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X-ray and NMR can provide structures of proteins in the
crystalline state or in solution, respectively. Solid-state (SS) NMR
is a growing technique, especially suited for membrane and
insoluble proteins and proteins that do not properly crystallize. 20
However, progress in this field has been slow because of the paucity
of structural restraints. We show here that protein-bound paramag-
netic metal ions can provide a significant number of additional
structural restraints, in the form of pseudocontact shifts (pcs). SS
NMR on paramagnetic molecules has occasionally been pursued
since 1983,°5 and more recently, the interaction of substrates with
the paramagnetic cytochrome P450 has been stldéed the
spectra of a copper(ll) protein have been repofted.

For our purpose, we used a high-spin cobalt(ll) protein; cobalt-
(1) has total spin quantum numb8r= 3/2, is highly paramagnetic,
and possesses sufficient magnetic anisotropy to provide significant
pcs in solutior? The protein of choice is the 159 AA catalytic
domain of matrix metalloproteinase 12 (MMP-12). This protein
contains a zinc(ll) ion at the catalytic site that can be substituted — _
by cobalt(ll)® The CP-MAS PDSEf spectra of the microcrystalline T Ja
zinc protein are of excellent quality and permit an essentially 66 1 V140 co-cp 45
complete assignme#ht.The assignment of COMMP-12 in solution .@
has been also performed in this work, and although its obtainment
was not the main objective, it is at the moment more than 90%
complete.

The CP-MAS PDSD spectra of microcrystalline CoMMP-12 are
also of very good quality and show an increase in the number of
observable signals on passing from 8.5 to 11.5 kHz MAS frequency.
At MAS frequency of 11.5 kHz, carbon signals from about 85% 24 _
of the amino acids could be detected (Figure 1a), and more than (b)
70% of these can be assigned by comparison with the solution 35 30 25
spectra of CoOMMP-12 and by recognizing the spin diffusion pattern , - 1°C (ppm)

for each amino acid (Table S1). . L (a) BC—13C CP-MAS PDSD . ; ) all
; ; igure 1. (a) *3C—13C CP- spectrum of a microcrystalline
By comparing the SS spectra of the zinc(ll) and the cobalt(ll) sample of cobalt(ll)-substituted MMP-12 (16.4 ®g/27 = 11.5 kHz,

derivatives, it appears that majiC signals experience shift  iing time 60 ms, 290 K). (b) Superposition of thi€—13C CP-MAS

differences, as illustrated in Figure 1b and Figure S1, which we PDSD spectra of the diamagnetic zinc MMP-12 (blue, 16.40f/27 =

assign as pcs. This is the first time that pcs are detected for all.5 kHz, mixing time 15 ms) with the paramagnetic COMMP-12 (red).

paramagnetic protein in the solid state. They are apparently easyGreen arrows indicate the paramagnetic shifts. Note the large displacements

to measure, and we now aim at assessing whether they can be useff® 2 PPm) of the V217 &=Cf, Co—Cy, cross-peaks.

as a quantitative structural tool in SS NMR.
We recall here the equation for the pcs:

®, - *C (ppm)
8
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T115 Ca-Cr,

magnetic susceptibility tensor anisotropyis the metat-nucleus
distance, and andg are the polar angles describing the orientation
3c020 — 1 o of the metat-nucleus vector with respect to the principal axes of
o= Ay (8co ) §A sin” 6 cos 2p 1) the y tensor. This equation is also expected to hold in the solid
ax 3 2Am r3 statel?
As many as 246 pcs values are measured®@nsignals. They
whereAyax and Ay are the axial and rhombic components of the are reported in Figure S2 and in Table S1 and compared with the
solution pcs. It appears that many pcs are in good agreement with

Iggﬁa"fm ent of Chemistry solution pcs, indicating that they are indeed quantitative structural
§ Department of Agricultural Biotechnology. tools also in the solid state. A large majority of the observed pcs
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order would be a relevant case, as intermolecular pcs could provide
information on the relative arrangement of protein molecules in
the fiber. The intrinsic long-range nature of pcs would be ideal for
this type of application. (iii) As pcs do not depend on the nucleus,
and!H nuclei are increasingly exploited in the solid st&e the
advantage of using pcs as restraints will be easily extended to
protons.
It should be noted that, in solution, an important source of line
. . broadening in paramagnetic molecules, akin to CSA relaxation, is
4 2 0 2 4 6 2 0 2 4 6 Curie relaxatior?> which depends on molecular tumbling. Such
Experimental Solid-State pes negative effect is largely not operative in SS NMR (see Supporting
Figure 2. (a) Experimental solid-state pcs against pcs calculated from Information).
solution tensor. (b) Experimental solid-state pcs against pcs calculated from . o
solution tensor by taking into account also the intermolecular contributions ~ Acknowledgment. We thank Hartmut Oschkinat for guiding
arising from neighboring moleculeR is calculated aR = v/[¥ (Ocalcd — us in sample preparation for solid-state NMR and, together with
Oexpt) 3 (Vexpt)?]- Lyndon Emsley, for enlightening discussions. This work was
supported by EU contracts 00503@ @nd p-water), LSHB-CT-
can actually be reproduced well by recalculating them from eq 1 2005-019102 (Nano4Drugs), 026145 (EU-NMR JRAZ2 and JRA3),

using magnetic susceptibility tensor parameters obtained from thepy MIUR-RBAUO13NSB, and by Ente CR Firenze.
solution data on CoMMP-12 (Figure 2a). However, about 10% of
them exhibit substantial deviations. This is because cobalt(ll) ions
of nearby molecules also contribute to the observed pcs. By
assuming that the magnetic susceptibility tensor is the same as thai
in solution, and by taking the reciprocal dispositions of the other
cobalt(ll) ions as well as the orientations of the corresponding
tensors in the surrounding molecules in the crystal from X-ray (@) %;%%l\_/szé;zeanapathy, S.; Bryant, R. 5. Am. Chem. Sod983
datal3the additional contributions to the pcs from the surrounding  (2) Ganapathy, S.; Chacko, V. P.; Bryant, R. G.; Etter, MJCAm. Chem.
metals can be calculated and summed up. The shifts calculated in o g‘r’gut%?i_lg% g%gﬁg_lg_s;bobson’ C. BLAM. Chem. 504993 115
this way are reported in Figure 2b, Figure S2, and Table S1. 7318-7327.

It is apparent that they are all in very good agreement with the ~ (4) Liu, K.; Ryan, D.; Nakanishi, K.; McDermott, Al. Am. Chem. S02995

. ) . 117, 6897-6906.
observed ones. Although as many as 50 neighboring cobalt(ll) ions  (5) wickramasinghe, N. P.; Ishii, YJ. Magn. Reson2006 181, 233-243

SS pes cale. with neighbors

S8 pes cale from soltn. tensor
o
,ﬁ’ :
P

Supporting Information Available: Experimental Part, Figures
S1-6, and Table S1. This material is available free of charge via the
[nternet at http://pubs.acs.org.
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