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ARTICLE INFO ABSTRACT
Article history: A major research field in mechanistic systems biology is represented by the development of methods for
Received 3 June 2010 investigating the structural and dynamic features of systems with multiple interacting components, in
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- - order to understand their function. A combination of NMR techniques can be used in such respect, among
Available online 17 September 2010

which the employment of paramagnetic metal ions, 13C direct detection, and solid-state NMR, possibly
supported by other techniques like small angle X-ray scattering. Among the results, the information on the
conformational heterogeneity experienced by multicomponent systems in solution can be mentioned.
The structural and functional characterization of large biological systems, not affordable with standard
solution NMR techniques, can be tackled through a synergistic use of solution and MAS solid-state NMR.
13C direct detection NMR spectroscopy is on the other hand advantageous for improving the quality and
quantity of observed nuclear signals, for their intrinsically smaller linewidths and larger signal breadth.
Details on these approaches are reviewed here.
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1. Introduction

NMR is a well-known powerful tool for the investigation of
protein structures and mobility in solution [1-5]. In turn, protein
mobility has been shown in several cases to be strongly correlated
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to function [6-10]. Therefore, numerous efforts have been made in
the last years to develop methods able to increase the accuracy and
the quantity of information needed to characterize the conforma-
tional variability of proteins and protein complexes in solution.

In recent years, solid-state 13C NMR has also emerged as a
unique technique for the structural characterization of systems
that cannot be easily studied in solution or by X-ray diffraction.
13C direct detection represents an emerging tool also in solu-
tion NMR, i.e. for better exploiting paramagnetic systems and
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tackling large complexes, which nicely complements solid-state
NMR experiments, also thanks to the ease of transferring assign-
ments from the liquid state to solid-state spectra [11]. The
combined use of both techniques may provide access to relevant
information on systems not affordable using a single technique.

Several NMR techniques have been used to detect mobil-
ity in proteins. The presence of fast motions can for instance
be indicated by heteronuclear relaxation measurements, or by
cross-correlation relaxation rate constants that result from the
interference between the 'H-1N dipole-dipole coupling and 1°N
chemical shift anisotropy interactions [2,12]. An order parameter
$? is obtained without invoking any specific model for internal
motion, which measures the magnitude of the angular fluctuation
of achemical bond vector (such as the N-NH bond), and thus reflects
the mobility at that site. Recently, relaxation rate measurements of
protein protons from very low fields up to high fields have also
been proposed [13,14]. In this way the spectral density function of
the observed nuclei can be directly accessed, and used to define a
collective order parameter, Sc2. The latter depends on the motional
averaging of all kinds of proton-proton interactions, including long-
range ones, which are certainly more sensitive to internal motions
from the picoseconds to the nanoseconds time ranges than back-
bone amide protons. Such measurements performed on the protein
calmodulin in its calcium-free form indicate that its reorientation
time is in agreement with a closed form of the protein, and that the
collective order parameter is much smaller than for other well-
folded compact proteins, so that a remarkably large side chain
mobility must be present [15].

Biochemically significant properties, such as protein local sta-
bility and interactions, are often related to motions occurring
on a slower time scale, which reflect motions due to chemical
exchange or conformational equilibria. Motions in the microsec-
ond to millisecond time scale can be detected through CPMG, Ry,
experiments, or >N R,/R; values [2,12,16-20]. Residual dipolar
couplings (rdc) are sensitive to motions on any time scale faster
than milliseconds [21,22]. Due to their large sensitivity to the direc-
tion of the vector connecting the two coupled nuclei with respect to
a protein common frame, rdc can in fact monitor any change in pro-
tein conformation with respect to a structural model. Deviations
in the measured rdc values with respect to the values calculated
according to the protein model may thus indicate inaccuracy in the
latter, so that the rdc can be used for its refinement. On the other
hand, deviations still present for more than one set of rdc data after
the refinement of the protein structure may reveal the presence
of motions. All the above techniques, however, although extremely
useful for detecting the presence of mobility within the protein, can
hardly provide the ensemble of conformations experienced by the
system. Ensemble average approaches, possibly assisted by molec-
ular dynamics calculations, have been more recently introduced to
improve the agreement in the fit of motional-averaged NMR data,
like rdc, chemical shifts, paramagnetic relaxation enhancements,
and to reproduce the values of the heteronuclear relaxation derived
§2 parameters [5,8,23-27].

The presence of a paramagnetic metal ion in the investigated
system represents a major source of information for both its struc-
tural and dynamic characterization [28-31], particularly useful for
proteins with domains experiencing flexibility, such as multido-
main proteins, and for protein-protein complexes. Some examples
will be discussed where it is shown how the presence of a param-
agneticion can add precious information for the characterization of
the protein structure and of structural equilibria. In the examples
selected here, paramagnetic pseudocontact shift (pcs) and residual
dipolar coupling (rdc) restraints are obtained through substitution
of the diamagnetic metal ion with a paramagnetic ion. In other
cases, paramagnetic tags can be attached to the protein under
investigation [32-35], so that pcs and rdc become available, pro-

vided the tags are rigidly attached [36-40]. Rigidity is achieved by
two-point attachment on non mobile residues on the surface of the
protein through two disulfide bonds [41,42], by anchoring to the
target protein via a disulfide bridge and the N-terminal fusion [43],
by a single covalent bond and additional coordination of the para-
magnetic ion by an amino acid of the protein [37,44] or by a bulkier
metal ion binding cage attached through a single covalent bond
[45]. For a recent review on the development and applications of
paramagnetic tags for protein NMR studies we refer to the works
by Otting et al. [46,47] and by Allen and Imperiali [48].

2. Structural and mobility studies in multidomain systems

2.1. Monitoring the conformational heterogeneity in the
diamagnetic protein MMP-12

Multidomain proteins can easily sample a collection of con-
formations through the presence of flexible linker(s) connecting
rigid domains. Matrix Metalloproteinases (MMPs) are extracellu-
lar proteins constituted by two rigid domains (except MMP-7),
named catalytic domain and hemopexin-like domain, connected
by a linker the length of which varies from 14 to 68 residues. A
comparison of the available solution and crystal structures of the
catalytic domains of different MMPs actually indicate that even
within the catalytic domain itself they show a certain degree of
disorder in the same loop regions [49]. The presence of such dis-
order was confirmed in MMP-12 by "H-1N relaxation, R;, and
CPMG measurements (which show motions on the millisecond to
microsecond time scales), by residual dipolar coupling measure-
ments (which encompass the effects of motions on all time scales
faster than milliseconds), and by the presence of resonance splitting
for several residues in the "H-1°N HSQC spectra (which indicates
the presence of multiple conformational states with life time of the
order or longer than tens of milliseconds) [49].

MMPs are involved in a number of processes including degra-
dation and remodelling of the extracellular matrix [50]. Although
the catalytic domain alone has a proteolytic activity, proteolysis
of triple helical collagen requires the full length protein [51], so
that a model has been proposed with the hemopexin-like domain
unwinding the triple helix in such a way that a single peptide strand
can be accommodated and cleaved in the active site of the catalytic
domain [52,53]. Such a model requires that the hemopexin-like
domain is mobile with respect to the catalytic domain.

