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The field of protein solid-state NMR spectroscopy has
recently made impressive technical and methodological
progress, opening up several new prospects in the analysis
of an increasingly larger range of systems in many areas of
modern structural biology.!"

Solution-state structural investigations of proteins tradi-
tionally use the detection of protons, which, with their high
gyromagnetic ratio, usually provide the best possible sensi-
tivity,” whereas for fully protonated samples in the solid state
the large homonuclear 'H dipolar couplings result in line-
widths that are prohibitive to constructive use. For this
reason, solid-state NMR studies of biomolecules are tradi-
tionally performed by directly detecting *C which has lower
sensitivity due to the smaller gyromagnetic ratio, but signifi-
cantly higher resolution. However, it has been shown that the
use of perdeuterated proteins makes solid-state proton
detection feasible by diluting the proton dipolar network."!
Using moderate magic-angle spinning (MAS) rates (10—
20kHz), it has been shown that extremely high proton
resolution can be obtained using partially back-exchanged
amide sites, in samples typically prepared in 10% H,O and
90% D,0.™ Nonetheless, 'H-"H contacts, which are a rich
source of information for the determination of a 3D structure,
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can be probed more efficiently in samples at higher proto-
nation levels.”! For example, an optimal back-exchange level
of 25% was used for the structure calculation of SH3 using
amide and methyl 'H-"H restraints in combination with
dihedral restraints from chemical shifts." Similarly, the
combination of partial back-exchange with selectively pro-
tonated methyl groups has been applied to the structure
calculation of ubiquitin, using methyl 'H-'H restraints
together with dihedral restraints.”) The compromise between
resolution and sensitivity has been shown to be different at
higher MAS rates, and for example complete amide proto-
nation has been used in the case of the model domains GB1®
and SH3" at 40 and 60 kHz MAS, respectively. In this respect
a significant advantage has been provided recently by the
development of MAS probes capable of spinning small-
diameter rotors at ultra-fast frequencies (> 50 kHz). Under
ultra-fast MAS, spin dynamics are profoundly altered; the 'H
dipolar couplings are heavily weakened and, in addition, the
use of low-power irradiation for heteronuclear decoupling!”
and selective CP!'!l is facilitated. Cumulatively, these factors
open the way to the analysis of more complex biological solids
that may be available in very limited amounts.

Here, we show that the use of high magnetic fields, ultra-
fast MAS, and 100% NH re-protonation in perdeuterated
samples allow extensive assignment and structure determi-
nation of medium-sized proteins using 'H resonances.
Namely, we have applied proton-detected MAS solid-state
NMR spectroscopy to the 153-residue microcrystalline
dimeric (2x16 kDa) Zn"loaded superoxide dismutase
(Zn"-SOD).["Jl This system was perdeuterated with uniform
[*C,"*N]-labeling and fully re-protonated at the exchangeable
sites. We have developed experiments for assignment of the
backbone 'H, PN, *CA and "*CO resonances under ultra-fast
MAS, and determined the fold of Zn"-SOD using a 3D
(H)NHHggpg experiment and automated assignment proce-
dures.

Figure 1 shows a 'H-detected dipolar HN correlation of
[100% 'HY?H,C,"N]-Zn"-SOD at high magnetic field
(corresponding to a Larmor frequency of 1 GHz for 'H) and
ultra-fast MAS (60 kHz). These experimental conditions
guarantee relatively long 'H coherence lifetimes (of the
order of 10 ms) with typical apparent linewidths of the order
of 100 Hz (0.1 ppm at 23.5T). In this spectrum, 110 reso-
nances are fully resolved.

