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This article deals with the solution structure determination of
paramagnetic metalloproteins by NMR spectroscopy. These pro-
teins were believed not to be suitable for NMR investigations for
structure determination until a decade ago, but eventually novel
experiments and software protocols were developed, with the
aim of making the approach suitable for the goal and as user-
friendly and safe as possible. In the article, we also give hints for

1. Introduction

From genome browsing, it appears that the number of known
proteins that need a metal ion to function is increasing more
and more. It is estimated that about '/, of the proteins in all
living organisms contain a metal ion." In the human genome
alone, about 10% of the total are proteins that require zinc.
Calcium, iron, and copper are also abundant and essential
metal cofactors.

If we look at metalloproteins by NMR spectroscopy, the
metal ion represents a point of discontinuity in the network of
coherence transfer and in the structural restraints. Therefore,
metalloproteins represent a challenge from the point of view
of solution structure determination by NMR spectroscopy.

Indeed, there are many NMR-derived structures of metallo-
proteins deposited in the Protein DataBank,”” but often the li-
gands and the atoms coordinated to the metal ion are as-
sumed to be known by analogy with X-ray structures of ho-
mologous proteins and the coordination bonds are imposed
as restraints. In some lucky cases, metal-nucleus—proton scalar
connectivities can be exploited to prove the existence of a
metal-protein bond. This is the case with "Cd®**® and
%Hg,”# for which metal-ligand couplings can be detected by
heteronuclear 2D experiments such as metal-proton correla-
tion or metal-edited spectra. These experiments provide cross-
peaks originating from the metal-nucleus—proton couplings,
which are directly related to the MXCH dihedral angle (M=
metal ion; X =donor atom; Figure 1).! In this way, structure in-
formation on the coordination geometry of the metal site can
be obtained. Such measurements are possible, although in the
case of metal nuclei with />"/, quadrupolar relaxation may
easily broaden the lines, with the result that the connectivity is
quenched. Our group has pursued the use of X-ray absorption
spectroscopy (XANES, edge, and EXAFS) to obtain information
on the number and nature of donor atoms and their distance
from the metal ion."" The cysteine/methionine and histidine
ligands are easily detected as donor groups.l'*'
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the optimization of experiments with respect to each particular
metal ion, with the aim of also providing a handy tool for non-
specialists. Finally, a section is dedicated to the significant prog-
ress made on "°C direct detection, which reduces the negative ef-
fects of paramagnetism and may constitute a new chapter in the
whole field of NMR spectroscopy.

Among metalloproteins, paramagnetic metalloproteins rep-
resent a chapter by themselves. They are characterized by the
presence of unpaired electrons. Therefore, EPR and ENDOR
spectroscopy are complementary information tools to NMR
spectroscopy."*' Unpaired electrons have large magnetic mo-
ments (the free electron has a magnetic moment 658 times
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Figure 1. Karplus-type relationship between the "*Cd—S—C—H dihedral
angle, 6, and the metal-proton coupling constant, *J, in Cd,-metallothionein
and Cd-rubredoxin, with the best-fit curve shown.”
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larger than a proton) and have relaxation times varying from
107-10"%s depending on the atomic number of the metal
and on the particular occupancy of the atomic orbitals. Elec-
tron relaxation generates stochastic magnetic fields which
cause nuclear relaxation."®"”

The understanding of electron relaxation and its effect on
nuclear relaxation is another challenging field of research,
which is pertinent to NMR spectroscopy of paramagnetic mole-
cules because the resulting nuclear relaxation properties deter-
mine the observability of NMR spectra.

Although some approximation is necessary, we can say that
in the presence of paramagnetic metal ions the NMR lines
broaden with the reciprocal of the 6th power of the metal-
nucleus distance."®?" Therefore, generally there is a sphere
around the metal ion in which proton NMR lines are too broad
to be detected, a shell in which nuclei give rise to observable
but broad lines, and a further shell in which the paramagnetic
effect is negligible (Figure 2). The size of these shells depend
on the nuclear relaxing capability of the metal ion, which in
turn depends on the number of unpaired electrons, on the
electron relaxation time, and on the rotational correlation time
of the molecule (see Section 2.2). The nuclear relaxing capabili-
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Figure 2. The inner sphere centered on the paramagnetic metal ion is a
blind-zone, as proton NMR signals are too broad to be detected. Outside
this sphere, there is another sphere indicating the region where NMR signals
are visible and still affected by paramagnetism, so that information can be
extracted on their position with respect to the metal ion.

ty of various metal ions for a protein of a given size are sum-
marized in graphical form in Figure 3.
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Figure 3. The extent of line broadening at 900 MHz experienced by a proton
10 A away from the metal in a protein of M,,=25000 Da (rotational correla-
tion time, 7,=107% s) at 298 K depends on the nature of the metal ion, that
is, on the number of unpaired electrons and on its electron relaxation time.
Solid lines indicate the values of g’J(J+1) and correlation time 7. with con-
stant R, values (R,=mAv), where g is the free electron g, factor or the g,
factor for lanthanides and actinides (Ce: °/,, Nd: °/,, Dy: %5, Tb: 3/, Yb: 8/,
Tm: /), J is the S quantum number or the L+S quantum number for lantha-
nides and actinides, and 7_ is calculated as 1/(¢; '+1; "), with 7, being the
electron relaxation time. HS stands for high spin and LS for low spin.