By comparing the crystal structure of the available full length
MMPs, MMP-1, MMP-2 and MMP-12 [54,55], the catalytic domains
of the three proteins were found to nicely superimpose, and also
the hemopexin-like domains showed the same fold, but the rela-
tive orientation of the two domains was completely different. The
two domains of MMP-12 actually interact separately with the linker
residues, without extensive direct interactions, differently from the
MMP-1 and MMP-2 cases [55]. Such conformational variability and
the lack of direct domains interactions, together with the fact that
when calculating the crystal structure of MMP-12, the electron den-
sity was of generally good quality throughout the whole molecule
(with crystals diffracting to 3.0 A resolution) except for the residues
in the middle of the linker region, suggested the possibility that
in solution the two domains are relatively free to move thanks to
the flexible linker. Solution NMR measurements actually confirmed
this model [55]. Such experiments were performed on the NNGH-
inhibited, cadmium(II)-substituted Phe171Asp/Glu219Ala double
mutant of full length MMP-12, in order to prevent self-proteolysis;
analysis of the TH-1°N HSQC spectra anyway revealed that muta-
tions and substitution of the catalytic zinc(Il) ion did not cause
relevant structural alterations. The lack of interdomain NOEs and
the fact that the peaks of the catalytic and hemopexin-like domain
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residues in the TH-1>N HSQC spectrum of the full length protein
were about in the same position observed in the spectra for the iso-
lated domains indicate that the two domains do not really interact
in solution.

Relaxation rate experiments were performed on the full length
protein as well as on the isolated catalytic and hemopexin-like
domain. Whereas both the longitudinal R; and transverse R; relax-
ation rates measured for the amide protons in the two isolated
domains agree with the values calculated from the atomic coordi-
nates of the domain structures by using the program HYDRONMR
[56], which assumes a rigid-body hydrodynamics, the experimental
R values are sizably larger and the experimental R, sizably smaller
than the calculated values in the case of the full length protein
(Fig. 1A). The relaxation rate values measured for the full length
protein are indeed intermediate between the isolated domains and
the rigid full length crystal structure. On the other hand the >N NOE
values for the full length MMP-12 show that the single domains
behave as rigid structures, in agreement with the invariance of the
TH-15N HSQC spectra and the NOESY patterns, and that some linker
residues are affected by conformational variability. This proves that
the interdomain linker must be flexible, thus allowing extensive
reciprocal reorientation of the two protein domains on a time scale
faster than the reorientational time of the whole molecule.

Further evidence of the conformational heterogeneity of the
protein due to flexibility of the interdomain linker was obtained
through the measurement of the residual dipolar couplings (rdc)
arising in the presence of an external orienting medium. The rdc
data were first found in disagreement with the crystal structure,

as no good fit by any orienting tensor could be obtained. The same
rdc data, when considered separately for the two domains, could
instead be satisfactorily fitted to the corresponding domain struc-
tures, but the orienting tensors calculated for the two domains did
not agree with one another (Fig. 1B). This proves that the external
medium orients the two domains independently as a result of the
lack of a rigid structure for the whole molecule.

In order to gain information on the conformational ensemble
corresponding to the full length MMP-12, Small Angle X-ray Scat-
tering (SAXS) measurements were performed. SAXS intensities in
fact depend on the overall shape of the electronic density of the
protein [57,58] and, despite not being a probe for mobility, they
can provide information on the preferred relative positions of the
two protein domains. Neither individual protein conformations nor
averaging over ensembles of conformations generated by random
movements of the linker provided a calculated scattering curve
in good agreement with the measured full length MMP-12 SAXS
curve. Ensembles of conformations were then searched using a
genetic algorithm in order to obtain a best fit of the experimental
data (Fig. 1C). Such ensembles, although not representing unique
solutions, provide information on the region of space that the pro-
tein preferentially occupies, i.e. on the preferred conformations of
the system. They indicate that the protein spends about half of the
time in a conformation as compact as the crystal structure (but with
different relative interdomain orientation), and the rest in a variety
of more extended conformations. The distribution of the radius of
gyration corresponding to the different conformational ensembles
in fact displays a relatively sharp peak around 28-29 A, correspond-
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Fig. 1. Mobility studies performed on MMP-12: (A) Calculated (bars) and experimental (points) >N Ry, R, and NOE for the isolated domains and for the full-length protein.
The agreement in the Ry and R, values is good for the isolated domains but unsatisfactory for the whole protein. (B) Best fit orientation tensor values for the rdc of the two
MMP-12 domains in the presence of an external orienting medium. (C) Experimental (points) and computed (lines) SAXS profiles using crystallographic models (blue and

red lines) or best-fit ensembles (green line).
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ing to a distance between the two domains similar to that of the
crystal structure, but also span the whole range from 30 to 50A.
Therefore, although the protein conformation observed in the crys-
tal state can be significantly present also in solution, the protein
must experience a significant conformational flexibility so that it
can sample more extended states. Similar results were obtained
also for the MMP-1 protein [59,60], suggesting that this type of
conformational freedom is a general property of all MMPs.

2.2. Monitoring the conformational heterogeneity in calmodulin
using paramagnetism-based restraints

Calmodulin (CaM), another multidomain protein well known to
exhibit interdomain mobility [61-63] is composed of two domains
connected by a central linker. Each of the two domains is consti-
tuted by two calcium binding EF-hand motifs, and therefore CaM is
able to bind up to four calcium ions [64-66]. Calcium binding causes
rearrangements in the EF-hand motifs, exposing large hydropho-
bic clefts on the surface, buried in the calcium-free state, which
are responsible for binding to target proteins [66,67]. Inspection of
the available protein structures indicates that the helices in each
EF-hand move from an almost antiparallel arrangement in the apo
form (closed state) to an almost orthogonal arrangement in the
calcium-bound form (open state) [62,63,68]. Calcium(Il) binding
favours CaM-target enzyme binding due to the exposed hydropho-
bic cores which are surrounded by negatively charged residues.
This situation favours the interaction with hydrophobic and pos-
itively charged (amphipatic) target peptides. Therefore, the two
domains reorient and get closer to one another by clamping the
target peptide.

This binding mechanism requires that the two domains of CaM
have a certain degree of freedom. The flexible nature of both the
inter-domain linker region and of the residues in the hydrophobic
cores (Met side chains in particular) would thus provide CaM with
the ability to accommodate a variety of targets [69-72]. Further-
more, comparison of the many available structures showed that
the target wrap-around binding mode is not the unique binding
mode of CaM, as a result of some flexibility within each CaM domain
and variability in their relative positioning for adapting to different
targets [73].

The mobility of the inter-domain linker was first detected
through amide relaxation rate measurements, and in particular by
the small NOE values, observed for this protein [61,62], indicating a
very high degree of mobility of residues 78-81 and pointing to the
presence of extensive motions with a time scale of nanoseconds
[62,74]. The sizable flexibility of these interdomain linker residues
ensures that the two domains of the protein may freely reorient
almost independently of one another [61]. However, these data
could hardly provide information on the conformational hetero-
geneity of the protein. In fact, the 1°N Ry and R, values for residues
in secondary structure elements were only modestly different from
what expected for a rigid structure [62,63] of a well-folded pro-
tein. If a motion in a cone is used to visualize the motion related
to the relaxation-derived order parameter, the N- and C-terminal
domains are expected to wobble independently in cones with a
semi-angle of about 27° [62]. Molecular dynamics simulations con-
firmed the flexibility of the linker [75,76], indicating that CaM can
also sample bent and relatively compact conformations.

