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ABSTRACT: Pseudocontact shifts (PCSs) arise in para-
magnetic systems in which the susceptibility tensor is
anisotropic. PCSs depend upon the distance from the
paramagnetic center and the position relative to the
susceptibility tensor, and they can be used as structural
restraints in protein structure determination. We show that
the use of 'H-detected solid-state correlations provides
facile and rapid detection and assignment of site-specific
PCSs, including resolved 'H PCSs, in a large metal-
loprotein, Co**-substituted superoxide dismutase (Co>*-
SOD). With only 3 mg of sample and a small set of
experiments, several hundred PCSs were measured and
assigned, and these PCSs were subsequently used in
combination with 'H—'H distance and dihedral angle
restraints to determine the protein backbone geometry
with a precision paralleling those of state-of-the-art liquid-
state determinations of diamagnetic proteins, including a
well-defined active site.

etal jons play an important role in a large variety of

biochemical and cellular processes, and most of them are
paramagnetic because of the presence of unpaired electrons."”
Paramagnetic effects have long been used and today play a
central role in NMR structural determinations of metal-
loproteins® > and biomolecules covalently modified with a
spin label.*” Paramagnetic effects can manifest themselves as
either shifts (contact or “pseudocontact” shifts) or para-
magnetic relaxation enhancements (PREs), depending on the
character of the metal center.

Pseudocontact shifts (PCSs) are the consequence of an
anisotropic susceptibility tensor ()).* These effects act over very
long distances and carry a well-defined geometrical dependence
on the nuclear position with respect to the principal axes of ¥
anchored on the paramagnetic center. PCSs are straightforward
to evaluate experimentally, simply as the difference between the
chemical shifts of the paramagnetic species and an isostructural
diamagnetic analogue. PCSs are easy to model from the
anisotropy and its orientation, and they are routinely used in
solution NMR spectroscopy together with other data to refine
structures,™ to investigate grotein—protein interactions,'”"!
and to monitor dynamics.1 ' However, these effects are
always associated with Curie relaxation enhancements, which
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are a result of the molecular tumbling in solution.'® They are
therefore of particular interest when a paramagnetic sample is
studied in the solid state, in which the Curie broadening is
absent.'®"”

In recent years, solid-state NMR (ssNMR) spectroscopy has
significantly progressed to become a powerful tool for the
structural and dynamical characterization of a variety of
biological materials ranging from microcrystalline samples to
fibrils and membrane-associated systems,"®'? but in only a few
cases has its potential been realized for paramagnetic
metalloproteins.'">°~>* This is a result of the fact that despite
the absence of Curie broadening, a number of competing
effects make the detection of signals close to a paramagnetic
center difficult in the solid state. A key improvement in this
regard has been provided by the use of very fast (>30 kHz)
magic-angle-spinning (MAS) probes.”>** This has allowed
efficient detection of previously unobservable nuclei in highly
paramagnetic materials, disclosing a rich amount of information
that can be directly linked to the electronic and molecular
structure. These techniques have been used on highly
paramagnetic proteins, significantly reducing the blind sphere
close to the metal center with respect to solution studies.'”*®

Despite these few proof-of-principle papers, however, these
approaches have not become very popular because they require
very laborious studies and are far from being routine.*"*%*’
General limits include the sensitivity and resolution offered by
traditional detection and assignment methods. This problem
can be partially alleviated by the enhanced longitudinal
relaxation caused by the paramagnetic center, which can be
exploited for fast recycling®® and condensed data collection
approaches relying on *C detection.”® More recently, we have
shown that in combination with perdeuteration, ultrafast MAS
enables 'H detection and accelerated acquisition of resolved
“fingerprint” spectra of proteins,30 from which a variety of site-
specific structural and dynamical parameters can be rapidly
measured.”’

Here we show that the use of 'H-detected solid-state
correlations provides facile and rapid detection and assignment
of site-specific PCSs, including resolved 'H PCSs, in a large
metalloprotein. We used a perdeuterated sample of the
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metalloenzyme superoxide dismutase (SOD; 2 X 16 kDa),**
which has two high-affinity binding sites for metal cations. The
metalation state can be controlled experimentally to obtain
samples having the desired paramagnetic effects with minimal
structural perturbation. In this study, we employed a para-
magnetic sample and its diamagnetic analogue in which one site
was empty and a (paramagnetic) Co** or a (diamagnetic) Zn**
ion, respectively, occupied the second site (as occurs in the
most common physiological form, Cu?*,Zn**-SOD). Several
hundred PCSs were measured and assigned by comparing the
shifts of Co**-SOD and Zn>*-SOD, and these PCSs were
subsequently used in combination with 'H—'H distance and
dihedral angle restraints to determine the protein backbone
geometry with a precision paralleling that of state-of-the-art
liquid-state determinations of diamagnetic proteins, including a
well-defined active site.