This article deals with 1) the best exploitation of the infor-
mation contained in the broadening of the lines and 2) the im-
provement of the observability of broad signals. The paramag-
netic broadening of lines contains much information on the
electron-nucleus hyperfine coupling and ultimately includes
the metal ion in a network of restraints involving part of the
protein. Therefore, in favorable cases, the solution structure
can be obtained based only on NMR data and, more often, the
protein part may be better defined than in the case of diamag-
netic proteins. In fact, studies that exploit a paramagnetic
metal ion intentionally bound to a protein are many in the lit-
erature and are quite fashionable 2>

2. Paramagnetism-Based Structural Restraints
in Solution

2.1. Hyperfine shift

Contact shift: The NMR lines affected by the presence of un-
paired electrons may easily experience an extra contribution to
the chemical shift, which is called hyperfine shift. If the un-
paired electron can delocalize onto the resonating nuclei, then
these experience the so-called contact or Fermi contact shift
(6. This shift contains structural information; however, it is
hidden inside the particular mechanisms of unpaired-electron
delocalization. No general protocols are available for solution
structure determination, but several attempts can be found in
the literature®®>¥ for the use of such effects in specific cases.
Examples are the use of contact shifts on the $-CH, protons of

ChemBioChem 2005, 6, 1536-1549  www.chembiochem.org

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

cysteine residues coordinated to iron(i1)/iron(i11) ions in iron—
sulfur proteins to provide dihedral-angle information through
Karplus type relationships (Figure 4A)®” or the use of contact

S™=asin*O+bcosO+c

S =gsin’(a—y) + bcos*(a+y)+c

Figure 4. A) Karplus relationship for HB nuclei of iron-coordinated cysteines
in proteins containing Fe—S clusters. B) Karplus relationship for low-spin
iron(i11) heme methyl groups in histidine-cyanide cytochromes.

shifts (or combinations of contact and pseudocontact shifts,
see below) of methyl protons in heme proteins containing
low-spin iron(111) ions to determine the orientation of the axial
ligand(s) (Figure 4B)[3638394243.47.48541 |n gl cases, the use of
contact shifts is parametric, as their quantomechanical calcula-
tion from first principles is not trivial. Calculations by means of
a high-level hybrid density-functional treatment were per-
formed on the protein rubredoxin, a small protein containing a
single iron center coordinated to four cysteinate sulfur atoms.
A remarkably good agreement with the experiments was ob-
tained."®> The paramagnetism has a strong effect on the
nuclei close to the iron center, thereby leading to extreme line
broadening and very large hyperfine shifts.>”

Often, the electron magnetic moment is anisotropic, that is,
it takes up different values for different orientations of the pro-
tein in the external magnetic field. Under these conditions, the
dipolar coupling with the nuclear spin magnetic moment does
not average zero upon rotation, because the electron magnet-
ic moment vector is not constant. This nonzero average of the
dipolar coupling energy produces a contribution to the hyper-
fine shift, which is called the pseudocontact shift (6°“). In princi-
ple, each nucleus in a paramagnetic protein may experience a
sum of contact and pseudocontact shifts. However, with a bit
of chemical intuition, it is possible to decide at first glance
which nuclei experience only pseudocontact shift and not con-
tact shift: for example, if the number of chemical bonds sepa-
rating the resonating nucleus from the metal ion is larger than
four and there are no & bonds, the contact shift can be consid-
ered negligible and any observed hyperfine shift can be con-
sidered to be pseudocontact in nature. This is a great advant-
age, as the 6 measurement directly contains valuable struc-
tural information (see below). In some cases, strong deviations
from the predicted 6P values for nuclei in the vicinity of the
metal ion can be taken as evidence of contact shifts, that is, of
the presence of through-bond connectivities. For example, in
the case of the protein calbindin Dy, a calcium-binding protein
where the calcium(i1) ion in the C-terminal site can be selec-
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tively substituted with lanthanides, the analysis of the hyper-
fine chemical shifts induced by Ca’* substitution with Ce** on
several CO groups revealed contact contributions due to direct
binding to the metal ion. This allowed the unambiguous iden-
tification of the metal ligands.”®

Pseudocontact shift: Pseudocontact shifts were described as
early as 1958,°7 but the first attempts to use them to refine a
protein structure in solution by starting from X-ray data ap-
peared in 1995.58 Eventually a protocol for solution structure
determination appeared the following year. The 6 values are
given by Equation (1)*%, where r is the distance between ob-
served nuclei and metal ion, and Ay, and Ay, are the axial
and rhombic anisotropy parameters of the magnetic suscepti-
bility tensor of the metal, as defined by Equation (2), and 6
and ¢ identify the polar coordinates of the nucleus in the
frame of the electronic magnetic susceptibility tensor.

OFS —

3
2 .2
~ 127 Ayax(3c0s’0-1) +§Ax,hsm Ocos2¢p (1)

and A%rh = Xxx_ny (2)

XXX + X
AXax =Xz~ Tyy

Pseudocontact shifts thus depend on the 3rd power of the
metal-to-nucleus distance, and the extent of the magnetic sus-
ceptibility anisotropy sets the radius of the sphere where the
hyperfine shifts are measurable. Equation (1) resembles a d or-
bital function as it is taught in freshman chemistry courses
(more precisely, a d,. function if Ay,,=0 or a d,._,. function if
Ayn=>2/sAy.; Figure 5). Therefore, a value of pseudocontact

Figure 5. Isopseudocontact shift surfaces calculated from Equation (1) with
A) Ay =0, B) Ay ="/sA%ax and C) Ay =>/Axa Positive shifts are in dark
gray, negative shifts in light gray. Note the resemblance of the surfaces in A
and C to the d,: and d,._,. orbitals, respectively.