The first solid-state structure of CaM [77] showed that the last
helix of the N-terminal domain, the first helix of the C-terminal
domain and the interdomain linker constitute a long-continuous
helix. Such conformation was soon recognized to be inconsistent
with NMR data. Remarkably, a crystal structure was also obtained
later in which the long-interdomain linker is bent and the two
domains are in contact with one another [78,79]. It is therefore
apparent that, in the case of CaM, the X-ray structures provide dif-

ferent snapshots of the large range of very different conformations
that the protein is able to sample in solution. Information on the
relative position of the two domains was obtained through the use
of paramagnetism-based restraints, i.e. pseudocontact shifts (pcs)
and residual dipolar couplings (rdc) [80]. A paramagnetic ion was
first bound to the protein by selective substitution of lanthanide
ions such as terbium(III), thulium(III) or dysprosium(III) at the sec-
ond binding site of CaM, with calcium(II) ions binding at the other
three sites. Selectivity was achieved by a N60D mutation at the
second metal binding loop [81]. In this way pcs and rdc restraints
became available.

The pcs of the amide protons of the N-terminal domain of CaM
were fit to the CaM solution structure [66] using Eq. (1),

A(SPCS — 1
1273

Axax(3 cos> 6 —1)+ %Ath sin 6 cos 2¢} (1)

where r is the distance between each observed nucleus and the
metal ion, 0 and ¢ denote the spherical coordinates of the nucleus
in the frame of the metal magnetic susceptibility tensor, and A xqx
and Ay, are the axial and rhombic anisotropy parameters of the
magnetic susceptibility tensor of the metal. Pcs values depend only
on the position of the nucleus with respect to both the metalion and
the paramagnetic susceptibility tensor, besides the values of the
anisotropies of the latter. The resulting fit provided the magnetic
susceptibility anisotropy tensor of the corresponding lanthanide.

In the presence of motion of the observed nuclei with respect
to the metal magnetic susceptibility tensor frame, pcs values are
averaged according to the experienced nuclear positions [80,82]
and cannot be fit through Eq. (1) using any single protein struc-
ture. Motions in the coordination sphere of the paramagnetic ion
may also cause modulation of the paramagnetic susceptibility ten-
sor which determines pseudocontact shift modulations. The latter
can give rise to line broadening, and the chemical shift difference
between the different states can be accessed through relaxation
dispersion experiments [42,82,83].

Once the paramagnetic ion is attached to the N-terminal
domain, it causes partial alignment of the latter in a magnetic field
due to the anisotropy of the paramagnetic susceptibility tensor
[84,85]. The C-terminal domain may also experience some par-
tial orientation induced by the structural relationship between the
two domains. Therefore, the rdc measured on the nuclei of the C-
terminal domain provide information on its relative orientation
with respect to the N-terminal domain and, in the presence of inter-
domain mobility, on the averaging resulting from the individual
protein conformations within the sampled ensemble. On the other
hand, rdc arising from external orienting media cannot provide the
same information because the flexibility of the linker would largely
allow the individual domains to be oriented by the external media
separately, and in this way the “preferred” conformations sampled
in the anisotropic solution would be difficult to recover.

Rdc do not depend on distance (see Eq. (2) below), and there-
fore the spreading of their values should be approximately the
same in both the N- and C-terminal domains, if there were no rel-
ative motion between the two (Fig. 2). Indeed, in free CaM, due
to the very large interdomain motions, the rdc spreading in the
C-terminal domain was only about 5-10% that of the N-terminal
domain [80]. By defining a generalized order parameter, S, as the
ratio between the spreading of the rdc values in the two domains,
a value of about 0.1 is obtained, which would yield an S? value of
the order of 0.01. This value is much smaller than the value of 0.7
calculated from relaxation rate measurements [62], and is due to
the fact that rdc monitor the presence of motions occurring over a
much larger range of time scales. Despite the fact that the reduc-
tion in the spreading of the rdc values measured for the C-terminal
domain with respect to the N-terminal domainis quite large, the rdc
spreading for the C-terminal domain is not as small as calculated by
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Fig. 2. Distribution of the self-orientation rdc observed for the different domains of a protein with a paramagnetic metal ion in one domain, in the case of a rigid structure
or of a structure with a flexible interdomain linker. The rdc of the nuclear pairs in the domain without the metal are determined by the magnitude and orientation of the
magnetic susceptibility anisotropy tensor. In the presence of interdomain mobility, the orientation of such tensor changes with respect to the orientation of the domain; the
rdc data can still be reproduced by a tensor with a different orientation and with reduced magnitude with respect to the real magnetic susceptibility anisotropy tensor of the

metal.

assuming that all sterically allowed conformations are equally pop-
ulated. Therefore, not all possible protein conformations are equally
sampled [80], and the experimental values can be used to extract
information on the experienced ensemble of conformations.

Rdc depend on the same magnetic anisotropy tensor present in
Eq. (1) [86], according to Eq. (2),

1 Bo® ynyuh

rde (Hz) = =20 Jo47 213y

x [Aj(ax(3 cos> © —1)+ %Aj(rh sin® @ cos 2P| (2)

where ryy is the distance between the two coupled nuclei (N and
NH for instance) and the spherical angles ® and @ are those defin-
ing the orientation of the vector connecting the coupled nuclei in
the frame of the magnetic susceptibility tensor. Analogously to pcs,
AXax and A ¥,y are the axial and rhombic anisotropy parameters
of the magnetic susceptibility tensor of the metal. Other symbols
have the usual meaning. As already anticipated, rdc values are not
related at all to the position of the coupled nuclei with respect to
both the metal ion and the magnetic susceptibility tensor, but they
depend only on the orientation of the vector connecting the cou-
pled nuclei in the reference frame of the magnetic susceptibility
tensor axes [22,84,87,88].

In the free CaM case, we have seen that the experimental rdc val-
ues measured for the C-terminal domain are actually much smaller
than those calculated using Eq. (2) and the A yqx and A x,, values
obtained from Eq. (1). Correspondingly, the fit of the experimental
rdc to Eq. (2) using the CaM solution structure [66] provided axial
and rhombic anisotropy values A ¥qx and A X, much smaller than
the corresponding values obtained from the tensors derived from
the pcs of the N-terminal domain, as a consequence of the presence
of a sizable motional averaging (Fig. 2). The agreement of many rdc

of the C-terminal domain with a unique tensor for each metal indi-
cated that the whole domain moves essentially rigidly with respect
to the N-terminal domain.

The magnetic susceptibility anisotropy tensors obtained from
N-terminal domain pcs and the mean tensors obtained from C-
terminal domain rdc were then used to calculate the maximum
allowed probability MAP(R) that any orientation of the C-terminal
domain of CaM has with respect to the N-terminal domain ori-
entation. This MAP(R) represents the maximum weight that the
corresponding orientation can have in any conformational ensem-
ble (Fig.3A). The MAP(R) values can be calculated for all orientations
using a geometrical algorithm described in Longinetti et al. [89].

Crucial in this context is the availability of several sets of rdc,
related to different magnetic susceptibility tensors resulting from
the substitution of several metal ions in the protein. In fact, since rdc
are independent of reflections of the axes of the magnetic tensor,
quite similar MAP(R) values are calculated for any given orientation
as well as for other three symmetric orientations, or ghost orienta-
tions, if only data referred to two different metal ions are used. In
this way the correct relative orientation between the two domains
cannot be clearly discriminated from the ghost orientations [89].
In principle, three different metal ions with significantly different
magnetic susceptibility anisotropy tensors and good quality rdc
values are however enough to eliminate the ghost orientations.

