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Abstract

The use of pseudocontact shifts arising from paramagnetic metal ions in a microcrystalline protein
sample is proposed as a strategy to obtain unambiguous signal assignments in solid-state NMR
spectra enabling distance extraction for protein structure calculation. With this strategy, 777
unambiguous (281 sequential, 217 medium-range, and 279 long-range) distance restraints could be
obtained from PDSD, DARR, CHHC, and the recently introduced PAR and PAIN-CP solid-state
experiments for the cobalt(I1)-substituted catalytic domain of matrix metalloproteinase 12 (159
amino acids, 17.6 kDa). The obtained structure is a high resolution one, with backbone rmsd of 1.0
+0.2 A, and is in good agreement with the X-ray structure (rmsd to X-ray 1.3 A). The proposed
strategy, which may be generalized for nonmetallo-proteins with the use of paramagnetic tags,
represents a significant step ahead in protein structure determination using solid-state NMR.

Introduction

The recent years have seen a rapid growth of the solid-state NMR(SSNMR) methodology
applied to biomolecular systems.1= Indeed, SSNMR has shown to be a reliable tool for
investigating the structure at atomic resolution of membrane proteins,>2 fibril 10-16 and
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precipitated proteins,1” which are hardly accessible by other techniques such as X-ray
diffraction or electron microscopy.

The size of the investigated proteins has progressively increased in past years, even if it still
remains limited to systems smaller than 100 amino acids (AA), at least in the structures until
now reported.18-22 |t follows that the development of methodologies able to access larger
systems is of crucial importance to SSNMR to facilitate studies of more complicated
biological systems,23-2

The biomolecular SSNMR structural determination is essentially performed by collecting
large number of distance restraints, in strict analogy to what is done in solution NMR with
NOEs. Earlier biomolecular studies, based on REDOR or ZF TEDOR?26-28 experiments and
performed on short peptides, demonstrated that SSNMR is effective in determining high-
resolution molecular structures. Unfortunately, these methods cannot be directly extended to
proteins, which need a larger number of distance restraints for determining the folding. With
the approach introduced by the Oschkinat group,218 a comparably large number of restraints
are collected on the microcrystalline SH3 protein by inspection of PDSD2%:30 and
DARR31:32 spectra acquired on selectively labeled samples. The use of 1,3-13C-glycerol and
2-13C-glycerol as enriched media makes it possible to express proteins with a selective
labeling scheme that allows strong spectra simplifications.2 As several types of residues are
expressed with an alternate 13C labeling,18:33 PDSD and DARR spectra lack a large number
of intense C—C correlations that do not provide restraints for the protein fold (corresponding
to the directly covalent-bonded carbon atoms). Moreover, dipolar truncation23:24:34 and
relayed transfer magnetization mechanisms923:24 are strongly reduced, making it possible
to observe a larger number of direct long-range correlations. The main drawback of this
method is the preparation of several samples with lower expression yield and a still rather
expensive labeling. Consequently, alternative methods applicable also to uniformly labeled
samples have been proposed. In particular, CHHC/NHHC sequences indirectly

detect 1H-1H contacts through the acquisition of the more resolved 1°N and 13C
dimensions.3538 These sequences provide precious restraints that make the definition of
low-resolution structures of small proteins possible without selective labeling.3” A large part
of the information encoded in such spectra can be only ambiguously assigned as a
consequence of spectral crowding and 13C peak line-widths.2938 This problem has been
partly alleviated by extending to solid-state NMR software tools such as ARIA,20:39:40
ATNOS-CANDID,? and PASD,2! which had already been developed in solution NMR to
handle ambiguous restraints in structure calculations. The use of both ambiguous and
structurally unambiguous restraints (whose ambiguity has been solved within the structure
calculation procedure) increases the number of restraints by about 1 order of magnitude,
achieving the determination of high-resolution structures of uniformly labeled samples.

The extension of this approach to proteins larger than 100 AA may be, however, critical
because the number of ambiguous cross-peaks rapidly increases with the number of
residues, while the number of unambiguous cross-peaks may decrease to only a few tens or
even approach zero, limiting the determination of an accurate structure even by using
dedicated software tools. These considerations point to the need of using several sources of
restraints to collect a sufficiently large amount of unambiguous structural information. An
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increased variety of restraints does not only help in resolving assignment ambiguity, but it
also improves the structure accuracy. It has been often observed that SSNMR high-
resolution structures show a discrepancy between the high precision of the structure family
and its comparably poorer accuracy, as judged by comparison with the X-ray
crystallographic structures of the same systems.18-20.22 This problem could be originated
from the lack of an accurate calibration of the cross-peak intensities due, among other
causes, to relayed magnetization transfer effects that affect DARR spectra of uniformly
labeled samples, 1941 but were also observed in CHHC spectra.38

An example of the need for having different sources of structural restraints is a recent study
performed on the model system GB1 (56 AA), which demonstrated that, using only distance
restraints, the precision of the obtained structure can reach about 1 A, but the accuracy
remains ~2 A.22 This is observed even when a very large number of restraints are used
(more than 7000 distance restraints, with more than 130 distance restraints per residue!),
determined both on uniformly labeled samples (from CHHC spectra) and in selectively
labeled samples (DARR spectra). To further improve the quality of the structure, other types
of restraints such as dihedral angle restraints (from TALOS*2) and vector angle restraints
(VEAN344) were used, improving both precision (up to 0.3 A) and accuracy (up to 1.4 A),
but not reducing the gap among these two quantities.