The above HN correlation provides a quick fingerprint of
the molecule similarly to the widely employed scalar-coupling
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Figure 1. Assigned proton-detected HN correlation spectrum of
human [100% "H",*"H,"C,"*N]-Zn"-SOD at 1 GHz and 60 kHz MAS.
Pulse sequences for all "H-detected correlations, as well as more
experimental details, can be found in the Supporting Information.

based HSQC in solution state NMR spectroscopy, and
represents an efficient detection block for the experiments
commonly recorded for sequential resonance assignment in
solid proteins (NCA, NCO, N(CO)CA and N(CA)CO).!!
Here, a suite of four 3D experiments was designed,
combining the HN dipolar correlation module with *C-"N
and “C-"C specific transfers (Figure 2a—c). These sequences
yield correlations where the /™ amide 'H and N shifts are
correlated to either the *CO or the *CA shifts, in either the
same i or the preceding (i—1)" residue. Note that, at this
level of amide re-protonation, CP is generally more efficient
than through-bond INEPT for transferring coherences
between 'H and “N, or between "N and “C, while INEPT
has a comparable efficiency to dipolar-based methods for the
BCIC transfers."! Sequential assignment of the backbone
resonances is then obtained from the alignment of strips from
the spectra. A representative portion of this sequential walk is

Figure 2. a—c) Pulse sequences used for proton-detected sequential
assignment experiments. a) (H)CONH/(H)CANH; b) (H)CO(CA)NH;
c) (H)CA(CO)NH. Narrow and broad black rectangles indicate 90° and
180° pulses, respectively, the bell shapes represent band-selective m-
pulses, and the delay 7 is set to 1/4 J (4.7 ms for Jcoca=53 Hz). More
details are available in the Supporting Information. d) Representative
strips from proton-detected assignment of human [100%
'HM2H,"C,"*N]-Zn-SOD at 1 GHz and 60 kHz MAS: (H)CONH,
(H)CO(CA)NH (blue and black contours of the upper plot, respec-
tively), (H)CANH, (H)CA(CO)NH (black and blue contours of the
lower plot, respectively). Sequential correlations are marked by the red
line.
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shown in Figure 2d. In contrast to the corresponding *C-
based experiments, the strip alignment relies here on the two
common chemical shifts of the "H(i) and *N(i) nuclei, which
makes the whole procedure more robust, removing assign-
ment ambiguities, in complete analogy to strategies adopted
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in solution-state NMR spectroscopy.'”! Notably, this yields an
assignment independently from previously available solution
data, which is often a prerequisite for the study of solid-state
samples of this size.'"®l 'H, N, *CO, and CA shifts of a total
of 145 residues (out of 147 non-proline residues) were
assigned this way (see Supporting Information).

Having assigned the amide resonances, the quality of the
HN fingerprint can conveniently be exploited in order to
determine 'H-'"H distance restraints. We therefore conducted
a 3D (H)NHHgppr experiment,®® where 'H-'H RFDR
mixing!'”! was used to correlate nearby proton spins, and "N
editing used to provide good resolution, superficially similar
to the solution-state HSQC-NOESY.!""!

Example strips from this experiment are shown in Fig-
ure 3a. Note that the experiment is easily extensible to higher
dimensionality, which for larger systems may be necessary to
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Figure 3. a) Strips from the proton-detected (H)NHHggpr experiment
(3.3 ms mixing time). The diagonal peak in each strip is circled, whilst
solid lines indicate trivial contacts (|i—j| =1) which were not used in
the structure calculation. b) The long-range contacts detected in a) are
depicted on the crystal structure of the Cu",Zn"-SOD homologue.

overcome potential limitations of resolution and resultant
ambiguity.”! Here, the resolution and sensitivity of the 3D
map enables cross-peak analysis and structure calculation by
using automatic tools such as the ATNOS/CANDID!
procedure implemented in the NMR data analysis software
suite UNTO.