shift corresponds to an infinite number of nuclear coordinates
in the metal magnetic susceptibility anisotropy coordinate
system, that is, all the positive or negative points of the surface
of a d orbital (Figure 5). Therefore, the 6°° information alone
cannot solve a structure. However, it was shown that the 6P
values are absolutely consistent with NOEs and dihedral-angle
structural restraints.®®*? A protocol has been thus implement-
ed to include these restraints in the most popular software
packages for solution structure determination, such as DYANA/
CYANA®*%4 and Xplor-NIH.*® Although such programs are not
optimized for handling these restraints, due to the complicat-
ed form of the energy surface, they have been shown to be
precious not only for protein refinement but also for ab initio
structural calculations.”®”
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In general, the 6 values can be measured after the com-
plete assignment of the 'H,"”°N-HSQC spectra of both the dia-
magnetic and the paramagnetic samples is obtained. However,
when the assignment of the diamagnetic spectrum is available,
a shortcut is possible.”® In fact, the signals of nuclei far from
the metal ion have small 6P values and the corresponding sig-
nals resonate close to the diamagnetic ones. For some isolated
resonances, the assignment can be easily transferred from one
spectrum to another, and a first estimate of the tensor is possi-
ble from this subset of 6P values. A much larger number of
0P values can then be found from the comparison of ob-
served and calculated values for additional resonances, and
the process can be repeated.

The first application of this technique was on a low-spin
iron(111) heme protein.”” Low-spin iron(i1) has one unpaired
electron and significant magnetic anisotropy.**®? If we know
the hyperfine shifts, that is, the differences in shift between
the actual paramagnetic system and the analogous diamagnet-
ic system for nuclei of residues not experiencing any contact
shift, then we know the 6P values. At this point, we may rely
on a preliminary structure to extract the polar coordinates for
each proton with respect to an arbitrary internal-axes frame,
and we then find, through Equation (1), the Ay,  and Ay
values and the three independent direction cosines that define
the principal directions of the magnetic anisotropy tensor with
respect to the internal axes.*’* The inclusion of this piece of
information in the calculation protocol, together with all the
other restraints available, such as upper distance limits derived
from NOE data, permits a better definition of the structure
itself.2>60627073) |n the case of Ala80Met Cyt ¢," for example,
the refinement of the structure calculated with the standard
approach, reported in Figure 6 A, shows some not very well-de-
fined regions, in particular in the heme cleft. With the inclusion
of the restraints obtained from the analysis of the 6°¢ values,
the quality of the structure improved, as shown in Figure 6B.

Pseudocontact shifts can be used also as restraints in molec-
ular dynamics. A module” is available for the popular pro-
gram Amber.”” A novel strategy for fast resonance assignment
of "H,"°N HSQC spectra based on pseudocontact shifts was also
proposed.”®

Most of the data used in structural refinements involve 'H
0 values, although N and "C 6" values are also
used.?>$27) Since OP“ values are calculated as the difference
between the chemical-shift values observed for the nuclei in a
paramagnetic system and in a diamagnetic analogue, the
latter is obtained by removing the paramagnetic ion, by substi-
tuting the paramagnetic metal ion with a diamagnetic metal,
or by reducing the paramagnetic metal to a diamagnetic state.

It is worth mentioning that 'H 0P values are always in excel-
lent agreement with other constraints, that is, the values back-
calculated from the resulting structure match very well with
the measured ones. On the contrary, when the diamagnetic an-
alogue used to calculate the pseudocontact shifts is the same
metal in a different oxidation state, for instance, low-spin
iron(11) as a diamagnetic analogue for low-spin iron(i1) in a
heme protein, heteronuclear ("*C%%2 and ">N®"8384) §P< yalues
may show small but significant deviations. The origin of these

ChemBioChem 2005, 6, 1536 — 1549


www.chembiochem.org

NMR Spectroscopy of Paramagnetic Metalloproteins

Figure 6. Solution structure of the Saccharomyces cerevisiae Met80Ala iso-1-
cytochrome c. The 17 best structures of A) the original DIANA family and
B) the final PSEUDIANA family are compared.

deviations, dubbed redox shifts, is not understood yet. Contact
contributions can be ruled out for nuclei of residues not
bound to the metal ion. Among the possible causes that have
been considered are slight differences in the structure of the
protein in the two oxidation states, long-range electrostatic ef-
fects due to the different overall charge of the molecule, and
even long-range electron delocalization effects that may
render partially invalid the point-dipole approximation used to
treat all electron-nucleus coupling phenomena. When this
happens, either the allowed tolerance in the calculation is in-
creased or the restraints are dropped.

2.2 Relaxation rates

Longitudinal and transverse nuclear relaxation rate enhance-
ments (R, and R,, respectively) in paramagnetic proteins gener-
ally depend on the dipolar coupling between the unpaired
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electron and the resonating nuclei. The relevant equation for
the longitudinal dipolar relaxation rate enhancement, R, ., is in
the form of Equation (3):®*, where rates k, and k, depend on
the observed nuclear species, on the electron spin quantum
number, on the proton Larmor frequency (w,=v,B,) and on the
correlation times related to the mechanisms responsible for re-
laxation.

ki+k, (3)

R1para = r6

The k,/r® value is proportional to the square of the dipole-
dipole interaction between the nuclear spin and the electron
spin, and it contains the correlation time, 7., which is defined
by Equation (4). From this equation it appears that 7. is domi-
nated by the shortest among the electron relaxation times, 7,
the protein rotational correlation time, 7, and the exchange
time, 7y, which may enter the picture if either the nucleus or
the metal belong to chemical moieties that are in chemical ex-
change with the protein. In metalloproteins, 7. is usually equal
to 7,.

ch = ‘5571"—1-;1""[M71 (4)

The quantity k,/r° is proportional to the square of the dipole-
dipole interaction between the nuclear spin and the time-aver-
age of the electron magnetic moment, called the magnetic sus-
ceptibility relaxation®™ or Curie spin relaxation.”® It contains a
correlation time which is given by the shortest value between
7, and 7. In metalloproteins, it is usually equal to 7. The k,
value is usually negligible with respect to the k, value in the
case of R, data but not in the case of R, data (see below).