We report here the structure determination through SSNMR of the catalytic domain of
matrix metalloproteinase-12 (MMP-12, 159 AA, 17.6 kDa) and demonstrate that the
simultaneous use of paramagnetic pseudocontact shifts (PCS) (measured on the cobalt(l1)-
substituted derivative),* along with diamagnetic restraints (measured on the native zinc(l1)-
containing protein), provides enough restraints to afford the structural investigation of a
protein as large as 159 AA. In recent years, paramagnetic proteins in the solid state were
also afforded,#6-51 and paramagnetic contributions such as pseudocontact shifts>2:53 or
relaxation times®#:55 were indicated as a further promising source of structural restraints in
solid-state NMR.

The diamagnetic restraints were derived from several classical experiments (DARR,31:32
CHHC35:36) and from the recently introduced experiments PAR (proton-assisted
recoupling)?4°6:57 and PAIN-CP (proton-assisted insensitive nuclei cross-polarization),2°
which substantially increase the number of available distance restraints.

As compared to the other structural restraints described above, PCS are directly related to
the nuclear position with respect to the metal through a simple and quantitative relationship,
and a very good match between the experimental values and those predicted on the basis of
a molecular structure was observed.52:53 Although PCS alone are not sufficient to define a
protein structure, it can be easily determined and is helpful, together with the other
diamagnetic restraints, in the structure calculation process.>®:5% More importantly, it is found
that when PCS are used together with even a few unambiguous restraints, a low-resolution
but comparatively accurate structure can be already determined. The use of this structure
allows one to solve part of the cross-peak ambiguity and to increase the number of available
restraints in an iterative procedure.52
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Material and Methods

Preparation of the Microcrystalline Samples

The ZnMMP-12 and the CoMMP-12 proteins complexed with the strong NNGH inhibitor
(NNGH = N-isobutyl-N-[4-methoxyphenylsulphonyl]-glycyl hydroxamic acid) were
prepared following the already published procedure.#>:60 For each sample, the amount of
protein was chosen to obtain around 10 mg of microcrystalline material for the 2.5 mm, 15
mg for the 3.2 mm, and 35-40 mg for the 4 mm rotor. All samples were crystallized
following the already reported procedure.52:53.60

Solid-State NMR Spectroscopy

The NMR spectra were recorded on Bruker Avance wide-bore 700 or 850 MHz instrument
or on a 900 MHz standard bore instrument operating at 16.4, 20.0, and 21.1 T, respectively
(176.0, 213.8, and 226.3 MHz 13C Larmor frequency, respectively). Experiments at 16.4 T
were acquired on a double/triple-channel 4.0 mm CP-MAS probehead, those at 20.0 T were
acquired on a double/triple-channel 3.2 mm CP-MAS probehead, while experiments at 21.1
T were acquired on a triple-channel 2.5 mm CP-MAS probehead. The spinning frequency of
the ZrO, MAS rotors was stabilized to +2 Hz. The 4 mm and 3.2 mm rotors were used with
a PTFE spacer to reduce the effective volume, while standard 2.5 mm rotors were used for
the 2.5 mm CP-MAS probe. The probe temperature was kept at a nominal temperature of
270 K for experiments performed at 11.5 kHz MAS frequency and at 260 K for experiments
at 19 and 20 kHz of MAS frequency, which ensured a constant sample temperature around
280 K.

The experimental conditions for the experiments acquired on the CoMMP12 to determine
PCS were already published in refs 52, 53, 61.

Standard sequences were used for cross-polarization (CP), 2D proton-driven spin diffusion
(PDSD),22:30 dipolar-assisted rotational resonance (DARR),31:32 and 2D CHHC35:36
experiments. These experiments were acquired on the ZnMMP12 microcrystalline sample at
16.4 T and at MAS frequency of 11.5 kHz (4 mm CP-MAS probehead). In the CP
experiments, the 1H 90° pulse was set to 2.65 ps, a 100%/50% ramp was used on the 1H
channel, with 74 kHz for 100% of power level. The 13C CP power level was set to 70 kHz
with a contact time of 0.75 ms. Similar parameters were also used for the standard proton-
driven spin diffusion sequence (2D PDSD) and DARR experiments. The 13C 90° pulse was
4.2 ps, and the SPINAL-64 sequenceb? at 92 kHz of power was used for 1H decoupling
during both direct and indirect acquisition times. The PDSD and DARR spectra were
acquired with variable mixing times from 50 to 800 ms; a weak 1H CW radio frequency
optimized at 11.5 kHz was used during the DARR mixing time. The indirect and direct
evolution times were tymax = 18.4 ms and tomax = 27.6 ms, and each experiment was
acquired in about 62 h.

