A for *C-detected
experiments optimized to fast relaxing signals, 6 A for *C 1D
spectraand 4.5 A for 1D *N spectra.’ Thus, the use of low-y nuclei
direct-detection provided the identification of all residues while
only about 50% of amino acids were assigned with standard 'H-
detected experiments. In the much less paramagnetic cerium(Ii)-
substituted Cb, the NMR signals of carbon atoms from carbonyl

17.5A
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Fig. 2 Radii of the spheres within which signals cannot be observed in
CaTmCb. Different spheres are projected onto the ribbon display of the
structure for each different set of NMR experiments. Radii are as follows:
17.5 A for standard 'H-detected NMR experiments, 14 A for “standard”
13C-detected experiments, 9 A for ®C-detected experiments optimized to
fast relaxing signals, 6 A from *C 1D spectra and 4.5 A for 1D 5N spectra.
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and carboxylate groups in the loop hosting the Ce(111) ion could
be detected and assigned, thus making it possible to characterize
in solution the first coordination sphere of the metal ion.*

Carbon-13 direct-detection experiments have already proved
to be a valuable tool to detect and assign signals and to obtain
information on regions of the protein that cannot be enlightened
through 'H direct detection due to paramagnetism. Efforts are
being made to optimize experimental protocols in this promising
field.

Solution structures determination and refinement

Having overcome the limitations posed by the assignment of
the NMR spectrum, one can proceed with the calculation of
the solution structure of the protein based on the use of the
available '"H-'"H NOE, J-coupling and H-bond restraints as well as
of paramagnetism-based restraints (longitudinal relaxation rates,
pseudocontact shifts and residual dipolar couplings, in particular).
The former restraints are effective for computing the structure of
the part of the protein far enough from the metal ion to be treated
as a diamagnetic protein. The paramagnetism-based restraints
are precious for refining the regions surrounding the metal ions,
especially if obtained through “C direct-detection experiments
as they are also available for residues for which 'H signals are
broadened beyond detectable limits.

In the case of copper(1) proteins like SOD, longitudinal
relaxation rates®* can be conveniently used as they are relatively
large. The relaxation-rate enhancements due to the presence of a
paramagnetic ion can be extracted from the measured longitudinal
relaxation rates after subtraction of the diamagnetic contribution,
which can be safely estimated from the set of lower relaxation
rates corresponding to nuclei far from the paramagnetic ion.
Such enhancements can be related to the metal-nucleus distance
according to the Solomon equation,*” and can thus provide useful
restraints for structure calculation. Thanks to the different observ-
ability properties of 'H and C, relaxation-rate measurements of
both nuclei provide complementary distance restraints for nuclei
in two shells at different distances from the paramagnetic metal
ion. Transverse relaxation-rate enhancements can also be used,
but in general they provide redundant information with respect to
longitudinal relaxation-rate enhancements and the latter are easier
to measure.

In order to appreciate the importance of “C restraints in
paramagnetic proteins, in Fig. 3 the comparison of the structure
of SOD obtained using only conventional 'H restraints (a) and
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Fig. 3 Family of 20 conformers of monomeric oxidized SOD ob-
tained with (a) diamagnetic restraints only, and (b) paramagnetic-derived
restraints.

additional paramagnetism-based restraints derived from both 'H
and “C NMR data (b) is reported. The quality of the latter is
dramatically increased, the backbone root-mean-square deviation
(RMSD) to the mean being 1.2 A compared to a value of 2.4 A
obtained using only conventional restraints (and linking the metal
ions to their ligands a priori).*

Additional paramagnetic contributions to relaxation, besides
Solomon relaxation, can arise from the dipolar interaction of
the nuclear spin with the thermal equilibrium magnetic moment,
oriented along the magnetic field, caused by the difference in
population of the electron spin levels according to the Boltzmann
distribution (Curie relaxation).*®* This effect is important for met-
als with efficient electron relaxation combined with a large Zeeman
splitting. The simultaneous presence of both Solomon and Curie
relaxation mechanisms provides cross-correlation effects, which
can also result in additional structural restraints.** Furthermore,
cross correlation between Curie and chemical shielding anisotropy
(CSA) relaxation can have a significant effect on nuclear relaxation
when the latter is predominantly driven by the Curie relaxation
mechanism.*