Equation (3) shows that the relaxation rate enhancement ef-
fects depend on the inverse of the 6th power of the metal-to-
nucleus distance, thus they tend to vanish rapidly. As anticipat-
ed in Section 1, they are measurable in a spherical shell from
the metal (Figure 2) where the effect is not too weak to be
negligible and not too strong to make the signals unobserva-
ble. To be used as structural constraints, the relaxation rate en-
hancements need to be extracted from the relaxation rates in
the paramagnetic protein and the relaxation rates of a diamag-
netic analogue. Sometimes, instead of measuring the individu-
al diamagnetic relaxation rates, an average diamagnetic value
can be calculated, and an upper value can be taken to be sub-
tracted from the experimental R, value in order to obtain a
lower limit for the R;,,, value, which is a good upper distance
limit restraint. We use such upper distance limits as restraints
in our protocols (www.postgenomicnmr.net) for solution struc-
ture determination. The rationale for doing this instead of
direct refinement against rate enhancements, is that the exper-
imental uncertainty on relaxation rates is roughly proportional
to the rates themselves. Therefore, direct refinement tends to
overestimate the contribution of large rates to the target func-
tion, which is minimized by the program for structure determi-
nation. As distances depend on the inverse sixth root of the
rates, the use of distances is less biased.

In Figure 7, the improvement around the iron-sulfur cluster
Il in the solution structure of oxidized ferredoxin, a protein
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Figure 7. Solution structure of Clostridium pasteurianum ferredoxin in the
proximity of iron-sulfur cluster 1% A) Family obtained by using NOE data
only and B) family obtained after addition of relaxation rate restraints.

containing 55 amino acids and 2 [4Fe—4S] clusters, upon in-
clusion of 69 new restraints based on R; measurements is
shown

Similarly to the R, value, the transverse nuclear relaxation
rate enhancement, R,.... is defined by Equation (5).

ki1+-kot
RZpara =~ /6 2

(5)

The contribution to R,, and thus to line widths, of the term
due to Curie relaxation is often very important in paramagnetic
metalloproteins, especially at high magnetic fields, due to its
dependence on the large value of the rotational correlation
time, 7. R, restraints have been used for structural calcula-
tions, for example, in spin-labeled platinum complexes, to
better define the bending of the DNA duplex as an adduct
with a platinum complex,®” in spin-labeled RNA, for the deter-
mination of the structure of protein—-RNA complexes,®® in
ubiquitin tagged with a three-residue copper(i1)-binding se-
quence, and to extract distance restraints.”

2.3. Cross-correlation between Curie and dipolar relaxations

Modulation of nuclear dipole interaction with both another nu-
clear dipole and the average induced electron dipole, present
in paramagnetic systems, causes relaxation. When both modu-
lations are operative, cross-correlation between the two relaxa-
tion mechanisms occurs because the two relaxation mecha-
nisms have the same correlation time, that is, the rotational
correlation time, 7. Such cross-correlation causes differential
line broadening in coupled signals, since in a two-spin system
it increases the line width of one component and decreases by
the same extent the line width of the other component. As an
example, the total difference in line width between the two
signal components (in Hz) in the proton dimension of the HN
doublet is defined by Equation (6).%" The angle 6 is that be-
tween the H—N axis and the proton-metal axis, r is the dis-
tance between the proton and the metal ion, and the other
symbols have the standard meanings. For lanthanides and acti-
nides, g. is replaced by g, and S by J.
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Protocols for the use of Curie dipolar relaxation cross-corre-
Flation rate restraints (ccrs) are available at the web site
www.postgenomicnnmr.net for the programs PARAMAGNETIC
DYANA/CYANA®**% and Xplor-NIH."

Paramagnetic cross-correlation effects were first discussed in
1993,°"%2 measured for HN metalloproteins in 1999,°¥ and
have been used as restraints since 2000.*°® We show here
the example of Met-aquomyoglobin. This is a protein contain-
ing a high-spin iron(ii) ion (S=°4), which determines large
Curie relaxation rates, thus causing large signal line widths.
These conditions make a meaningful use of ¢°“ and residual
dipolar coupling (see Section 2.4) restraints particularly difficult.
Paramagnetic cross-correlation restraints could thus be profita-
bly used for protein solution structure determination. Para-
magnetic ccr values were measured for 61 amide protons,
ranging from —6.8 to 9.1 Hz, at distances between 9.7-28.5 A
from the metal.”” The effect of cross-correlation between
Curie relaxation and chemical shielding anisotropy (CSA) was
recently investigated.”®

The imaginary part of the spectral density related to the
same cross-correlation effect causes the so-called dynamic fre-
quency shift. It can contribute to the difference between the 'J
values of the paramagnetic and diamagnetic species, for in-
stance, of the HN doublet, according to Equation (7), first
published in a complete form in ref. [65]. In this equation, the
angle 0s; (ij=H,N) is that between the jj axis and the i-metal-
ion axis, r is the i-metal-ion distance, and wy is the nitrogen
Larmor frequency multiplied by 2.