In the 2D CHHC experiments, the RF power level for each CP step was set to the above-
reported values, the first CP was 550 ps long, the second and third CP were both 70 ps long.
The 13C 90° pulse was 3.9 pis, and the SPINAL-64 1H decoupling power was 92 kHz for
both direct and indirect acquisition times. A delay of 4 ms was used in the z-filter after the
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first CP. The acquisition times were t1max = 6 ms and tymax = 12 ms, and the whole
experiment was acquired in 4 days. Mixing times of 150 and 300 ps were used in the
experiments acquired for determining the distance restraints; for comparison, analogous
CHHC experiments with mixing times ranging from 60 to 1200 ps were acquired.

The aliphatic 13C-13C PAR experiments4 were acquired both at 20.0 T and 19 kHz MAS
frequency (3.2 mm probehead) and at 21.1 T and 20 kHz MAS frequency (2.5 mm
probehead). Power level and pulse length for CP and 1H decoupling were similar to those
already reported above. The aliphatic 13C-13C PAR experiments used to determine the
largest number of distance restraints were acquired with 15 ms mixing time (21.1 T) and 20
ms mixing time (20.0 T), using H and 13C irradiation at 50 and 54 kHz, respectively. For
comparison, other experiments with mixing times ranging from 5 to 20 ms were also
performed.

The PAIN-CP experiments2® were performed at 21.1 T and 20 kHz MAS frequency (2.5
mm probehead). Power level and 1H pulse length for CP and H decoupling were similar to
those already reported above. The TH-15N Hartmann—Hahn matching was optimized with 36
kHz for the 1°N By, and a 100%/50% ramp on the *H channel applied for 1.7 ms with 68
kHz for 100% power level. The PAIN-CP experiments used to determine the distance
restraints were acquired with 15 ms mixing time, using the 15N and 13C irradiation at 50
kHz and 1H irradiation at ~48 kHz.

All PDSD, DARR, and CHHC experiments were acquired by using the States-TPPI scheme
for the indirect dimension and were processed with an 8192 x 4096 matrix of points, with
Gaussian and squared cosine windows functions for direct and indirect dimensions,
respectively.

Al of the reported 13C solid-state chemical shifts are referred to DSS as reported in the
literature.53

SPARKY software® was used in the spectra analysis, and MOLMOLS® was used for the
structure analyses and figure preparation.

Intramolecular PCS for Structure Calculation

The structure was calculated using CYANAS6 and its PARAMAGNETICCYANAS” module
to handle paramagnetic restraints. (The patch to convert CYANA to
PARAMAGNETICCYANA is available at http://www.postgenomicnmr.net) For the final
calculations, the following structural restraints were used: 318 experimental intramolecular
SSNMR PCS (tolerance 0.3 ppm), 186 angle restraints obtained from TALOS*2 prediction
on the SSNMR shifts of C,, C’, C#nuclei of the fully labeled ZnMMP-12, and a total of 777
unambiguous distance restraints. Three additional restraints were introduced by linking the
paramagnetic metal ion to the aromatic nitrogens of the three coordinating histidines.

The upper distance limits were determined without calibration, directly assigning values of
9.0, 7.0, and 6.5 A for any assigned cross-peaks in the PDSD/DARR, PAR/PAIN-CP, and
CHHC spectra, respectively. These numbers are analogous to the limits suggested in the
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literature, 2924 put increased by about 2 A (PDSD/DARR) and about 1-1.5 A (CHHC, PAR,
PAIN-CP), to reduce the distortion due to relayed transfer effects.1® Initial paramagnetic
tensor parameters Ay, and Ay, were imposed their typical values (Ayay = 7.0 x 10732 m3;
Ayn = —2.4 x 10732 m3, 298 K),58 and then refined in the last steps of the structure
refinement.

Up to 2000 simulated annealing minimizations were conducted using these distance
restraints together with all of the 318 PCS and 186 angle restraints, collecting a family with
the 20 structures with smallest target function. Table 1 summarizes all of the structural
restraints used.

Wherever in the text reference is made to precision of the structure family, the average rmsd
of the structure family to the mean structure is meant. Conversely, accuracy is defined here
by the rmsd to the X-ray structure from the mean structure of the family.

ARIA Calculation

Results

The protein calculations were done by using the ARIA 2.2.2 f-version, courtesy of M.
Nilges and B. Bardiaux.5% Two sets of restraints were used: one containing 240
unambiguously assigned restraints coming from the PDSD/DARR, CHHC, PAR, and PAIN-
CP spectra and using the upper-distance limits reported in Table 1, and the second
containing 2098 unassigned cross-peaks obtained from the above spectra. A standard 8-
iteration ARIA protocol was used with a simulated annealing in torsion angle dynamics
(TAD). The simulated annealing protocol consisted of three parts: (i) 10 000 steps at high
temperature (10 000 K), (ii) 100 000 steps of annealing cooling down to 1000 K, and (iii) 50
000 steps cooling down to 50 K. All ARIA calculations were performed with 186 TALOS
angle restraints but without using PCS and metal link restraints.