The most representative orientations with largest MAP(R) val-
ues were then used as starting points to obtain the conformations,
defined by orientation plus translation, with the largest maximum
allowed probability, MAP [90]. Therefore, pcs of the C-terminal
domains are introduced in the analysis, providing information on
the relative position of the protein domain with respect to the metal
tensor position. Pcs are also precious to discard ghost orientations
still consistent with the rdc data, because they may be inconsistent
with the restraint imposed by the length of the interdomain linker.
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Experimentally available pcs, differently from rdc, cannot be cal-
culated from an average tensor, as a consequence of the fact that the
distance of the nuclei from the metal ion, from which the pcs values
depend, changes due to the interdomain mobility. Largest MAP con-
formations were thus calculated [90] using an iterative simulated
annealing minimization starting from selected orientations (Rg),
initially chosen according to the MAP(R) results, complemented by
other N conformations, with weight (w;), position (t;), and orienta-
tion (R;) obtained in order to minimize the target function

2

N
wodj(to, Ro) + Zwifsj(fi, R;) (3)
i1

TF(W()) = min Sj —
to,(Wjt;,R) 7

where Sj are the experimental pcs/rdc values, §;(to, Rg) are the
pcs/rdc values calculated for the selected orientation Ry, with the
translation vector tg defining the position of the corresponding con-
formation, wy is the corresponding weight, and &(t;, R;) are the
pcs/rdc values calculated for the other i=1, ..., N conformations.
Such a function represents the minimal error on the reconstructed
data when the domain is constrained to stay in the conformation
defined by the orientation Ry and the translation ¢, for a fraction wy
of the time whatever other conformations are in the ensemble. The
MAP value of this conformation was then defined as the largest wg
value such that TF(wg) = €, where ¢ is the threshold fixed for the
error, set to a value that is 10% larger than the absolute minimum
of the TF, as shown in Fig. 3B.

The minimization procedure which is performed may recall the
ensemble average approaches which are also used to obtain fam-
ilies of conformations in agreement with averaged experimental
restraints. Ensemble average approaches have been successfully
used to recover the extent of the conformational variability within
the conformational space using NMR data [5,8,25,80], SAS data[91],
or both [92-94]. However, the MAP approach focuses on one par-
ticular structure within each ensemble, which is the one with as
large as possible a weighting factor, and no reliability is granted
to the other structures of the ensemble. In this way it is possible
to find the maximum weight that a single conformation can have
within any possible ensemble of conformations to retain agreement
with the experimental data. Of course this does not mean that such
conformation really has such weight, but only that such weight is
an upper limit. Several simulations performed by generating aver-
aged pcs and rdc data from ensembles of conformations with, e.g.
Gaussian distributions around one or two centers have indicated
that in most cases the conformations with largest MAP reflect those
actually close to the centers of the Gaussian distributions.

In the case of two (or more) rigid domains tethered by flexible
linkers, this approach has been preferred with respect to ensemble
average approaches because it can be shown that in the presence
of averaged tensors sizably smaller than the fixed frame tensor,
the averaged rdc data can agree with any conformation if the lat-
ter is counterbalanced by a proper set of other conformations, so
that none of them can be taken as representative of the conforma-
tions really sampled by the protein. If, for instance, rdc data relative
to only one metal ion are provided, it is always possible to find
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an ensemble in agreement with the averaged data which includes
three conformations one of which selected in a completely arbi-
trary way. If more sets of data relative to additional metal ions are
considered, the number of conformations to be added together with
the arbitrary conformation increases, but it is still possible to obtain
an ensemble which comprises such conformation that is in agree-
ment with the data. In conclusion, there is no uniqueness in the
recovered ensemble, and therefore no reliability can be given to the
conformations composing the ensemble. In other cases, when the
averaged tensors are not much smaller than the fixed frame tensor,
i.e. when mobility is small, the degeneracy of the different ensem-
bles of conformations is reduced because only those conformations
extending on a well defined, restricted conformational space can be
included in ensembles of few tens of equally weighted members.
In fact, the weight of the conformations outside this space, that can
still be included arbitrarily in the ensemble, must be much smaller
than that of the other conformations within this space, so that the
latter can be identified.

The conformations of free CaM that have the largest MAP, as
obtained from the conformational averaged pcs and rdc values
from three lanthanide ions measured on the C-terminal domain,
can be clustered in four families [90], reported in Fig. 4A. The
MAP values for such conformations are all around 0.36. In all of
them the first helix of the C-terminal domain forms quite large
angles with the last helix of the N-terminal domain. Similar con-
formations are calculated by changing one or both the dihedral
angles of residues 79 and 80 in the extended crystal structure
from the values of the alpha helix region to typical values of the
beta sheet region of the Ramachandran plot. However, the actual
weight of such conformations can be smaller than their MAP value,
and it is likely much smaller for some of them since they must be
complemented by a variety of other conformations with smaller
weight.

The MAP approach can be conveniently extended by includ-
ing into the list of the averaged experimental restraints (besides
the paramagnetic pcs and rdc restraints) other observables equally
averaged over all the conformations experienced by the system
in its motion on any time scale faster than milliseconds. In this
way, complementary information can be added to better charac-
terize each conformation with a MAP value and restrict the set of
conformations with the largest MAP values. In fact, since the prob-
lem of recovering the protein conformational ensemble from the
averaged data has not a unique solution, collecting several kinds of
restraints differently sensitive to averaged parameters may largely
help to better discriminate the different conformations according
to their MAP. SAXS restraints were actually highly complementary
to NMR data, and were thus included in the calculations of the MAP
values [95]. The simultaneous fit of the SAXS intensity profile for
calcium CaM and of pcs and rdc data collected on its lanthanide
derivatives was actually useful in the refinement and selection of
the conformations with largest MAP.

Recently, it was shown that, besides providing the conforma-
tions with largest MAP, it is computationally possible through
distributed grid computing to calculate the MAP value, also called
maximum occurrence (MO), of any conformer sterically allowed,
in agreement with the available experimental data. In this way,
the whole conformational space can be extensively sampled and
scored by its MO values. Therefore, it becomes possible to monitor
the extent and the shape of the regions with largest MO, as well as to
retrieve the regions which cannot be significantly sampled by the
system [95]. Calculations performed for the free CaM are shown
in Fig. 4B, where the C-terminal domain of the protein is substi-
tuted by a tensor centered in the center of mass of the domain,
oriented depending on the relative orientation of the two domains,
and color-coded with respect to the MO of the corresponding con-
formation. It was found in this way that the “closed” and “fully

A C-terminal

o

N-terminal

Fig. 4. (A) Conformations with largest MAP of free CaM obtained using pcs and self-
orientationrdc. (B) Arbitrary orientation tensors centered in the center of mass of the
C-terminal domain of CaM, color-coded with respect to the MO of the corresponding
conformation from blue (lower than 5%) to red (greater than 40%) for hundreds of
randomly generated structures.

extended” conformations trapped in the crystalline forms of CaM
have MO of only 5 and 15%, respectively.

The present data, together with the MMP-1 case previously
discussed, represent significant examples of the synergy between
NMR and SAXS/SANS techniques.