Avee — [ Ao ? Boywynhugg2s(s + 1)
DFs iz 5akT
( Yu 308’ Ogn—1 o

3,3 2.2
rHNrHS 2 1+wl Tr

yn 308’ Ogu—1 w7’ )
3 .3 2.2
Fonf'ns 2 T+wyT;

(7)

Such a contribution to the 'J value is small (with respect to re-
sidual dipolar coupling values; see Section 2.4) and decreases
with the third power of the distance between the observed
nuclei and the metal ion. In any case, the overall paramagnetic
dynamic frequency shift contribution to the 'J value is expect-
ed to be negligible and can be safely not taken into account
in the structural calculations.

2.4. Residual dipolar couplings

The 'J splitting of coupled nuclei can experience a dipolar con-
tribution, due to partial orientation of the investigated system
in the magnetic field. Such a contribution is called residual di-
polar coupling (rdc). Partial orientation can be achieved by dis-
solving the investigated molecules in solutions containing ori-
enting devices®™ or can be due to intrinsic anisotropy of the

ChemBioChem 2005, 6, 1536 — 1549
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magnetic susceptibility tensor (self-orientation)."® In the latter
case, the different energies related to each orientation of the
magnetic field with respect to the magnetic susceptibility
tensor (Figure 8) in fact cause different probabilities for the ori-

o MTa 11T 11T

Y

X
z z
i
X é%—»
y Y
X

Figure 8. The energy of a magnetically anisotropic molecule depends on the
orientation of the protein with respect to the magnetic field, B,.

entations to occur in the presence of sizable anisotropy of the
latter; thus, nucleus—-nucleus dipolar couplings do not average
zero. A small anisotropy of the magnetic susceptibility tensor
is also present in diamagnetic proteins but is usually too small
to be usable, while it can be very large in paramagnetic sys-
tems. For a given magnetic susceptibility anisotropy, self-orien-
tation increases with the square of the external magnetic field.
Paramagnetic rdc values were first used for solution structure
determination in 1998 for the protein cytochrome bs in both
the oxidized and reduced forms."®” These new restraints were
calculated according to Equation (8), which took into account
both the contributions of the axial and rhombic anisotropies
for the first time.> 0"

Avpoc (Hz)

__1 By ynyuh 2 3 .
= T 47 15kT 2mim Ay« (3cos 0—1)+§Ax,hsm 0cos2¢

(8)

The equation resembles that for pseudocontact shifts, but it is
actually very different: in this case, the distance ry, is that be-
tween the two coupled nuclei and is usually fixed, and the
polar angles 6 and ¢ are those defining the orientation of the
vector connecting the coupled nuclei in the frame of the mag-
netic susceptibility tensor. Therefore, rdc values are not related
at all to the position of the coupled nuclei with respect to
either the metal ion or the magnetic susceptibility tensor; in-
stead, they depend only on the orientation of the vector con-
necting the coupled nuclei.'® "% By contrast, 6 values
depend on the position of the nuclei with respect to both the
metal ion and the paramagnetic susceptibility tensor, besides
the value of the anisotropies of the latter.

For paramagnetic molecules, 'J splittings are often measured
for both the paramagnetic system and a diamagnetic ana-
logue. Such an approach provides the precious advantage that
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the difference in the splitting between the paramagnetic and
the diamagnetic signals is only related to paramagnetism, and
the anisotropies in Equation (8) are those related to the para-
magnetic susceptibility tensor, that is, they are the same as
those of Equation (1) describing the pseudocontact shifts.
Therefore, Equation (8) is usually employed with the Ay, and
Ay parameters fixed according to the values obtained from
the analysis of the pseudocontact shifts, which are more suita-
ble for the correct determination of such parameters as they
depend much less than residual dipolar couplings on possible
local motions in the protein. This approach is correct as long
as dynamic frequency shift can be neglected (see Section 2.3).

In summary, the greatest advantage in the use of the para-
magnetic rather than diamagnetic rdcs is the fact that an inde-
pendent and accurate estimate of the magnetic anisotropy
tensor parameters is available from &< values. As already de-
scribed in Section 2.1, a robust estimate of the tensor parame-
ters can usually be obtained quickly. It is not always fully ap-
preciated that, relying on best-fit estimates of the magnetic
anisotropy tensor parameters from the rdcs themselves, as is
done when external orienting systems are used, may lead to
the underevaluation of the possible presence of extensive local
motions. The analysis of motions in such cases has been
shown to be possible only when the rdcs are measured for
least five different alignments.!'%> %!

If a diamagnetic reference cannot be conveniently used, the
rdc values can also be obtained by performing measurements
on the same paramagnetic sample at two different magnetic
field strengths. In this way, it is possible to get the differences
in 'J splitting of coupled nuclei, which can be calculated ac-
cording to Equation (8) with B replaced by the difference be-
tween the two squared magnetic fields. The magnetic suscept-
ibility anisotropies in Equation (8) are, in this case, related to
the overall molecular magnetic susceptibility tensor, which
comprises both a diamagnetic and a paramagnetic term and
are thus different from those relevant for 6°“ calculations. Ac-
tually, the first use of rdcs as structural restraints was imple-
mented according to this procedure," with the resulting sus-
ceptibility tensor of the oxidized cytochrome b5 in good agree-
ment with that expected from the diamagnetic susceptibility
tensor of the reduced protein and the paramagnetic suscepti-
bility tensor obtained from pseudocontact shifts.