Used Restraints

The SSNMR structure of MMP-12 in the microcrystalline phase was obtained through the
simultaneous use of paramagnetic PCS restraints and diamagnetic restraints. As native
MMP-12 contains a Zn(ll) (diamagnetic) ion in the catalytic active site, paramagnetic shifts
can be observed after the replacement of the Zn(l1) ion with the paramagnetic Co(ll) ion.*®
The pseudocontact shifts, directly measured as the difference between the shifts of the
corresponding nuclei in Co(I1)-MMP-12 and Zn(I1)-MMP-12, are the sum of intramolecular
and intermolecular PCS contributions. The latter are due to the long-distance interaction
with the paramagnetic metals of the neighboring proteins in the crystal lattice.52:°3 However,
these contributions can be experimentally separated by diluting the paramagnetic species,
and the intramolecular terms are analogous to the PCS that could be measured in liquid-state
NMR. In a recent publication, up to 318 intramolecular PCS were determined and used
together with 284 distance restraints (DARR and CHHC) and 152 angle restraints to obtain a
low-resolution protein structure (3.1 A backbone (bb) rmsd).>2 Apparently, to achieve a
high-resolution structure, a sizable increase of the number of useful diamagnetic restraints
(distance and angle restraints) is needed, which is one of the reasons that we have performed
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PAR and PAIN-CP experiments in addition to classical experiments such as PDSD/DARR
and CHHC.

The angle restraints were estimated by using the program TALOS on the basis of the
backbone C, C’, Cf chemical shifts; this number has been increased up to 186 angle
restraints by means of an updated version of TALOS.

Increasing the number of distance restraints is a potentially difficult task for a relatively
large protein due to increasing problems of assignment ambiguities. The distance restraints
used at the end of the iterative assignment procedure described below (as many as 777)
could be obtained from a careful analysis of the PDSD/DARR, CHHC, PAR, and PAIN-CP
experiments acquired on diamagnetic U-13C,15N-ZnMMP-12 protein only by taking
advantage of the paramagnetic restraints to achieve low resolution structures at an early
stage of the process, and then exploiting these structures to progressively resolve assignment
ambiguities. PCS restraints suffer much less from the problem of ambiguity, because they
are directly obtained from the comparison of assigned cross-peaks in the spectra used for
sequential assignment of the paramagnetic and diamagnetic forms.52:53 n this strategy,
immediate use is thus made of all of the PCS and TALOS restraints, which are unambiguous
by nature, together with the few distance restraints from cross-peaks that are also
intrinsically unambiguous from the various correlation experiments. These restraints
allowed us to define an initial low-resolution protein structure. This structure was then used
to solve the ambiguity of part of the ambiguously assigned cross-peaks, obtaining additional
“structurally unambiguous” distance restraints to be used together with the previous ones to
arrive to a more resolved structure.

The restraints from all of the experiments are necessary to arrive at the final structure.
However, we note that the largest number of restraints was obtained from the

aliphatic 13C-13C PAR spectra. More details on the analysis of the spectra and of the
number of (initial) unambiguous restraints and (final) structurally unambiguous restraints for
each of the five types of experiments (PDSD, DARR, CHHC, PAIN-CP and PAR) are
reported in the Supporting Information. The relevant data are summarized in Tables 1 and 2.
It should be noted that the sum of all of the restraints from the various experiments largely
exceeds the total of 777 diamagnetic restraints finally used in the structure calculation,
because a large part of these restraints are in common to more than one experiment (see next
section).

The present large number (777) of unambiguous restraints was achieved also because of the
quality of the acquired spectra (13C line width of the order of 80-100 Hz and, for methyl,
60-70 Hz, which corresponds to 0.30-0.45 ppm at 850 MHz proton Larmor frequency,

and 1°N line width of the order of 30 Hz (0.35 ppm at 850 MHz)). 13C-13C J-coupling gives
a significant contribution to!3C line width; thus an increase in resolution should be expected
by using techniques like maximum entropy or spin-state selection that remove the homo-
nuclear J-coupling.”%-"4 Comparable quality is frequently observed on microcrystalline
samples,2419.20.22 hyt Jess commonly in noncrystalline ordered biological solids like
fibrils.1! For samples having larger linewidths (~1.0 ppm as observed in some well-
structured but noncrystalline samples),13:75.76 the number of ambiguities in the cross-peak
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assignment can rapidly increase, limiting the size of the investigated molecules. In these
cases, PCS are expected to play an even greater role, being unambiguous from assignment.
Thus, as observed here for the early steps in the structural calculation, PCS can help in
providing restraints and solving ambiguities in the assignment of the diamagnetic restraints.

Structure Calculations Protocol

An overall initial number of 240 unambiguously assigned inter-residue cross-peaks was
determined from the analysis of the PDSD, DARR, CHHC, PAR, and PAIN-CP spectra, and
converted into distance restraints (Figure 1, right-hand side). Unfortunately, any attempts to
define an accurate calibration of the cross-peak intensity in term of internuclear distances
produced unsatisfactory results (we defer to the following section for a more detailed
discussion of the calibration criteria used to define distance restraints). Thus, distance
restraints were obtained by defining a unified upper distance limit for all of the restraints
coming from the same spectra (DARR, CHHC, PAR, and PAIN-CP). The used values are
reported in Table 1. Figure 1 shows how the initial number of 240 restraints is arrived at:
essentially, restraints that were in common between two different spectra were taken from
the more restrictive one, that is, CHHC over PAR, and PAR over DARR/PDSD (C-N
restraints from PAIN-CP being of course not in common with the other spectra).