Chemical shift guided peak-picking of the (H)NHHggpg
spectrum was performed by ATNOS.'! In the first assign-
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ment and structure calculation cycle (of seven) carried out by
ATNOS/CANDID, a filtering protocol making use of a
homologous structure (Cu",Zn"-SOD, PDB code: 1SOSP!)
was used. This was employed to discard artifacts (noise)
mistaken for peaks in the spectrum that were not consistent
with any realistic assignment (any possible proton pairs up to
8 A apart), and to ensure that, in the first cycle, assignments
consistent with the homologous structure were not errone-
ously discarded. However, all other initial chemical shift-
based assignment possibilities for each cross-peak compatible
with the network-anchored assignment filter!"! were main-
tained. Thus at the outset the algorithm generated a self-
consistent set of ambiguous distance restraints for calculating
an initial fold. The UNIO protocol then used multiple cycles
of concerted assignment and structure calculation, with each
cycle guiding the subsequent stages. Notably, distance bin
ranges for cross-peak volumes were not implemented in the
manner typically used for solution-state NOESY data, since
the cross-peak volume when using variants of spin diffusion
(here with RFDR recoupling) is a complex function of
internuclear distance and topology.””? Here, cross-peaks
volumes were converted into upper distance bounds by
using a local grid search approach for finding all compatible
conformers with an internally generated dihedral restraint list
derived from 'H, "N and *CO/BCA shifts® and during all
cycles no homologous structure was needed for assigning the
cross peaks, for calibrating their volumes against 'H-'H
distances, or for structure calculation.

A significant number (192) of unique, non-trivial distance
restraints useful for structure determination could be
extracted from the (H)NHHggpr experiment. Typically, for
strips corresponding to residues in [-sheets, cross-peaks are
observed which are assignable to inter-strand contacts, beside
the trivial sequential contacts (Figure 3b). In total, 72 of the
assigned contacts were “medium-range” (between residues i
and j with 3 < |i—j| < 5) and 120 long-range (between
residues i and j with |i—j| > 5); about 20 contacts correspond
to 'H pairs with a separation of more than 6 A. The structural
information provided by the amide 'H-'H contacts was
sufficient to define the secondary structure elements and
their relative positions into the 3D fold of the monomeric unit
of Zn"-SOD, resulting in a bundle with backbone root-mean-
square deviation (RMSD) of 1.64 A (Figure 4). The average
structure backbone RMSD to the X-ray structure is 2.34 A,
for residues in regular secondary structure elements.

These results further demonstrate the advantages pro-
vided by perdeuterated samples at high re-protonation
levels.™ Particularly, we note that, to gain this level of
structural insight for a protein of this size by using lower levels
of re-protonation, the sensitivity of the 3D HH experiment
would decrease quadratically. Low levels of re-protonation
appear to make larger samples volumes a necessity, requiring
more protein, and different experimental protocols.!

This result represents a substantial step forward in
biomolecular solid-state NMR spectroscopy, since the use of
"H-based structure restraints allowed here the use of auto-
mated structure calculation in solid-state NMR for a system
significantly larger than those for which such approaches have
thus far been applied. It must be noted that, for protein chains
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Figure 4. Structure ensemble for Zn"-SOD determined by 'H-detected
solid-state NMR.

longer than about 100 residues, "*C-"*C maps such as those
provided by, for example, proton-driven spin diffusion
(PDSD) experiments on protonated samples at lower MAS
rates yield highly ambiguous contacts, which are thus difficult
to convert into meaningful restraints.** The availability of a
rapidly determined backbone fold can be further used to
guide the interpretation of different experimental restraints,
allowing subsequent refinement stages. Based upon the
present result, it is to be anticipated that de novo solid-state
NMR structures of large proteins at very high resolution may
be calculable.

In conclusion, we have shown that 'H-detected solid-state
NMR spectroscopy at high magnetic fields and ultra-fast
MAS can be readily and usefully applied to amide resonance
assignment and structure determination of a protein of
considerable size. Less than 4 mg (0.25 umol) of protein was
used in this study, and remarkably short experimental times
were needed to assign 'H resonances and to detect amide
proton—proton distance restraints. A total of 8 days of
measurement time was required for all the 'H-detected
experiments described in this work, inclusive of pulse
sequence calibration.

We believe that these results will contribute significantly
in increasing the impact of solid-state NMR spectroscopy in
structural biology, in particular as deuteration and back-
substitution of exchangeable protons has recently been shown
to yield high-quality proton-detected spectra for a variety of
heterogeneous systems. These include fibrils formed by the
Alzheimer’s disease f-amyloid peptide AP40, the lipid
reconstituted B-barrel membrane protein OmpG, and the a-
helical membrane protein bacteriorhodopsin.*!
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