For both diamagnetic and paramagnetic rdcs, a large
number of sharp local minima can cause difficulty in handling
single sets of rdc restraints for solution structure determination
in simulated annealing minimization programs.”*''%! |n the
case of metalloproteins, substitution of different paramagnetic
ions can be performed to vary the paramagnetic susceptibility
tensor and, thus, to obtain different sets of rdcs. If more than
one rdc value is available for a given internuclear vector, the
degeneracy is strongly decreased; if three or more rdc values
are available, the number of orientations that simultaneously
solve Equation (8) is reduced to only two (opposite to one an-
other). When several sets of self-orientation residual dipolar
couplings are available, rdc restraints can be much more effi-
ciently used by directly providing as restraints in the structure
calculations the polar 8 and ¢ angles describing the orienta-
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tion of the vector connecting the pairs of coupled nuclear
spins with respect to an arbitrary reference frame. This ap-
proach was shown to work in the case of the protein calbin-
din Dy, where the calcium(i) ion in the C-terminal site was se-
lectively substituted with Ce**, Tb**, Dy**, HO®", EFT, Tm*¥,
or Yb3+_[109]

Protocols are available at the web site www.postgenomic
nmr.net for the profitable use of rdc values in conjunction with
OP° values and the other paramagnetism-based restraints by
employing the programs PARAMAGNETIC DYANA/CYANA®® or
Xplor-NIH.©*

2.5. Simultaneous use of paramagnetism-based restraints

As already pointed out, all the paramagnetism-based restraints
(6P, Riparr Paramagnetic ccrs, self-orientation rdcs) have been
experimentally demonstrated to be consistent with one anoth-
er and with the NOEs, the dihedral angles based on 3J values,
and the other diamagnetic restraints. The protein calbindin Dy,
has been used to demonstrate the simultaneous use of all of
them. From 1823 NOEs, 191 dihedral angles, 15 hydrogen
bonds, 1738 6P values related to 11 lanthanides, 64 self-orien-
tation rdc values, 26 R, values, and 47 paramagnetic ccr values,
a family with a backbone root mean square deviation (RMSD)
from the mean of less than 0.3 A was obtained.?>* %™ The
backbone RMSD from the mean of the family obtained with
the diamagnetic restraints was 0.7 A. Figure 9 shows the two

Figure 9. A family of 30 conformers of calbindin Dy obtained A) with dia-
magnetic restraints only and B) with the addition of paramagnetism-based

restraints.®

families (30 structures) calculated without and with the inclu-
sion of the paramagnetism-based restraints. It was also shown
that paramagnetism-based restraints, together with identifica-
tion of the secondary structure elements, may provide the
backbone solution structure of a metalloprotein even in the
absence of any NOEs [©%%4108)

In conclusion, paramagnetism-based restraints have been
proven to be precious for the solution structure determination
of paramagnetic proteins. This is particularly true if, for any
reason, the number of NOEs is limited. Each class of restraints
provides a different type of structural information. Paramag-
netic relaxation enhancements provide information on the dis-
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tance between the observed protein nuclei and metal ion and
are thus quite similar to the NOE restraints, although all distan-
ces are referring to the same atom. Cross-correlations between
Curie and dipolar relaxations provide information on the dis-
tance of each observed nucleus from the metal ion and on the
angle between its coupled-nuclei direction and the metal-ion
direction. Pseudocontact shifts provide information on the dis-
tance of the observed nuclei from the metal ion and on their
orientation with respect to the paramagnetic susceptibility
tensor. Self-orientation residual dipolar couplings provide infor-
mation on the orientation of coupled nuclei with respect to
the paramagnetic susceptibility tensor and are independent on
their position with respect to the metal ion. 6°“ values and
paramagnetic relaxation enhancements can be used profitably
in ab initio structural calculation; cross-correlations can also be
used from the early steps, being weighted with force constants
proportional to r, where r is the distance between the ob-
served nuclei and the metal ion. Residual dipolar couplings are
more useful when several sets (>2) of self-orientation residual
dipolar couplings are available, as obtained from measure-
ments on the same molecule when different paramagnetic
metal ions are alternatively bound to the same binding site. In
such a case, in fact, they can be used to calculate the polar
angles describing the orientation of the vector connecting a
pair of coupled nuclear spins with respect to an arbitrary refer-
ence frame."® Such information can be straightforwardly in-
troduced in structure calculation algorithms, thus making the
use of the residual dipolar couplings restraints more efficient.

In Table 1 some typical values of the paramagnetism-based
restraints at 900 MHz have been reported for different metal
ions. All data are calculated for a proton located 10 A from the
paramagnetic ion and assumed to be in a protein scaffold with
a reorientational time of 10%s (about 25000 Da) at 298 K.
Pseudocontact shifts, NH residual dipolar couplings, and NH
cross-correlations are reported as the extreme (absolute)
values, calculated in the axial assumption, that is, for a proton
along the z axis of the metal susceptibility tensor and a cou-
pled nitrogen atom along the metal-proton direction. Typical
values for the electron relaxation time (also shown in Figure 3),
as well as of the axial anisotropy of the magnetic susceptibility
tensor, used for estimating the values of the restraints, are also
reported, together with the values of the electron spin quan-
tum number S (or of J=L+S for lanthanides).

It is expected that paramagnetism-based restraints are
usable in large molecules and possibly in solid-state NMR spec-
troscopy. An important feature when dealing with large mole-
cules is that, in Equation (5), an increase in 7,% and the para-
magnetic effect leads to an increase in the region in which
proton NMR lines are too broad to be detected. Efforts were
thus made in order to increase the shell in which signals are
observable, particularly in the region close to the metal ion.
This was performed by detecting signals of nuclei other than
protons. Finally, paramagnetism-based restraints can provide
structural information not otherwise available. This has been
shown clearly in the case of calmodulin, a two-domain protein
experiencing large conformational freedom.'? The combined
use of 6P and rdc values in one domain that originated from
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1078 s, are also given.