Because the upper distance limits are relatively large, ranging from 6.5t0 9.0 A, a large
number of intraresidue cross-peaks would be translated in essentially ineffective restraints,
and thus they were not included in the structural calculation. This “crude” method loses part
of the structural information that could be implicitly included in the cross-peak intensity (or
volume). Consequently, a larger number of restraints need to be collected to define the
protein folding. On the other hand, by using these conservative upper distance limits, we
reduce to a minimum the number of violations/structural distortions that could be introduced
through possible miscalibration of internuclear contacts.1®

The above introduced unambiguous distance restraints were used in a simulated annealing
structure calculation in CYANA 2.1 software, together with the TALOS angle restraints.
The family of 20 structures with smaller target functions showed an rmsd within the family
0f 9.3+ 2.0 A, and the distance of the family mean structure from the X-ray structure was
6.5 A. The resolution of this preliminary structure is too poor to allow one to manually
resolve a significant number of cross-peak ambiguities and further extend the structural
refinement.

At this point, the 318 PCS were introduced as further structural restraints. The use of PCS in
the refinement of the protein structure calculation is well-known in solution NMR of
proteins. PCS can be converted into distance information once the axial and rhombic
components of the anisotropy of the magnetic susceptibility tensor are known. These are
usually determined through an iterative procedure together with the structural refinement
once the structure has reached a resolution of the order of at least 2 A. In the absence of such
a structure (i.e., until the SSNMR structure has reached a sufficiently high resolution, see
later), typical values reported for Co(l)-replaced metalloproteins®® (Ay,y = 7.0 x 10732 m3;
Ayn = —2.4 x 10732 m3, 298 K) have been used.
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By taking these initial tensor parameters together with the 318 intramolecular PCS restraints,
the quality of the structure improves significantly. The resulting family of 20 structures has
an rmsd of 3.0 + 0.7 A and an accuracy of 5.0 A to X-ray. At this point, the structure was
resolved enough to allow us to proceed with the further assignment of additional structurally
unambiguous restraints.

With the newly assigned restraints, another structural calculation was performed including
PCS, and this procedure was iterated until we reached a structure with a backbone resolution
around 2 A. This resolution is high enough to introduce the refinement of the tensor
parameters in the iterative procedure: therefore, the structure itself has been used for back-
calculating the tensor parameters from the experimental PCS values, and the new values
were used again in another structural calculation. This procedure converged both to a further
slightly more refined structure and to tensor values closer to the published, and highly
refined, values for this system.>2:53 Within this procedure of structure refinement, the
position of the paramagnetic Co(ll) ion becomes more and more accurate, because all PCS
contributes to define the metal position. When the family rmsd is of the order of 2 A, the
structure is resolved enough to unambiguously identify a set of three, plausible, coordinating
histidines. This makes it possible to determine three additional metal links in the structural
calculation.

From this point on, the search for new structurally unambiguous distance restraints and the
refinement of the tensor parameters were done in parallel. At the end of the procedure, up to
537 new restraints were obtained (Figure 1), for a total of 777 unambiguous distance
restraints. The final lower-energy family of structures calculated including also PCS and
TALOS restraints shows a backbone rmsd to the mean (precision) of 1.0 + 0.2 A, which
reduces to 0.9 + 0.2 A when only the secondary-structure elements were considered. (The
same calculation performed without PCS showed 1.3 A of backbone rmsd (1.6 A of
accuracy), which reduced to 1.1 A on the secondary-structural elements.) The rmsd between
the mean of this structure family and the crystallographic X-ray structure is reasonably close
to the precision, being 1.3 A for the whole backbone and 1.0 A for secondary-structure
elements. Figure 2 reports the final structure family and its comparison with the
crystallographic X-ray structure (pdb code: 1RMZ®0). The refined tensor values are A,y =
(9.9 +£0.3) x 10732 m3 and Ay, = (2.2 £ 0.3) x 10732 m3, which are in very good
agreement with the values determined from the X-ray crystallographic structure.52:53

It should be pointed out again that the relatively high final number of distance restraints
could be achieved by exploiting the initial low-resolution structures obtained thanks to the
presence of the PCS to resolve assignment ambiguities. To further explore this aspect,
sample calculations were performed using the ARIAZ20:39.40 software to check whether the
initial 240 unambiguous restraints could be used to initiate an iterative search for additional
restraints without the help of PCS. The final structure provided a poor rmsd within the
family (7.3 = 1.0 A), and a corresponding poor rmsd from the X-ray structure (8.6 A).
Therefore, the present number of unambiguous restraints (240) is insufficient for ARIA to
converge to a high-resolution structure (details in the Supporting Information). It follows
that PCS has been absolutely necessary to overcome the initial restraint ambiguity. It is
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conceivable that incorporation of PCS into ARIA could further improve the accuracy of the
final structure.