Chemical-shift information for both proton and carbon nuclei
should also be used to derive further restraints. In the case of
copper(11) proteins like SOD, paramagnetic contributions to the
chemical shifts are also relatively small at short distances from the
metal ion because of the small magnetic susceptibility anisotropy
of the metal ion, so that the chemical shifts could be used to obtain
restraints on the protein-backbone dihedral angles***” as in any
non-metal-containing protein. In the case of proteins containing
metal ions with large magnetic susceptibility anisotropy, such
as low-spin iron(1m), high-spin iron(ir), cobalt(ir) or lanthanides
(except gadolinium(111)), chemical shifts should be used to extract
the pseudocontact shift (pcs) contribution affecting a large number
of nuclei sensing the paramagnetic center. Pcs’s are obtained from
the difference in chemical shift with a diamagnetic analogue of
the protein.® Pcs’s are related to the position of the nucleus
with respect to the metal ion and to the magnetic susceptibility
anisotropy tensor.”'#

Finally, 'J splittings can be used to obtain residual dipolar
couplings (rdc). In case the metal ion induces measurable self-
alignment in the magnetic field" they can be immediately derived
from the difference with the ' J splittings of a diamagnetic analogue
of the protein. In copper(i1) proteins and in all cases where
paramagnetic rdc are negligibly small, like manganese(l) or
gadolinium(111) containing proteins, rdc can be induced by external
orienting agents.%-%*

Carbon-13 direct-detection experiments have also been recently
exploited for the measurement of rdc. Protocols for the measure-
ment of C*~CP and C*~C’ rdc are based on the inphase antiphase
(IPAP) scheme since the homonuclear 'J¢, o (= 54 Hz) and 'J¢,cp
(= 35 Hz) coupling constants are large enough to be easily
measured from the doublet splitting.**>¢ New pulse sequences for
the measurement of H*-C* and HY-N rdc have been proposed
based on the fact that 'Jyy and 'Jy,c, are not measurable by 'H
experiments due to the fact that the broadening can be recovered by
heteronuclear detection and proton-recoupled *C direct-detected
experiments.”” Such experiments are thus able to provide rdc values
with a good precision also for very broad 'H resonances. The
protocol for the measurement of *C direct-detected rdc was tested
on Cb where one calcium ion has been substituted by thulium(1r).
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Paramagnetic broadening prevents signal detection for about 50%
of amino acids; *C-detected experiments gave about 30% increase
in the number of observed rdc.”

Protocols for the use of pcs and rdc as structural restraints have
been developed for two of the most used programs for solution
structure determination of proteins, Xplor-NIH*® and Cyana,*
where additional routines dealing with the paramagnetic terms
have been implemented.”%*! Pcs’s depend on the position of
the observed nuclei and rdc’s on the orientation of the observed
nuclear pair with respect to the magnetic susceptibility anisotropy
tensor; both of them also depend on the axial and rhombic
anisotropy parameters of the magnetic susceptibility tensor of the
metal, Ay,, and Ay,,. The protocols are based on cycling between
the simulated annealing structural calculation, performed with
all classical restraints together with the pcs/rdc restraints, where
fixed Ay, and Ay, values are used, and determination of the
Ay.. and Ay, values, performed using the present coordinates
for protein nuclei, until convergence is reached (Scheme 1). A
pseudoresidue is introduced in the protein sequence to place the
metal ion and its magnetic susceptibility anisotropy tensor into
the protein structure.

Protein coordinates |¢+——m78 ——

PCS + RDC » X tensor components

|  PARAMAGNETIC | NOE™.
CYANA/Xplor-NIH .
|

Scheme 1 Flow-chart of the cycle to be repeated during the calculation of
protein solution structures with pcs and rdc restraints. A protein structure
is needed to obtain the values of the magnetic susceptibility anisotropy.
The values of the magnetic susceptibility anisotropy are needed to calculate
the coordinates of the atoms in the protein. The cycle can be initiated from
a rough estimation of the magnetic susceptibility anisotropy parameters,
or from a model for the protein structure.