Table 1. S (or J) values for selected metal ions, typical values for the electron relaxation time, 7,, and for the
axial magnetic susceptibility anisotropy, Ay,,, at 900 MHz and 298 K.®>*! The extreme (absolute) values of the
paramagnetism-based restraints calculated with Equations (1), (3)-(6), and (8) for a proton at 10 A, with 7,=

following residue.?"'? The re-
dundant information obtainable
with a CON'  experiment,
which correlates the backbone
CO carbon atom with the pepti-

Metal ion SorJ 1, Axax Ripaa  Ropora RSure ol pdc® certd o
102s] [102mi [s [ 5] ppm] [HZ  [Hd dic nitrogen atom of the follow-
ing residue rovides further
Fe' HS' 5/2 100 3.0 65 241 152 1.6 4.2 54 9 . AR P .
el LS 12 1 24 0.09 1.22 112 13 34 46 confirmation of the assignment
Fe' 2 1 2.1 0.72 723 716 11 29 37 obtained by "C correlation. This
Co:: HS:j tetracoord.  3/2 10 3 3.7 323 28.0 1.6 42 23 strategy also provides the as-
Co" HS' esacoord. 3/2 1 7 0.44 284 28.0 3.7 9.8 23 .
signment of Asp, Asn, Glu, and
cu' 1/2 3000 0.6 1.0 115 1.1 0.3 0.8 4.6 9 P
Gd" 7/2 10000 0.2 99 5668 493 0.1 03 97 GIn carbonyl and carboxylate
ce" 5/2 0.1 2 0.05 52 5.1 1.0 2.8 10 carbon atoms, as well as quater-
Dyl'l‘l' 15/2 05 35 29 1600 1596 19 49 175 nary carbon atoms of aliphatic
o 6 03 35 194 1M 1109 19 49 146 . .
side chains.
Yo" 712 03 7 0.33 52.9 526 37 9.8 32 . ” .
Tm" 6 05 20 126 407 406 " o8 88 With this set of experiments,

[d] HS = high spin, LS =low spin.

[a] Calculated for a proton in an axial position with respect to the y tensor (0 =0), see Equation (1). [b] Calculat-
ed for the N—H pair, oriented along the z axis of the y tensor (6 =0), see Equation (8). [c] Differential line width
calculated for a N—H pair oriented along the direction comprising the metal ion (6=0), see Equation (6).

which can be recorded in 3D to
reduce signal overlap, it is possi-
ble to assign signals of nuclei as
close as 8 A to the metal ion,

paramagnetic metals in the other domain allowed us for the
first time to sample and quantify the conformational space ex-
perienced by the protein, that is, to obtain structural informa-
tion in the absence of a defined structure. The method can, in
principle, be generalized to other multidomain proteins.

3. The Use of Heteronuclear NMR
Spectroscopy

To increase the shell of observable signals, *C direct-detection
NMR spectroscopy is advantageous, as the dipolar contribu-
tions to nuclear relaxation depend on the square of the mag-
netogyric ratio of the observed nucleus, and a decrease in re-
laxation rates by a factor of approximately 16 occurs on chang-
ing from 'H to '*C detection. Of course, there is a concomitant
reduction of sensitivity, as the signal-to-noise ratio of a spec-
trum depends on the °/, power of the magnetogyric ratio.
However, the gain in resolution due to the reduced broaden-
ing of the NMR lines is such as to compensate, at least partial-
ly, for the loss in sensitivity.""® Furthermore, improvements in
hardware aim at increasing sensitivity in *C detection. Indeed,
several applications of '>C direct detection to paramagnetic
macromolecules have recently appeared in the litera-
ture.[52,56,1147120]

In order to avoid proton detection, a novel approach for
spin-system assignment has been developed. As illustrated in
Figure 10, the starting point of the assignment procedure is to
correlate the backbone carbon nuclei through a CACO experi-
ment. The CO is then connected to the C* through a CBCACO
experiment, while the C* is connected to the remaining atoms
of the side chain though a *C-TOCSY experiment. Once all the
spin systems have been identified, the sequence-specific as-
signment is accomplished with a CANCO experiment that
correlates the CO shift of one residue with the N shift of the
following residue and the C* shifts of the one residue and the
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Figure 10. lllustration of the assignment procedure by '*C NMR experiments
only. The main J values for backbone nuclei are also reported.

even in the case of highly paramagnetic systems.'"” However,
coherence transfer mechanisms become less effective as the
line widths of the signals approach the value of the scalar cou-
pling constant used for the transfer. In the case of one-bond
carbon-carbon couplings, the 'J. value is fairly large (35-
55 Hz, see also Figure 10) but the paramagnetic R, contribu-
tions can overcome this range. This means that, to detect sig-
nificantly broad signals, alternative experimental schemes
should be used. As the paramagnetic contribution to relaxa-
tion is much less effective on longitudinal rates than on trans-
verse rates, experiments in which magnetization is stored
along the z axis are affected to a lesser extent by paramagnetic
relaxation. This is the case for *C,"*C NOESY experiments,
which promise to become the experiment of choice for the
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assignment of the signals of nuclei in the coordination sphere
of the metal ion.l"® "9

A characteristic feature of '>C direct-detection NMR spectra
is the presence of many homonuclear couplings that hamper
the analysis of the spectra. For the CO signal the main cou-
pling is with the C% which gives a relatively constant splitting
of about 55 Hz. Several methods have been proposed to
remove this splitting. Band-selective homodecoupling repre-
sents the most straightforward approach for J-splitting removal
and it can be implemented in almost all of the pulse sequen-
ces."®12% However, when combined with 'H and "N decou-
pling, it requires a four-channel spectrometer and the signal-
to-noise ratio of the resulting spectra often suffers from some
side effects implicit in the method. A more valuable approach
is the inclusion in the experiments of in-phase/antiphase selec-
tion filters (IPAP)."*'? The removal of the coupling is accom-
plished by recording two FIDs for each increment, one for the
antiphase and one for the in-phase components; each pair of
FIDs is then combined to separate the two multiplet compo-
nents. These are then shifted to the center of the original mul-
tiplet (by Jooc0/2 Hz) and summed to obtain a singlet.?®'% |n
the case of spectra based on C%signal acquisition, from nuclei
that generally present two large couplings (55 Hz with the CO
moiety and 35 Hz with the C* atom), a double in-phase/anti-
phase scheme can be implemented"® to remove the double
splitting. Other coupling patterns may be removed by select-
ing specific frequency ranges.