Discussion

Accuracy of the Structure and the Calibration Problem

Determining the accuracy of a given protein structure requires the availability of an
independent experimental reference. Atomic resolution X-ray structures, when available as
in the present case, are good candidates for an accurate reference. However, it should be
considered that even when a microcrystalline SSNMR sample is prepared under the same
conditions of the X-ray one, the NMR structure is determined under conditions that are quite
different from those used to determine the X-ray structure. In this respect, MMP-12 may be
a critical case because it has been demonstrated that the crystallographic structures of either
the full-length protein’’ or the catalytic domain° differ from the solution structures because
of localized conformational dynamics. As the temperature used in the SSNMR spectra is not
far from room temperature and much higher than that used in X-ray crystallography, it
cannot be excluded that conformational dynamics within the crystal lattice may be still
operative under the SSNMR conditions. Thus, some limited structural differences between
the X-ray structure and the investigated system might be possible.

PCS offer the possibility to assess whether or not the X-ray structure is still an accurate
reference for the protein structure in microcrystalline samples under the SSNMR conditions.
If the available X-ray structure is used to fit the experimental data, calculated and
experimental PCS agree with one another with an rmsd of 0.19 ppm, which is comparable
with the a priori estimated experimental error of PCS. This does not only demonstrate the
quality of the measured PCS, but also that the X-ray structure is a reliable reference in the
SSNMR conditions.

The quality of NMR structures does not only depend on the number of contacts (mainly
long-range) that can be measured, but also on the accuracy of the distance information
extracted from the experimental data (intensity, volume, chemical shift...). Indeed, the less
accurate is the distance information, the larger are the number of contacts needed to
determine the protein folding. This is even more relevant in SSNMR, where several
multidimensional correlation experiments (DARR, CHHC...) make the determination of
long-range contacts possible, but the relationship between the experimental information and
the effective distance is often complex and affected by the errors introduced by dipolar
truncation or relayed transfer effects.1941 This problem is especially relevant in uniformly
labeled samples: for example, in DARR spectra, the relayed magnetization transfer effects
are strong, and often a single class of distance restraints should be used in view of the poor
correlation between the observed cross-peak intensities and the effective distances.2? This
problem is significantly reduced in the PAR and PAIN-CP spectra in view of the particular
third-spin assisted recoupling (TSAR) method.2425

If only relatively few restraints per-residue are available, even a limited number of
miscalibrated restraints could produce a distortion in the protein structure rather than an
increase in the number of violations. For such a reason, we investigated the accuracy of the
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assigned restraints to derive the proper upper-distance limits to be used in converting the
observed cross-peaks in distance restraints.

Any attempt to plot observed SSNMR cross-peaks intensity (or volume) against the
crystallographic internuclear distance produced (for each assigned spectra) uncorrelated
plots. The DARR spectrum is the spectrum with the largest dispersion: almost all of the
cross-peaks correspond to nuclei within 9 A, with only a few of them exceeding this
threshold up to 10 A. Limiting the maximum upper-limit distance restraints to 7 A, as it is
done in small proteins, appears improper here because many cross-peaks with significant
intensity correspond to distances that are still farther than 7 A.

By performing the same analysis on the CHHC, PAR, and PAIN-CP spectra again,
uncorrelated intensity/distance plots are observed, but with much less dispersion than in the
DARR spectra, because only a very low number of cross-peaks is found above 7 A. This
limit can be reduced for CHHC, where almost no contact farther than 6.5 A is observed in
the 1H-1H internuclear distances. This analysis should be largely independent of the nature
of the protein, so that the resulting upper distance limits of 9, 7, and 6.5 A for the various
classes of spectra can be assumed to be fairly general under similar experimental conditions.
To evaluate the impact of these assigned upper-distance limits on the calculated structure,
we ran the same structure calculation performed above but limiting the DARR restraints to 7
A, the PAR/PAIN-CP restraints to 6 A, and the CHHC restraints to 5 A, as is used in small
protein SSNMR. A structure with rmsd within the family of 0.87 + 0.2 A was obtained, but
the rmsd of the mean SSNMR structure to the X-ray structure was 1.7 A. These results
indicate that, despite the good precision of the structure family, there is an increased gap
between precision and accuracy, with an evident structure over-refinement. The too tight
restraints force the protein chain to assume a less correct fold.

Analogously, the categorization of the distance restraints into different classes on the basis
of the “strong”, “intermediate”, and “weak” intensity of the cross-peaks appears incorrect,
with several evident miscalibrations. On the other hand, the reconstruction of the
magnetization buildup through the acquisition of spectra with different mixing times does
not seem a practical solution. In fact, it requires a large amount of machine time (acquiring
at least 4-5 spectra with different mixing times for each PDSD or DARR, CHHC, PAR,
PAIN-CP, ...). Moreover, the correct build-up curve can be accurately reconstructed only
for sufficiently intense and resolved peaks, and, where possible, different behaviors are
observed depending on the type of carbon (hnumber of attached protons) or the presence of
dynamics.