Interestingly, pcs depend neither on the applied magnetic field
nor on the observed nucleus, but only on its position in the mag-
netic susceptibility tensor. On the contrary, rdc do not depend on
the distance of the observed coupled nuclei from the paramagnetic
ion, but only on the orientation of the vector connecting the two
nuclei with respect to the magnetic susceptibility tensor, i.e. to the
same tensor relevant for pcs. For these reasons, pcs and rdc nicely
complement each other and can be conveniently used together.
Pcs are particularly effective in determining the nuclear distances
from the paramagnetic ion, the orientation of the tensor and its
anisotropy values, rdc are particularly effective in defining the
orientation of the coupled nuclei, i.e. of the substructure to which
they belong.*

Unfortunately, the solution of the equations describing pcs and
rdc is not unique, i.e. different positions/orientations for each
nucleus can satisfy both equations. Degeneracy can, however, be
removed if pcs and rdc relative to different metal ions are available,
for instance after substitution of the paramagnetic ion with a
different one. In fact, in this case the magnetic susceptibility
anisotropy tensor responsible for the observed pcs and rdc is
different. As a consequence, only in the presence of data acquired
for more than one paramagnetic ion may pcs and rdc be used
to guide the global fold of the protein. In the case of Cb, at
least three sets of pcs and rdc are necessary to correctly provide
the fold of the protein when only a minimal number of HY-HN
NOE, hydrogen bonds and backbone dihedral-angle restraints are
available.®® On the other hand, pcs and rdc can be always used to
refine a protein solution structure efficiently. The increase in the
precision and accuracy of the calculated structure that can be
achieved is dramatic, as has been demonstrated for Cb.**

As pcs and rdc are long-range restraints, they may represent
a quite valuable source of information not only for refining
protein structures but also for determining and validating the
global fold of a protein with the addition of few other further
restraints.®*** This has been demonstrated in the case of a
low-spin iron(1ir)-containing protein, cytochrome css.* For this
cytochrome the structure has been modelled on the structure of
another cytochrome sharing with it 35% homology in the primary
sequence. The model obtained has been validated using pcs and rdc
data obtained with a restricted set of NMR experiments, unable
by themselves to provide the structure of the protein. Structures
obtained with this approach are expected to represent in the future
a useful complement to the de novo determined structures.

Solid-state NMR applications

Solid-state NMR that has been developed on *C direct detection
provides a further tool for the investigation of paramagnetic
metalloproteins. Indeed, the observation of NMR correlations
is little affected by paramagnetic relaxation, and most of the
signals arising from nuclei close to the paramagnetic center can be
detected with standard solid-state NMR experiments.® In partic-
ular, a source of line-broadening of NMR lines often operative for
paramagnetic molecules in solution, Curie relaxation,** is largely
suppressed in solid-state NMR.%

The 2D proton driven spin diffusion (PDSD)®%¢ spectrum of
dimeric oxidized SOD is shown in Fig. 4. The resolution of the
spectrum is impressive and the assignment of large part of the
resonances can be transferred by the solution NMR assignment
of its diamagnetic analogue (i.e. SOD with Cu(11) reduced by the
addition of ascorbate) very easily. In the absence of assignment
in solution, experiments such as N-C*~CP correlation (NCACB)
and N-C'—C*~CP correlation (NCOCACB) provide, as in solution
NMR, the sequential assignment of the polypeptide.”*”

As already seen for proteins in solution, pcs of *C nuclei can
also be used as structural restraints in the solid state. These
are particularly valuable, as the restraints available for structure
determination in solid-state NMR are usually few.®** In Fig. 5,
two spectra of the catalytic domain of the matrix metalloproteinase
12 (MMP) are reported. This MMP is a Zn-containing protein of
molecular mass 17.6 kDa. The zinc(11) ion can be easily substituted
with cobalt(m),* providing a paramagnetic complex. In the
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Fig. 4 Aliphatic region (a) and expansion of the methyl-aliphatic region with the assignment (b) reported of a *C-"*C PDSD spectrum of oxidized
dimeric SOD recorded at 15 kHz MAS at 16.4 T with a mixing time of 50 ms. The sample of 10 mg of *C,*N-labeled SOD, was crystallized from a PEG

solution in citrate buffer at pH 5.