In Figure la we show 'H-detected cross-polarization (CP)—
heteronuclear single-quantum correlation (HSQC) spectra of
Zn**-SOD and Co*"-SOD. The fast electron relaxation of Co*"
does not cause large PREs (the electronic relaxation time is in
the range 1-10 ps33), and the PN, 3C, and 'H coherence
lifetimes are long enough to facilitate the acquisition of well-
resolved multidimensional spectra. Perdeuteration is extremely
powerful toward this aim, as it significantly weakens the '"H—'H
dipolar coupling bath. The resolution limits of the CP—HSQC
spectrum, which are inhomogeneous in origin, can thus be
overcome by recording three-dimensional (3D) correlations.
They can be performed very rapidly using 'H detection without
any significant loss of s'§nal. We used 3D (H)CONH and
(H)CANH experiments®’ to obtain resolved resonances for
Co**-SOD. Planes from the (H)CONH experiment are shown
in Figure lc—g. Full experimental details are given in the
Supporting Information (SI). Notably, very few of the spins
close to the metal escaped detection in these experiments. For
example, in both the (H)CONH and (H)CANH spectra we
were able to observe resonances for His63, whose amide proton
in the X-ray structure of the homologous Cu®",Zn**-SOD is
only 5.2 A from the Zn** ion, which here is replaced by Co*".

With these spectra in hand, along with the availability of
reference shifts and an approximate structure model for the
diamagnetic analogue, the assignment of PCSs and their use as
structural restraints was implemented as an iterative procedure.

The assignment was particularly straightforward, exploiting
the systematic change in chemical shifts along “diagonal” lines
in the spectra characteristic of PCS effects, as illustrated in
Figure lc. To assign Co**-SOD resonances, we used the
existing Zn**-SOD assignments3’0 and then assigned those
Co**-SOD resonances that were easily identifiable from the
comparison of spectra. An approximate ¥ tensor was then fitted
to the PCSs determined from these assignments on the basis of
the ssNMR fold of SOD (such as obtained from 'H,"H distance
restraints in Cu'*,Zn?*-SOD), and all other resonances were
predicted. More assignments could then be made, and the
process was repeated until all of the peaks visible in the 3D
spectra were assigned and a consistent y tensor was obtained.
This and the spatial dependence of the PCSs are illustrated in
Figure 1b,c. This method also required that the Co position be
determined from PCSs, so that eight parameters (the two y
tensor anisotropies, the three angles defining its orientation,
and the three metal coordinates) had to be fitted for a full
determination of the y tensor. An approximate starting position
for the Co ion was obtained from the resonances broadened by
the Co PRE.
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Figure 1. (a) Solid-state "H,"*N correlation spectra (CP—HSQC) of
Co’*-SOD (magenta) and Zn**-SOD (black) recorded at 800 MHz
using 60 kHz MAS [32 scans, 0.7 s interscan delay, 256 t; increments,
(15N = 38 ms, 5(*H) = 15 ms, total time = 2 h]. (b) y tensor for
Co**-SOD in the solid state, represented as a set of PCS isosurfaces.
Blue surfaces represent positive PCSs and red surfaces negative PCSs.
The innermost, middle, and outermost surfaces represent PCSs of 1,
0.25, 0.1 ppm, respectively. (c) Identification of a PCS in a 3D
(H)CONH spectrum [80 scans, 0.3 s interscan delay, 80 t,(**N)
increments, {f*("*N) = 4 ms, 92 t,("3C) increments, {f**(*C) = 4.6
ms, (*H) = 15 ms, total time = 45 h] with the same color scheme
as in (a) along a characteristic diagonal line. (d—g) Examples of PCS
assignments from the (H)CONH spectra, where the planes are
overlaid in such a way that the labeled peaks are at their respective
maxima in the '3C dimension. The solid black lines indicate the PCSs.
More experimental details can be found in the SL