2.3. Monitoring the conformational heterogeneity in protein
complexes

The conformations with largest MAP were determined for
the calcium(ll)-loaded CaM when the protein interacts with o-
synuclein, a small essentially unfolded cytoplasmic protein [96,97].
Chemical shift perturbation analysis indicates that the N-terminal
part of a-synuclein interacts with both CaM domains. Rdc data
were again collected for the C-terminal amide protons of CaM when
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the latter has a terbium(III), thulium(III) or dysprosium(IIl) ion in
the place of the calcium(Il) ion in the second binding site, and
the values were largely reduced with respect to those expected
according to the tensors calculated from the pcs of the N-terminal
domain. Such measurements thus indicated that the interaction
with a-synuclein is highly fluxional, involving extensive motion of
the two CaM domains. However, the spreading of the measured
rdc data covers a range somewhat larger than observed for free
CaM, as a consequence of a smaller conformational heterogene-
ity of the protein in the adduct. A larger range of the rdc data for
the CaM C-terminal domain with respect to the free form has been
also recently observed for the CaM complex with the CaM binding
domain of Munc13-1 [98].

The conformation with largest MAP value obtained for CaM
when bound to a-synuclein is not far from the “canonical” closed
conformation of CaM. Other conformations with different interdo-
main orientations which have equally large rdc-derived MAP(R)
values exhibit a relatively smaller MAP value, thus indicating that
pcs are in this case effective in selecting and ranking the conforma-
tions according to the maximum allowed weight. In conclusion, in
its complex with a-synuclein, CaM can experience multiple con-
formations, those with largest MAP being in a region of space close
to that occupied by the canonical closed conformation. The weight
of such conformation cannot however be larger than 0.35 [90].

The MAP approach can be also conveniently applied to study
conformational heterogeneity in protein-protein adducts. Mobil-
ity in protein complexes has been recently investigated using SAXS
and NMR data by analysing, besides pcs, the paramagnetic enhance-
ment to the longitudinal relaxation rates [99]. The latter in fact
scales as 16, where r is the nucleus-metal distance, according to
Eq. (4) [100],

k] k2
Rlpara = rT;’ RZpara = r75 (4)

where k; and k, are constants that depend on the nature of the
metal ion and its electron relaxation time [101], on the nature of
the observed nucleus, and on the reorientational time of the sys-
tem. Paramagnetic spin labels were attached in different points of
the protein cytochome c peroxidase [102], and the attenuation in
the intensity in the signals of the partner protein iso-1-cytochome
¢ due to paramagnetic broadening was used to delineate the con-
formational space sampled by the molecules.

Paramagnetic relaxation enhancements were analogously used
to detect low population transient conformations under equilib-
rium conditions of a protein-DNA complex [103], and the presence
of a minor form of the apo maltose-binding protein [104]. Param-
agnetic relaxation enhancements can in fact be used to probe and
structurally characterize the lowly populated regions of the free
energy landscape through the analysis of the footprint of the minor
conformations on the experimental data. This approach is possi-
ble when there is a rapid interconversion between the major and
the minor conformations, so that the experimental relaxation rate
enhancements increase with respect to the value corresponding
to the major states in the presence of minor states with a siz-
ably shorter distance between the paramagnetic center and the
observed nuclei. Because of the sixth power dependence of the
distance between the nucleus and the paramagnetic center (see
Eq. (4)), the paramagnetic relaxation enhancement is very large at
short distances, and therefore even lowly sampled conformations
in which the nucleus is close to the paramagnetic center can be
detected. Structural information can then be retrieved from mul-
tiple paramagnetic relaxation enhancements observed for a large
number of protons from the discrepancies of the data that are not
consistent with a single conformation of the system. In the case
of the apo maltose-binding protein, the structure of the obtained
minor form is similar to that calculated for the ligand-bound form,

so that the predominant protein conformation coexists in a rapid
equilibrium with the minor form, possibly facilitating the transition
to the bound state [104].

Similarly to scoring all sterically allowed protein conformations
according to their maximum occurrence, that has been proposed
through the MAP/MO approach [90,95] previously described, spin
labels were used to determine whether regions in the conforma-
tional space must be occupied or cannot be occupied by protein
complexes by mapping out nuclei subject to paramagnetic relax-
ation enhancements, and thus coming close to the spin labels,
and those showing no effects, and thus farther from them [102].
The available crystal structure for the complex of cytochrome
c peroxidase and iso-1-cytochrome c represents the dominant
protein-protein orientation also in solution, but ~30% of the life-
time of the complex is spent in a dynamic encounter state. The
observed paramagnetic effects were used to delineate the con-
formational space sampled by the protein molecules during the
dynamic part of the interaction. A wide surface corresponding to
the area that cannot be occupied by the center of mass of iso-1-
cytochrome c for longer than 3% of the lifetime of the complex was
so calculated, as well as the region which must contain the cen-
ter of mass of iso-1-cytochrome c for at least 3% of the lifetime.
After introduction of paramagnetic spin labels in 10 positions in
cytochrome c peroxidase, and measurement of the corresponding
relaxation enhancements in iso-1-cytochrome c, it was possible
to sample the occurrence of interactions of the latter protein all
around the entire surface of the former [105]. The averaged exper-
imental data were found in agreement with a combination of 70%
occurrence of the crystal conformation and 30% occurrence of an
ensemble of conformations calculated with rigid-body Monte Carlo
simulations in which only electrostatic and steric interactions were
active. Such states correspond to a sampling of about 15% of the
surface area of cytochrome c peroxidase, surrounding the binding
interface observed in the crystal structure.

In another case, the conformational freedom within the com-
plex between the proteins adrenodoxin and cytochrome ¢ was
investigated by determining the minimum degree of mobility of
the system necessary to recover an agreement with the very small
experimental pcs observed for adrenodoxin nuclei [99] when the
two proteins are free in solution. Reduction in the pcs values with
respect to those measured for the cross-linked proteins was in fact
ascribed to interprotein dynamics. It was found that cyctochrome
cneeds to sample a large area on adrenodoxin. This result was con-
firmed by the small rdc values measured for adrenodoxin when a
lanthanide tag is attached to cyctochrome c [40].

All these approaches, as well as the MAP or MO approach, are
characterized by the search for the minimum or maximum lifetime
that specific conformations or conformations within regions of the
conformational space can have to be consistent with the available
averaged experimental data. The latter cannot in fact provide the
actual conformational ensemble as a unique solution.

2.4. Exploiting paramagnetism-based restraints for structural
studies in solution

Besides being used to extract information on the conformational
heterogeneity of proteins, pcs and rdc can be used, as reported since
1996 [106] and 1998 [107], respectively, to refine protein struc-
tures or protein domains assumed to be rigid. Pcs and rdc may in
fact act as reporters of structural information because they depend
on the position of the observed nuclei (for pcs) or on the orienta-
tion of the vector connecting dipole-dipole coupled nuclei (for rdc)
with respect to the paramagnetic susceptibility anisotropy tensor
(see Egs.(1)and (2))[28,108-111]. The structure of the N-terminal
domain of CaM in the adduct with a-synuclein was, for exam-
ple, calculated by including, among all distance and dihedral angle
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v" A paramagnetic metal ion is coordinated to one protein domain (A)
v" Pcs and rdc are measured for both protein domains (A and B)

Case 1: The rdc span the same range of values in both protein domains = the two domains move rigidly

e the pcs of domain A provide the A¥ tensor

e the pcs and the rdc of domain A can be used to refine domain A. A new AY tensor can thus

be estimated

e the pcs and the rdc of domain B can be used to locate such domain with respect to A and
eventually to refine it, using the same AY tensor

Case 2: The rdc of domain A span a range of values much larger than those measured for

domain B = there is interdomain mobility

e the pcs of domain A provide the A¥ tensor

e the pcs and the rdc of domain A can be used to refine domain A
e the rdc of domain B provide the A ¥ tensor and can be used to refine domain B using such

tensor

e pcs and rdc of domain B can be used to obtain information of the conformational ensemble

Scheme 1. Use of the paramagnetism-based restraints (pcs and rdc) for multidomain protein structure determination.

restraints, the pcs measured in the presence of the terbium(III),
thulium(III) or dysprosium(lll) ions substituted to the calcium(II)
ion in the second metal binding site of the CaM domain [90]. On
the contrary, the pcs measured for the C-terminal nuclei could not
be used to calculate the structure of such domain because of its
unknown mobility with respect to the N-terminal domain host-
ing the paramagnetic center. Differently from pcs, rdc measured
for both the N-terminal and the C-terminal domain of CaM can be
included in the structural calculation of the corresponding domain,
provided that the appropriate anisotropy tensors are considered.
For the N-terminal domain the tensors are the same as those calcu-
lated from the pcs collected on the same domain; for the C-terminal
domain, the averaged tensors calculated from the averaged rdc data
can be used (see Scheme 1).