superimposition of the CoMMP and ZnMMP?¥ spectra shown
in Fig. 5, the presence of significant pcs is evident.®® The most
noticeable are marked with arrows. Since microcrystal samples are
often used, where protein molecules are closely packed, attention
must be paid to distinguish between intramolecular contributions
arising from the dipolar interaction between the nuclei and the
metal ion belonging to the same molecule, and intermolecular
contributions arising from the dipolar interaction between the
nuclei in one protein molecule and metal ions belonging to
different protein molecules.®® These two contributions can be easily
separated and used to provide different kinds of information. Pcs
due to the intramolecular interactions can be used as structural
restraints through the very same approach already described for
proteins in solution. Therefore, pcs together with few further
restraints are expected to be effective in solving the protein
structure. The intermolecular contribution to the observed pcs can
instead be used to determine the position of neighbouring protein
molecules. In fact, once the structure of the protein is known,
and the orientation of the magnetic susceptibility anisotropy
tensor with respect to the structure itself has been determined
by the intramolecular contributions to the observed pcs, such
intermolecular pcs provide the position of the metal ions located
in neighbouring molecules, and the orientation of the main axes
of the magnetic susceptibility anisotropy tensor of the latter.
Such tensor axes provide the information necessary to orient the
molecule themselves.

Solid-state NMR is developing very fast. Progress in method-
ology and instrumentation is expected to rapidly expand the
possibilities of studying molecular systems of increased size and
complexity. As solid-state NMR does not require crystalline and
soluble samples, experiments can be conducted under a variety

of experimental conditions, from microcrystals and powders
to frozen solutions and gels. Eventually, intact protein com-
plexes in membranes will become affordable. In all these cases,
paramagnetism-derived information will be as precious as it is in
solution NMR.

Orientation of different domains of a single protein
and protein—protein interactions

The paramagnetism-based pcs and rdc restraints represent a
valuable source of information for the investigation of the relative
position of protein domains when one of the domains contains
a paramagnetic ion, or for protein—protein complexes in all cases
when one of the two proteins contains a paramagnetic ion.***
Actually, exploitation of the pcs and rdc represents nowadays
one of the most promising tools for obtaining information on
the relative position and orientation of interacting molecules
having some degrees of freedom, or of partially independent
domains of proteins.”®” If no metal ions are present in the
system, a paramagnetic tag rigidly attached to the protein can be
conveniently used,*?**19 g0 that this technique can be profitably
applied in most cases.

Considering a multidomain system, let us call A the protein
domain containing a paramagnetic ion and B any other domain.
Similarly, for a protein—protein complex, A is the protein con-
taining a paramagnetic ion and B the partner protein. Because
rdc do not depend on the distance of the observed nuclei from the
paramagnetic ion, two cases may arise: (1) rdc values for the nuclei
in B have the same distribution than those observed for A, or (2)
rdc values measured for B have a (much) smaller distribution with
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Fig.5 Superimposition of the PDSD spectra of the diamagnetic ZnMMP
(dark-grey contours) and of the paramagnetic CoOMMP (light-grey con-
tours) proteins. In (a) the aliphatic region of the two spectra is shown.
In the expansion (b) some notable pcs are indicated by arrows, whose
assignment is reported. The spectra were recorded at 11.5 kHz MAS at
16.4 T, mixing times of 60 ms for CoMMP and 15 ms for ZnMMP. The
samples, of about 15 mg of *C,"”N-labeled MMP, were crystallized from
a PEG solution in tris buffer at pH 7.

respect to those of A (see Fig. 6). In fact, the measured rdc values
are the average of the rdc values corresponding to the ensemble
of the orientations with respect to the reference frame provided
by the principal axes of the metal magnetic susceptibility tensor
experienced by the system in a ms time scale. In case of motion,
the range of the observed rdc values is reduced, and it can collapse
to zero for cases of overall isotropic reorientation of B with respect
to A.

Similarly, in case of motion, the observed pcs values are the
average of the pcs values corresponding to the ensemble of the
positions experienced by the system in a ms timescale with respect
to the reference frame provided by the principal axes of the metal
magnetic susceptibility tensor. However, differently from the rdc
values, the averaged pcs values also depend on the distances of the
observed nuclei from the metal ion.

If the rdc distribution measured for nuclei in B is basically
the same as that measured for nuclei in A, it can be concluded
that the two systems form a rigid unit. The relative orientation of
the two systems can be obtained by imposing that the magnetic
susceptibility anisotropy tensors obtained from A and B coincide.

Rigid system Mobile system

NO¥,

RDCof A RDC of A

-30 <20 -10

RDC of B RDC of B

=30 <20 -10 0 10 20 30

Fig. 6 Inspection of the relative distribution of observed rdc in the
different domains of a protein or of a protein—protein complex provides
information on the possible conformational heterogeneity experienced by
the system.