Structure Analysis

Figure 2 reports the 3D SSNMR structure of the catalytic domain of MMP-12. This domain
is able to bind five metal ions: two Zn(I1) ions and three Ca(ll) ions. The protein folding is
analogous to that of the other MMP’s and is composed by three helices, a five-stranded £
sheet and eight intervening loops (L1-L8). The comparably high size (159 AA, 17.6 kDa)
with respect to the other proteins studied by SSNMR so far, and the small amount of /sheet
(only 17%), represent a significant problem in the structure investigation of this protein. The
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helices represent only 28% of the whole protein folding, which is composed by more than
55% of loops, one of these (L8) being extremely long (around 27 AA).

As reported above, the overall backbone rmsd is calculated to be 1.0 A. In Figure 3, the
backbone rmsd per residue is reported. It can be appreciated that both precision and
accuracy vary significantly along the sequence, being generally larger in loops than in the
helices and f-sheet. The trend of the per-residue rmsd within the family is directly
corresponding to the trend of the accuracy. Wherever the rmsd in the family is large, the
discrepancy with respect to the X-ray structure is also large. Figure 3 correlates the trends of
precision and accuracy per-residue with the number of restraints per residue. It is evident
that the protein regions whose structure is determined with smaller accuracy are generally
those with the smaller number of restraints. For the same reason, in the protein regions
where a higher number of restraints is concentrated, the precision of the structure is of the
order of that typically obtained in solution NMR.

The structure of the catalytic domain of the MMP-12 protein was also solved by solution
NMR,5% with 0.7 + 0.1 A bb rmsd within the family. In this case, 2641 distance restraints
were used (with 2215 inter-residue restraints) together with angle restraints (167) and RDC,
as far as permitted by the solution dynamics observed for this protein. With respect to these
numbers, it is not surprising to achieve a 1.0 + 0.2 A backbone rmsd in the SSNMR
structure obtained by using, besides 186 angle restraints and 318 PCS, 3 metal links, and
only 777 distance restraints, the latter also being looser than those used in solution NMR.

Besides being crucial to arrive at the determination of 777 unambiguous distance restraints,
PCS intrinsically improve both precision and accuracy (by more than 20%) with respect to
the structure obtained by using only angle and distance restraints. Their effect is much more
pronounced when a small number of distance restraints are used to obtain low-resolution
structure. Indeed, as long as the resolution is low, PCS act by guiding the corresponding
nuclei towards their correct position in the structure, improving precision and accuracy, and
also helping the other restraints to roughly define the protein fold.

Individual Contributions of Diamagnetic Distance Restraints

To investigate the role, and the effective contribution to the structural calculation, of the
distance restraints from each spectrum type, several structural calculations were performed
by excluding the distance restraints derived from one or two spectral types. Paramagnetic
restraints were retained in all cases. Table 3 shows, for each combination of sets of
restraints, the precision and the accuracy obtained in the structural calculation. It can be
observed that all of the restraint types are important to obtain an accurate high-resolution
structure. The DARR internuclear correlations were categorized into an upper distance limit
class of 9 A, and when these restraints are used alone they are too loose to define an accurate
protein folding. Conversely, CHHC and PAR restraints are much stronger restraints, and
when they are used alone, a low-resolution protein structure can be already defined. Despite
this, if all of the DARR/PDSD restraints are removed from the structure calculation (i.e.,
using only CHHC and PAR/PAIN-CP restraints), the rmsd within the family increases to 1.4
+0.2 and to 2.4 A from the mean to the X-ray structure, so the DARR restraints remain
important to improve the accuracy. Indeed, while around 48% of the cross-peaks assigned in
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the DARR/PDSD spectra (151 cross-peaks) was also observed in the CHHC and PAR
spectra, there are still 161 internuclear correlations not found in the other spectra. Among
them, 48 (30%) are sequential, 54 (33%) are intermediate, and 59 (37%) are long-range
restraints (Table 2). We can appreciate that the DARR spectra, despite yielding the most
loose distance restraints, are still providing several long-range restraints that were not
determined otherwise. Figure 3 shows how PDSD/DARR provides restraints for loops (like
that one around residue 65) that are not obtained in the other spectra.

As mentioned above, the MMP12 catalytic domain is binding five metals, and more than
50% of the protein is composed by loops. Noticeably, it is possible to obtain a high-
resolution protein structure without imposing metal links (apart for the paramagnetic metal,
where they can be determined within the structural calculation), and with an accurate
definition of the loop regions. On the other side, the intrinsic difficulty of this structure
requires the use of several experimental restraints.

By comparing the CHHC and PAR spectra, we found only a limited number of common
cross-peaks (63). The CHHC spectra provide 138 restraints that are not observed in any of
the other spectra, while PAR provides 201 exclusively assigned restraints. By superimposing
CHHC and PAR spectra (Figure S5), it can be appreciated that more than 48% of the PAR
cross-peaks fall in the 0-22 ppm region, and 169 of the PAR restraints are assigned to
intermolecular correlations involving methyl 13C nuclei. Overall, from PAR spectra, 110
sequential, 83 intermediate, and 104 long-range restraints are obtained. On the contrary,
CHHC has more than 75% of the restraints in the aliphatic region from 22 to 70 ppm, and
overall 67 are sequential restraints, and there are 62 and 92 intermediate and long-range
restraints, respectively.