Pcs and rdc are differently sensitive to local and global motions.
Pcs are mostly sensitive to large global protein conformational
changes, and are scarcely affected by local mobility and structural
inaccuracies [29,80,90]. Rdc, on the other hand, are sensitive to
even small local reorientations. These properties make it difficult
to obtain a very accurate estimate of the magnetic susceptibility
anisotropy tensor from rdc but, on the other hand, allow us to obtain
arobust estimation of it through the pcs, once a structural model is
available. Both pcs and rdc can then be used to refine the structure
through such tensor (see Scheme 1). A new structural model is then
calculated, and both tensor and structure can be refined iteratively.
The independent availability of an accurate estimate of the orien-
tation tensor from pcs actually permits a more quantitative use of
rdc themselves for both structural and dynamical considerations.

Pcs and rdc have also been used for the accurate determina-
tion of protein solution structures starting from crystal structures.
Crystal structures may in fact be inaccurate models of solution
structures due to the presence of crystal packing forces. A possible
strategy to improve the accuracy of a protein structure in solution is
that of using a relatively good crystal structure as a starting model
and refining it by applying well-selected, sensitive NMR restraints.
Such approach was first applied through the use of pcs from a para-
magnetic ion in a metalloprotein [112] and through the use of rdc
originating from external orienting media in diamagnetic proteins
[66,113]. Both pcs and rdc are long-range restraints and, therefore,
optimally suited to detect global structural features, especially rela-
tive orientations of secondary structure elements or entire domains
[35,66,80,90,114].

The combined use of the paramagnetism-based pcs and rdc for
structural refinement starting from an X-ray structure was suc-

cessfully demonstrated on CaM in its complex with two peptides
representing the interaction sequence of two protein partners, the
death-associated protein kinase (DAPk) and the DAPk-related pro-
tein 1 (DRP-1). New structural models were so calculated that
are in excellent agreement with the paramagnetic restraints and
differ modestly but significantly from the starting crystal struc-
tures. In these cases, the rdc measured for the C-terminal domain
of CaM span ranges of values similar to those measured for the
N-terminal domain, which contains the paramagnetic lanthanide.
This indicates that in these complexes the two CaM domains have
essentially a fixed conformation with respect to one another. The
simultaneous use of pcs and rdc of the two CaM domains, and the
knowledge that a unique magnetic anisotropy tensor for each metal
ion is at the origin of all of them, pointed out the differences in the
solution structure relative to the crystal structure. These differences
consist of changes in the orientation of helix 1 in the first EF-hand of
the N-terminal domain (this very same movement of helix 1 from
the crystalline to the solution state was observed also by Bax et al.
[66] in free CaM using rdc and external orienting media), and of
the whole C-terminal domain, with respect to the metal-bearing
second EF-hand of the N-terminal domain. The same approach can
be used to reconstruct the structure of protein-protein complexes,
once the structure of each protein is known. Again, SAXS/SANS data
may be conveniently used together with the other restraints [94].

Therefore, the simultaneous use of paramagnetic pcs and rdc
restraints may successfully: (i) indicate the possible presence of
conformational freedom; (ii) provide an accurate estimate of the
orientation tensor of the metal-bearing domain from pcs, which are
less sensitive than rdc to the presence of local structural disorder
or mobility; and (iii) provide the relative arrangement of pro-
teins/domains/secondary structure elements with respect to the
metal-bearing domain. Paramagnetic lanthanide labelling has been
actually proposed as a fast NMR method to determine the struc-
ture of protein-protein complexes [35] as well as of protein-ligand
complexes [115].

Pcs are also precious restraints for the structural determina-
tion of large proteins, for which it is still problematic to collect
a large number of structural restraints [116]. Using three differ-
ent attachment sites on the N-terminal domain of the protein
STAT4, a homodimeric 29.4 kDa protein, for a cobalt(Il) binding tag,
long-range pcs were found distributed across the entire protein
structure, thus enabling a much more accurate positioning of the
protein secondary structural elements. Paramagnetic probes have
been suggested also to disrupt the symmetry in the NMR spectra of
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large protein homodimers such as the N-terminal domain of STAT4
[117]. These systems are in fact difficult to investigate because it is
often hard to distinguish between intra and intermolecular NOEs.
Sub-stoichiometric addition of a paramagnetic metal creates an
asymmetric system, with the paramagnetic ion residing on only one
subunit of the dimer. In this way, pcs and self-orientation rdc spe-
cific for each monomeric component of the symmetric dimer were
obtained and used to properly position the subunits with respect
to one another.

Recently, the solution structural model of the 65kDa
membrane-associated protein complex formed by adreno-
doxin and adrenodoxin reductase was calculated through docking
methods using as intermolecular restraints chemical shift per-
turbation data, pseudocontact shifts and paramagnetic relaxation
enhancements arising from application of a paramagnetic tag in
two positions, thus proving that sufficient restraints are provided
by paramagnetism to determine the structural model of a protein
complex in the case of low solubility and availability [118]. Starting
from the structures of the isolated domains, rdc and paramagnetic
relaxation enhancements have also be used for defining the
structure of complexes. A general protocol is proposed consisting
of (i) an initial refinement of the individual crystal structures
to be in full agreement with observed rdc data and backbone
dihedral angles, (ii) randomization of undefined protein regions
and the relative orientation of the proteins, (iii) application of
distance restraints from paramagnetic relaxation enhancements,
(iv) structure calculation using rdc and relaxation enhancement
data [119].

3. Exploiting paramagnetic restraints in solid-state
structural studies

Solid-state NMR (SS-NMR) is a more and more attractive tech-
nique which is especially suited for membrane and insoluble
proteins, fibrils, and proteins that do not crystallize properly. A
major limitation of SS-NMR is however represented by the paucity
of meaningful structural restraints [120-123]. Distance restraints
can be obtained through experiments like proton-driven spin
diffusion (PDSD)[121,124,124], CHHC[125], proton assisted recou-
pling (PAR) [126] and dipolar-assisted rotational resonance (DARR)
[127]. Alarge part of the information, however, can be hardly recov-
ered from the spectra because spectroscopic crowding and 13C peak
linewidths in many cases only permit ambiguous assignments. On
the other hand, for microcrystalline samples, the assignment of
the solid-state spectra can take advantage from the solution spec-
tra assignment, because generally the 13C chemical shifts do not
change much on passing from solution to the microcrystalline state
[11]. Protein—protein complexes or large protein aggregates may
thus be conveniently investigated by SS-NMR thanks to the lack of
line broadening due to the increase in molecular weight which is
on the contrary observed with solution NMR.