The potential of heteronuclear detection is nicely demon-
strated in the case of Tb-substituted oncomodulin, a 109
amino acid protein containing 2 Ca** ions that can be selec-
tively substituted with lanthanides."'>*” When one of the two
Ca”* ions is substituted with Tb**,""¥ many backbone signals
(more than 50%) are lost in the 'H,””N-HSQC spectrum!™" be-
cause of 'H Curie relaxation (Figure 11), while only 37 out of
109 signals are lost in the CACO spectrum.™® Tailored C,"*C-
NOESY spectra®'?® with a relatively short mixing time and
proper acquisition times allowed us to observe additional

Figure 11. Display of the solution structure of rat oncomodulin (PDB file
code: 1TTX). The light-gray sphere of radius 16 A represents the region for
which "H NMR signals are not detectable in the 'H,"°N-HSQC spectrum due
to the Th-induced paramagnetic broadening. The dark-gray sphere of radius
5 A identifies the limited region of space where some residues still remain
unassigned with ">C,'*C-NOESY experiments.
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cross-peaks, thereby leaving a total of only 11 unobserved
peaks out of 109. The 1D *C spectrum reveals very strongly
shifted and very broad signals spread from =270 to
—140 ppm. The assignment of these peaks is difficult in the
absence of connectivities and also because their shifts are
strongly dependent on small variations in geometry around
the metal ion. However, some of them can be assigned from
their predicted 6P values, in a sort of iterative procedure, ap-
plicable in most cases. The assignment starts from some easily
assigned "C signals experiencing a small contribution to the
0P value, then the orientation of the magnetic anisotropy sus-
ceptibility tensor can be calculated to predict other observed
shifts on the basis of the 3D structure, thereby allowing the as-
signment of other signals that are introduced in the new calcu-
lation and so on. Once the assignments are obtained, para-
magnetism-based restraints may be conveniently used.

Aims in this field are those of making ">C direct detection
user-friendly and quick. Improvements in "C solid-state spec-
troscopy, where C is the nucleus of choice, are beneficial to
the development of direct detection of heteronuclei in solu-
tion. Optimization of the probes and the development of dedi-
cated cryoprobes may definitely establish this technique as
routine in NMR spectroscopy also for the diamagnetic pro-
teins.

4. Conclusions and Perspectives

The first protein solution structure was published in 198532

and since then NMR spectroscopy has developed through dia-
magnetic-molecule applications. The broadening due to para-
magnetism seemed an insurmountable obstacle for structure
determination.®® However, a few groups continued to deepen
the understanding of the effects of hyperfine coupling in NMR
spectroscopy and simultaneously to exploit technological ad-
vancements to increase the signal-to-noise ratio of paramag-
netic-system spectra.’**'*¥ Eventually, a protocol for solving
the structure of a paramagnetic metalloprotein was reported
in 1994™4 and since then many examples have appeared in
the literature.’®>'*

Of course, every metal ion has its own peculiarities and
should be regarded as a case by itself. Low-spin iron(ii1) has
already been mentioned: its sphere of nonobservability for
proton NMR spectroscopy is quite narrow and its compounds
represent the most popular class of paramagnetic compounds
studied by NMR spectroscopy. Quite favorable is also cerium-
(1m). Lanthanides are good and versatile paramagnetic probes
that may substitute calcium. With the present technology,
cerium(i1) proteins can essentially be 100% assigned by
'H NMR spectroscopy and the paramagnetism-based restraints
are beneficial to the resolution of the structure. Other lantha-
nides (except gadolinium) have slightly larger regions where
proton lines are broad, but with tailored experiments the as-
signment of large part of these resonances can be accomp-
lished. These metal ions generally experience large magnetic
anisotropy and therefore provide sizeable 6°“ and rdc values
that enable highly resolved solution structures to be obtained.
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Gadolinium is known as a relaxing agent and consistently
gives rise to a large blind-zone because both the k;" and k,’
values in Equation (5) are large. C direct detection alleviates
the problem, but the blind-zone easily extends to 10-15 A de-
pending on the size of the molecules. In this case the pseudo-
contact shifts and the residual dipolar couplings are small be-
cause the magnetic anisotropy is small.

Similarly, high-spin iron(i11) also has a large blind-zone which
can be reduced by "*C direct detection. The magnetic anisotro-
py is in this case of similar magnitude of that of low-spin iron-
(1), and paramagnetism-based restraints can be obtained in
the visible region, which is however farther from the metal ion.

Copper(11) proteins represent a recent achievement in the
field of solution structure determination. Copper(i) has only
one unpaired electron but its k;" value in Equation (5) is large
and the region of the protein whose 'H signals are broad is
usually large. "*C direct detection has reduced the blind-zone
to the metal ligands, which are still undetectable because con-
tact relaxation is prevalent there. The nonobservability of the
ligands represents only a hint for their assignment as well.

In conclusion, much progress has been made in the case of
paramagnetic molecules, both in the understanding of the
subtle consequences of hyperfine coupling and in technologi-
cal development in heteronuclear direct detection. More is
expected to come.
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