Because of the simultaneous availability of pcs, the relative
position of the two systems can be determined as well, from
the calculated position of the paramagnetic metal ion. Such
information would not be available if external orienting devices
are used to induce rdc.!*1%

The degeneracy in the solution, intrinsic in the use of pcs and
rdc, can be removed by acquiring data referred to more than
one paramagnetic metal, unless further experimental restraints
of different nature are available and are effective in removing the
“ghost” solutions, or the latter can be excluded due to the presence
of steric clashes.'®

One of the most direct ways to assess the presence of conforma-
tional variability in protein systems is the observation that the
range of the experimentally obtained paramagnetic rdc values
of nuclei in B is significantly smaller than that of nuclei in
A. Rdc measurements, however, provide only average information
from which it is difficult to recover the conformations actually
experienced by the system. In order to investigate such preferred
conformations of B with respect to A, the following strategy
has been conceived.** The pcs and rdc values observed on A
are used to obtain position, orientation and anisotropy of the
magnetic susceptibility tensor. The preferred positions of B can
then be investigated by looking for the ensemble of positions
(each of them with a weighing factor) providing pcs and rdc
values that average to the experimentally obtained values, using the
magnetic susceptibility anisotropy tensor calculated from A data.
An efficient algorithm has been developed for the determination
of the maximum allowed probability (MAP) that any position of
B can attain with respect to A while maintaining the agreement
between observed and calculated pcs and rdc data.** The different
positions can then be ranked according to their MAP value, those
with the largest MAP value likely corresponding to the preferential
conformations of the complex.
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One comment is due on the paramagnetic ions which should
be preferentially selected to perform the measurements. Since
pcs decrease with the third power of the distance of the nuclei
from the metal, ions with large magnetic susceptibility anisotropy
are preferable for obtaining pcs values of nuclei at relatively
large distance with a sufficiently large signal-to-noise ratio. On
the other hand, the presence of the paramagnetic ion does not
permit the measurement of pcs and rdc of proton nuclei close
to the ion itself, i.e. it may prevent an accurate estimate of the
magnetic susceptibility anisotropy tensor on A. This difficulty can
be overcome through "*C direct detection, able to provide pcs and
rdc values at short distances from the paramagnetic ion.

The above approach was applied to calmodulin (CaM), both
free and ligated to a-synuclein.®* CaM is a protein constituted by
two rigid domains (N-terminal and C-terminal domains) of known
structure, the relative orientation of which is not fixed. Pcs and rdc
data acquired for terbium(iir), thulium(ir) and dysprosium(iir)
CaM were used, because they are the ions with the largest magnetic
anisotropy. The magnetic susceptibility anisotropy tensors were
obtained from the pcs data of the N-terminal domain, and their
anisotropies were found one order of magnitude larger than
the anisotropy values calculated from the rdc of the C-terminal
domain.”’ The conformations that have the largest MAP values
were then obtained from the conformational averaged pcs and rdc
values measured on the C-terminal domain. They are reported
in Fig. 7 for free CaM and for the CaM-o-synuclein complex.
The MAP value for such conformations calculated for CaM when
free in solution is about 0.36. The conformation with largest
MAP value (0.35) obtained for CaM when bound to a-synuclein
resembles the “canonical” closed conformation of calmodulin. In
this case CaM can thus experience multiple conformations, the
weight of the canonical closed conformation being not larger than
0.35.%

Conformations with largest MAP for free CaM

& Y

Conformation with largest MAP for CaM interacting with a-synuclein

G

Fig. 7 Preferred conformations of CaM when free in solution or in the
presence of a-synuclein.

Remarkably, this procedure cannot be easily applied using rdc
data induced by external orienting media because (1) the external
media orients both A and B, and thus the partial orientation
observed for B is not transferred from A but it is mainly induced
by direct interaction of B with the orienting materials, and (2) pcs
are not available, and they are the only source of information to
obtain not only the relative orientation between the two systems

but also their position. Thus, the exploitation of paramagnetic
metal ions is key for the success of this approach.

As a perspective, it would be highly desirable to establish
methods for obtaining information on the actual weight that all
possible conformations in one region of space should have. Efforts
in this direction are being made. Furthermore, information from
relaxation data could be combined with MAP data to further
improve the description of the conformational heterogeneity of
the system.
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