In solid-state NMR, a source of line-broadening of NMR lines
often operative for paramagnetic molecules in solution, Curie relax-
ation [128], is largely suppressed [129]. This makes the observation
of NMR signals of paramagnetic metalloproteins little affected by
paramagnetic relaxation, so that most of the signals arising from
nuclei close to the paramagnetic center can be detected with stan-
dard solid-state NMR experiments [130]. A great advantage of a
paramagnetic system is that many additional structural restraints
become available after comparison of the NMR spectra with those
of a diamagnetic analog, i.e. the pseudocontact shifts. Pcs suffer
much less from the problem of ambiguity because they are directly
obtained from the comparison of the assigned cross-peaks in the
spectra used for sequential assignment of the paramagnetic and
diamagnetic forms.
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Fig.5. Superimposition of the PDSD spectra (at 11.5 kHz MAS and 16.4 T) of diamag-
netic ZnMMP-12 (blue contours) and of its paramagnetic CoMMP-12 (red contours)
derivative.

The advantages provided by the availability of these restraints
have been shown for the catalytic domain of MMP-12 (molecular
mass 17.6 kDa). This protein contains a zinc(Il) ion that can be sub-
stituted with a high-spin cobalt(Il) ion [131]. The CP-MAS PDSD
[124] spectra of both ZnMMP-12 and CoMMP-12 are of excellent
quality (Fig.5), and an almost complete assignment can be achieved
[11]. From the superposition of the diamagnetic and paramagnetic
spectra the presence of significant pcs for many 3C signals is evi-
dent [132], and found in agreement with pcs measured for the
same protein in solution. Therefore, as done in solution, pcs were
used as restraints to determine the protein structure together with
the other available restraints. However, it was soon realized that
a small number of pcs have significant deviations from the val-
ues expected using Eq. (1), the available protein structure, and
the magnetic susceptibility anisotropy tensor calculated from the
other pcs. This is due to the fact that, in the solid state, metal ions
within nearby protein molecules also contribute to the observed
pcs (see Fig. 6), so that the experimental value for each nucleus is
the sum of the contribution arising from the metal ion within the
molecule (intramolecular pcs) and the contributions arising from
all other metal ions in nearby molecules (intermolecular pcs) [132].
These contributions can be separated and used to provide different
kinds of information. In fact, whereas intramolecular pcs consti-
tute precious restraints for the calculation of the protein structure,
intermolecular pcs can be used to obtain the relative arrangement
of the protein molecules in the solid state. Intermolecular pcs may
actually provide the position of the metal ions located in neighbour-
ing molecules, and the orientation of the main axes of the magnetic
susceptibility anisotropy tensor of the latter. This information was
sufficient to locate and orient two nearby molecules, once the
structure of the protein is known together with its magnetic sus-
ceptibility anisotropy tensor, determined by the intramolecular pcs
[133].

Intramolecular and intermolecular pcs can be separated using
two different combinations of protein labeling and dilution of the
paramagnetic species [133]. A first sample was obtained using
13C,15N CoMMP-12 diluted with unlabeled ZnMMP-12, so that each
labelled paramagnetic protein molecule is surrounded by diamag-
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Fig. 6. The total pcs observed for a '3C nucleus is given by the sum of the intramolecular contribution and intermolecular contributions. The former can be obtained by
selective labelling of the molecules containing the paramagnetic metal diluted among unlabeled molecules; the latter by selective labelling of the molecules without the
paramagnetic metal diluted among unlabeled molecules containing the paramagnetic metal ion.

netic molecules, and purely intramolecular pcs can be measured;
a second sample was prepared using '3C,'>N ZnMMP-12 diluted
with unlabeled CoOMMP-12, so that intramolecular pcs are absent
(because only the nuclei in the labelled sample are observed) and
purely intermolecular pcs can be measured (Fig. 6).

The intramolecular pcs (318 values) so measured were used to
obtain the protein structure in the solid state with inclusion of other
distance restraints from PDSD and CHHC spectra (284 values) and
153 angle restraints obtained from TALOS [134] prediction (Fig. 7).
The improvement in the initial calculated structure upon addition
of the pcs is remarkable, the backbone rmsd within the family
decreasing from 5.8 to 3.0 A. This means that the structure passes
from being largely undefined to be folded in a reasonably good way.
The availability of such structure provided information to solve a
large number of ambiguities in the PDSD/DARR, CHHC, PAR [126]
and PAIN-CP [135] spectra, extending the assignment of the latter
and providing additional distance restraints in an iterative proce-
dure. In this way, a total of 777 unambiguous distance restraints
could be recovered, which, together with the pcs restraints, gener-
ated a more refined structural family (2KRJ) with backbone rmsd
of 1.0A [136]. The rmsd between the mean of this family and the
crystallographic X-ray structure (1RMZ) is 1.3 A.

These results show that it may be convenient to use pcs as struc-
tural restraints in the solid state whenever it is possible to have
a paramagnetic metal within the system under investigation, i.e.

by attaching a paramagnetic metal binding tag [137] or express-
ing a metal-binding peptide in fusion with the investigated system
[32]. Also intermolecular pcs may represent a valuable source of
information in all cases when it is important to determine the rel-
ative arrangement of protein molecules, like for instance in fibril
samples.

4. 13C direct detection for paramagnetic systems in liquid
and solid-state NMR

Paramagnetic metal ions are generally at the center of a “blind”
sphere in which the NMR signals are too broad to be detected, due
to the paramagnetic enhancement of the nuclear relaxation rates
(see Fig. 8). The size of this sphere depends on the nature of the
metal ion, on its electron relaxation rate, and on the gyromagnetic
ratio y of the detected nucleus [31,108]. Since the paramagnetic
dipolar contribution to nuclear relaxation scales as y2, the radius
of the blind sphere decreases of a factor 16'/6 ~ 1.6 for 13C nuclei
with respect to 'H nuclei, thus making 13C direct detection NMR
spectroscopy advantageous for the identification of nuclei in the
proximity of the paramagnetic center and for the availability of
structural restraints for these nuclei. A set of sequences enabling
the complete assignment of proteins using 13C direct detection
has been developed [138-140]. It was shown that in the thulium-
substituted derivative of calbindin Dgj the radius of the “blind”

Fig. 7. Families of structures of MMP-12 obtained through SS-NMR (A) without paramagnetic restraints, (B) with paramagnetic restraints, and (C) with further addition of
other distance restraints obtained by solving ambiguities in the PDSD/DARR, CHHC, PAR and PAIN-CP spectra thanks to the paramagnetic restraints.
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Fig. 8. Paramagnetic enhancement of the longitudinal and transverse relaxation
rates as a function of the nuclear distance from the metal ion. The relaxation rates,
and thus the line broadening, are higher for 'H nuclei than for '3C nuclei at the same
distance from the metal, which in turn are higher than for >N nuclei. Calculations
are performed assuming S=1/2, a reorientational and an electron relaxation time of
2 ns, and a field corresponding to a proton Armor frequency of 700 MHz. The radius
of the blind sphere for the different nuclei is set according to a detectability limit of
100s~1.