The PAIN-CP spectrum provides N—C restraints; most of the spectrum shows intraresidue
correlations, but up to 98 inter-residue correlations can be observed. A large part of these are
sequential restraints (57%), but a small number of important intermediate and long-range
restraints can be assigned (18% and 25%, respectively).

Finally, we have also addressed the problem of the relative significance of the distance
restraints involving the same two residues, as this might be an issue especially when the
upper distance limits are large. However, in the course of the structural refinement described
above, we have noted that the addition of new unambiguous restraints, even when involving
residues already connected by other restraints, was generally providing both a decrease in
the rmsd and an improvement in the target function.

Conclusions

The high-resolution SSNMR structure of the catalytic domain of MMP-12 has been
determined through a combined use of the paramagnetic (PCS) and diamagnetic restraints.
PCS are accurate and easily determined, but they are not sufficient to determine a protein
structure alone. Diamagnetic distance restraints can be now determined in a sufficiently
large number by using the structural information derived from PAR and PAIN-CP spectra in
addition to the known PDSD/DARR and CHHC spectra. The early availability of
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unambiguous PCS restraints is a key feature that allows the progressive removal of
ambiguities in the various 13C-13C and 13C-15N correlation spectra and the achievement of
a relatively high number of unambiguous distance restraints through an iterative procedure.
The combined use of all of these different types of restraints made it possible to achieve a
structure with a bb rmsd of 1.0 + 0.2 A, and with a comparable accuracy to X-ray (1.3 A).
The accuracy of this structure is comparable with the other published systems even if the
size of the MMP-12 protein is much higher (159 AA, 17.6 kDa). The atomic coordinates
have been deposited in the Protein Data Bank, www.pdb.org (PDB ID code 2krj).

The method developed here can be extended to proteins that do not bind paramagnetic
metals, once they are endowed with specially designed metal-binding tags. Several systems
have been proposed in solution NMR, including synthetic tags’879 or metal-binding
peptides to be expressed in fusion with the investigated protein.80 Recently, EDTA-like
metal-binding tags have been used in SSNMR to functionalize the GB1 protein.5® In this
application, the tag was used to exploit the paramagnetic enhancement of nuclear relaxation
rates, but tags can be used also to generate PCS contributions by using metals endowed with
sizable magnetic susceptibility anisotropy.
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Refer to Web version on PubMed Central for supplementary material.
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2401777

PAIN-CP _
(563) 55143

Figure 1.
Summary of SSNMR experiments used to obtain internuclear distance restraints, and of the

number of the resulting unambiguous distance restraints obtained in the initial and final
stages of the structure calculations. The numbers in parentheses under the acronym of each
experiment represent the total number of cross-peaks obtained by peak picking from that
class of experiments. The numbers enclosed in the ellipses and separated by slashes
represent the unambiguous cross-peaks assigned in the initial (left) and final (right) stages of
the calculations for that experiment. The numbers in the intersections of the ellipses
represent the cross-peaks in common between the two corresponding experiments, while the
numbers outside the intersections are the cross-peaks uniquely present in that experiment.
The tighter restraints were always selected when in common between two experiments.
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X-ray (PDB code: IRMZ) Calculated SSNMR

RMSD (A) BB 1.0£0.2 (1.3 A 1o X-ray)
Secondary elements (BB) 0.9%0.2 (1.0 A to X-ray)
Constraints

DARR/PDSD 161

CHHC 221

PAR 297

PAIN-CP 98

TALOS 186

metal links 3

PCS 318

Figure 2.
SSNMR structure family (right), comparison with the X-ray structure (left), and summary of

the restraints used.
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Correlation between the rmsd per-residue within the family and number of restraints per-
residue used (residues 9-157 of the catalytic domain of MMP-12). The bar at the top of the
figure indicates the secondary structure elements along the sequence as helices (red), /-
sheets (blue), and loops (yellow). The first panel at the top reports the trend of the per-
residue rmsd to the mean (precision, black line) and the rmsd between the mean structure
and the X-ray structure (accuracy, red line).
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Table 1

Page 21

Summary of the Total Number and Assigned Cross-Peaks in the Investigated Spectra, and Upper Distance
Limits Used for Distance Restraints from Each Spectral Type?

unambiguous restraints

type of spectra analyzed  total number of observed cross-peaks  from assignment

from structure

upper distance limit used

PDSD 909
DARR 824
CHHC (1) 692
CHHC (2) 574
PAR (1) 1016
PAR (2) 747
PAR (3) 667
PAIN-CP 563

80
86
64
37
83
61
50
55

181
138
132

55
232
100
129

43

9.0
9.0
6.5
6.5
7.0
7.0
7.0
6.5

&I'he different CHHC spectra were acquired with 300 ps (1) and 150 ps (2) of mixing times, and the different aliphatic 13¢c-13¢c paR spectra were

acquired with 20 ms (1) and 15 ms of mixing times at 850 MHz (2) and 900 MHz (3) of 14 Larmor frequency.
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