A yx tensor was obtained for which the axial and rhombic
components were (1.03 + 0.03) X 107? and (0.91 + 0.02) X
1073 m?, respectively, and a total of 445 PCSs (111 'H, 223
BC, and 111 N) could be assigned in this way. To take into
account the fact that some regions of the structures were better
defined than others, when a y tensor was fitted, the errors in the
PCSs were weighted by the bundle root-mean-square
deviations (rmsd’s) for the residues from which the PCSs
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originated. By such means, ill-defined regions of the starting
ssNMR structure bundles were given less influence in the fitting
procedure than well-defined regions. Overall, this process was
effectively guided by 'H, *CO, and "“*Ca shifts, while the
evaluation of >N PCS was found to be less accurate, as often is
the case in previous literature.**

For the structural calculation, PCSs were subsequently used
in combination with '"H—'H distance restraints (totaling 297
'"H-'H pairs), dihedral angle restraints, and ambiguous
hydrogen bond restraints in the program Cyana.*® The use of
these paramagnetic restraints significantly reduced the back-
bone rmsd of the final ensemble from 2.90 to 1.71 A. In
particular, the definition of the backbone geometry was
extremely well defined in the proximity of the Co** binding
site. The resulting structure bundles are shown in Figure 2a—d.

Figure 2. ssNMR structure bundles for SOD with different views and
different types of paramagnetic restraints: (a, b) with no paramagnetic
restraints; (c, d) with PCSs, with the x tensor being fitted using the
structure shown in (g, b); (e, f) with both PCSs and PREs. Magenta is
used for the Co*" ion and red for the Cu®* ion, and the green ribbon
diagram in each case is the mean NMR structure. The atomic
coordinates of structures (c, d) and (e, f) have been deposited in the
Protein Data Bank.

The excellent correlation between the experimental and back-
calculated PCSs shown in Figure 3a indicates that in a protein
of this size we can legitimately treat the PCSs as purely
intramolecular.

The quality of the NMR structure was further improved
when PCSs were used in combination with PRE-derived
distance restraints. To illustrate this point, PRE-derived
distance restraints as measured for Cu?*-SOD*' were
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Figure 3. Correlations between the measured PCSs and the values
back-calculated using the final structural ensemble (a) with
diamagnetic restraints and PCSs and (b) when PRE-derived restraints
were used. Perfect agreement is indicated by the diagonal black lines.

implemented (Figure 2e,f). The incorporation of these
additional data did not alter the y tensor fitting procedure
(Figure 3; also see the SI). The backbone rmsd dropped to 1.39
A, and the protein backbone was determined with very good
precision at both metal sites, allowing the entire active site to be
modeled.

It is interesting to note here that the y tensor magnitudes and
thus the PCSs determined for Co**-SOD were around an order
of magnitude smaller than those observed for microcrystalline
Co**-substituted matrix metalloprotease 12 (Co-MMP12).*!
The low PCSs were in some ways beneficial here, since the
complicating neighbor effects did not have to be taken into
consideration and each PCS was almost entirely the result of
the intramolecular Co*" ion. This was validated by the fact that
we also fitted a y tensor to the PCS data using a SOD dimer in
the crystal structure 1SOS (see the SI). The same ) tensor
(within the experimental error) could be obtained without
taking into account the fact that SOD is dimeric or if additional
neighboring molecules were modeled according to published
crystal structures. We note that if this were not the case,
methods to delineate the contributions of inter- and intra-
molecular effects do exist.>'

In conclusion, we have demonstrated that a proton-detected
strategy for determining PCSs in a microcrystalline metal-
loprotein is straightforward and can significantly improve a
structure calculated with ssNMR spectroscopy. The approaches
presented here can be extended to other metalloproteins in
which the metalation state can be made subject to experimental
control or to which a paramagnetic tag can be attached. In
addition, we have shown that an ssNMR structure bundle
serves as an adequate model for fitting PCSs and obtaining y
tensor parameters for subsequent refinement. This will be
important in systems for which no existing model is available,
such as many membrane proteins or fibrils.
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Sample preparation and experimental details, ¥ tensor isosur-
face found using PRE and PCS restraints from ssNMR models,
X tensor obtained using X-ray crystallographic models of
monomeric and dimeric SOD, and tables of measured solid-
state PCSs. This material is available free of charge via the
Internet at http://pubs.acs.org.
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