sphere decreases from 15 A for 'H signals to 9 A for 13C signals (and
to5Ain 13C 1D spectra) [141]. Similarly, in the monomeric form of
copper-zinc superoxide dismutase (SOD), while 'H signals within a
sphere of 11 A from the copper(Il) ion are not detectable, all ' and
C* nuclei were assigned except those of the four copper(Il) ligands,
broadened beyond detection because of contact contributions to
relaxation [142]. The paramagnetic enhancements to the nuclear
relaxation rates were also used as restraints for the calculation of
the protein solution structure, because they can be related to the
metal-nucleus distances according to the Solomon equation (Eq.
(4)) [29,100]. In this way the precision of the calculated structural
family increased sizably, the backbone RMSD to the mean decreas-
ing to 1.2 A from the value of 1.6A obtained using only proton
derived restraints, which had left some regions of the protein close
to the metal ion very poorly defined [143]. Protocols for the mea-
surement of rdc have also been developed through heteronuclear
detection and proton-recoupled 13C direct-detected experiments
[144-146].
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SS-NMR relies on homonuclear and heteronuclear experiments
correlating 13C and/or >N resonances of 13C, 1°N labeled proteins.
Progress in instrumentation and methodology has proceeded quite
fast in the last years. Very nice spectra have been obtained for a
microcrystalline sample of the paramagnetic oxidized SOD, clear
enough to permit the identification of the 13C spin system for each
residue, including the histidine residues coordinating the copper(Il)
ion, so that nuclei as close as 5 A from the metal could be detected
[130]. Furthermore, methods for increasing resolution and sen-
sitivity, through J-decoupling under MAS [147], or by selectively
orienting polarization from the proton bath to a specific part of the
carbon spectra more difficult to polarize [148], have been devel-
oped.

Magic angle spinning (MAS) in SS-NMR permits averaging of
dipolar couplings of different strengths depending on the spin-
ning frequency. High spinning frequency also provides gain in
resolution and in the overall sensitivity, in particular for paramag-
netic samples with short relaxation times [ 149]. Ultra-fast (60 kHz)
MAS actually allows efficient detection in highly paramagnetic
molecules: on the cobalt(Il)-replaced catalytic domain of MMP-12,
even the resonances from the residues coordinating the metal cen-
ter, as close as 5.6 A from the cobalt(Il) ion, could be observed and
assigned, opening the way to SS-NMR characterization of the metal
coordination environment in metalloproteins. Furthermore, also
pcs for nuclei as close as 6.2 A to the metal, i.e. located in the metal
binding loop and just before and after the coordinating histidines,
could be measured [150].

5. Combining solution and solid-state NMR to study large
molecules

In diamagnetic systems in solution, the NMR signal linewidth
increases with the size of the macromolecule, so that proton
based experiments can only provide partial information for sys-
tems larger than 100 kDa. On the other hand, the signal linewidth
also depends on the magnitude of the nuclear magnetic moment
of the observed nucleus (and of that of the dipole-dipole coupled
nuclei). 13C direct detection thus represents a valuable tool for
studying large molecular systems, due to the smaller y value of
the 13C nucleus with respect to the proton, as already seen in the
previous section. An outstanding example of the synergy between
13C detection in solution and in the solid state is represented by
the NMR study of a 480kDa protein, the multi-subunit ferritin
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Fig. 9. '>C-'3C NOESY spectrum of ferritin in solution. Some peaks are color-coded to exemplify the residue type assignment. The spectroscopic assignment of the protein
is recovered by using intra-residue connectivities detectable in solution NMR spectra and the sequential assignment available from SS-NMR spectra.
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nanocage. 13C-13C NOESY experiments performed on ferritin in
solution allowed to detect intraresidue connectivities for most of
the 174 residues of each subunit. The residue-specific chemical
shifts of 13C resonances then provided the spin patterns of most
residues (Fig. 9), accounting for 75% of the total amino acids [151].
Therapid transverse relaxation induced by the slow molecular tum-
bling however prevented the use of the solution NMR experiments
for the sequence-specific assignment. A partial sequence-specific
assignment could be obtained through a unique approach including
MAS SS-NMR experiments [152]. The solid-state PDSD and DARR
spectra and the 13C-13C solution NOESY spectrum resulted in fact
quite similar, providing the same kind of information, all with arel-
atively good resolution. The sequential assignment, obtained using
solid-state 3D coherence transfer experiments [153] and transfer
of assignments from solid-state spectra to the solution spectrum, of
59residues distributed throughout each subunit was thus achieved.
Paramagnetic broadening beyond detection of side chain signals in
the 13C-13C solution NOESY spectrum induced by increasing con-
centrations of iron(III) species was then used to locate the iron(III)
ions within each subunit, thus providing the identification of aniron
channel for the transport from the active site toward the nanocage
[152].

6. Concluding remarks

The need to investigate biological systems of larger and larger
molecular weight as well as of characterizing their dynamics
is nowadays a strong stimulus for advances in NMR. The large
reorientation times of supramolecular protein complexes actually
limit the applicability of solution NMR. Different methodologies
have been developed to address the cases of large macro-
molecules, multi-domain proteins and protein-protein complexes.
Paramagnetism-derived restraints proved quite efficient for deter-
mining the relative position of protein domains or of proteins
within complexes. In conjunction with SAS data, both the structure
and the conformational heterogeneity of the systems investigated
can be addressed whenever they can be subdivided into small enti-
ties, the structure of which can be easily determined and assumed
rigid. Structural information on the overall system is then recov-
ered by determining the relative positions of these small entities
using the information contained in pcs, rdc, paramagnetic relax-
ation enhancements and SAS profiles. This approach can be applied
whatever the number of these entities is, up to the limiting case of
unfolded proteins, where each residue should be considered sepa-
rately.

TROSY-type techniques [154] permitted the successful applica-
tion of solution NMR to protein systems up to 1 MDa [155,156]. Also
MAS solid-state NMR represents a powerful tool for the investiga-
tion of large protein complexes and membrane proteins, once the
system is conveniently crystallized or precipitated without crys-
tal packing artefacts. Protein structures up to 17,600 Da have been
solved through this technique [136]. Larger biological systems can
be conveniently investigated taking advantage of both solid state
and solution NMR in a synergistic way [152].

MAS solution NMR spectroscopy has been recently proposed
for the study of large protein complexes in solution taking advan-
tage of the MAS technique [157]. An efficient averaging of the
anisotropic interactions, providing good spectroscopic resolution,
was achieved by spinning the sample faster than the reorienta-
tion rate of the protein. The latter can be lowered by adjusting
the protein concentration, temperature and viscosity of the solu-
tion. This approach has been proposed to be generally applicable to
large protein complexes, with the advantages of overcoming pro-
tein size limitations of solution NMR without the need of sample
crystallization/precipitation required by SS-NMR.

In conclusion, together with the development of more efficient
methodologies and software needed to tackle the complexities of
large biological systems, efforts are recommended for the devel-
opment of optimized hardware and pulse sequences for SS-NMR
as well as for the development of hardware and pulse sequences
for heteronuclear detection, from which solution NMR of param-
agnetic systems would largely take advantage. Finally, methods
for sensitivity enhancements are needed for investigating systems
which are difficult to obtain in large quantities like membrane pro-
teins. An outstanding tool in this respect is provided by dynamic
nuclear polarization (DNP). In the solid state, this technique largely
enhances the NMR signal thanks to the transfer of electron spin
polarization (usually related to a radical dissolved in the sample)
to neighbouring nuclei [158-161]. Recently, extensive instrumen-
tation advances have been made with the aim of applying the DNP
mechanism also to biological systems in the liquid state, providing
promising results [162-165].
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