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ABSTRACT: Magic-angle spinning (MAS) solid-state NMR
becomes an increasingly important tool for the determination of
structures of membrane proteins and amyloid fibrils. Extensive
deuteration of the protein allows multidimensional experiments
with exceptionally high sensitivity and resolution to be ob-
tained. Here we present an experimental strategy to measure
highly unambiguous spatial correlations for distances up to 13
A. Two complementary three-dimensional experiments, or
alternatively a four-dimensional experiment, yield highly un-

4-fold NMR-encoding

high resolution structures

ambiguous cross-peak assignments, which rely on four encoded chemical shift dimensions. Correlations to residual aliphatic protons
are accessible via synchronous evolution of the "N and "*C chemical shifts, which encode valuable amide—methyl distance
restraints. On average, we obtain six restraints per residue. Importantly, 50% of all restraints correspond to long-range distances
between residues i and j with |i — j| > 5, which are of particular importance in structure calculations. Using ARIA, we calculate a high-
resolution structure for the microcrystalline 7.2 kDa O-spectrin SH3 domain with a backbone precision of ~1.1 A.

B INTRODUCTION

Over the past few years, solid-state NMR has evolved as a
valuable tool for structure determination of nonsoluble proteins.
NMR structures of proteins are usually calculated using inter-
nuclear distance information. In the solid-state, this distance
information is usually obtained from '*C spin dilute samples"* or
from heteronucleus-detected NHHC or CHHC-like experi-
ments utilizing spin diffusion among protons.> > Direct deter-
mination of "H—"H dipolar couplings and the quantification of
the respective distances are achieved via dipolar recoupling
experiments.® Detection of protons in the direct dimension is
compromised by dipolar line broadening but can be enabled by a
reduction of the overall proton density via perdeuteration and
partial proton back exchange at labile sites.”” This approach
results in an increased lifetime of the NMR spin states and thus
yields narrow resonance lines. To refine the structure of a micro-
crystalline sample of GBI, a three-dimensional (3D) version of a
CONH experiment with a proton—proton radio frequency-
driven dipolar recoupling (RFDR) mixing period has been
suggested.'® For deuterated proteins that contain 100% protons
at labile sites, proton line widths still amount to ~150 Hz, even at
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magic-angle spinning (MAS) rotation frequencies of 40 kHz.
However, in order to separate a multitude of cross-peaks and for
an accurate quantification of the peak volumes, a much higher
spectral resolution is required. For larger proteins, cross-peak
assignment becomes even more challenging, and experiments
with higher dimensionality are highly recommended. In solution-
state NMR, this is achieved by recording pairs of 3D experiments
that yield '"H and heteronuclear (**C/'*N) chemical shift
encoded amide—amide or amide—aliphatic contacts in nuclear
Overhauser enhancement spectroscopy-heteronuclear single-
quantum  coherence (NOESY-HSQC)'""* and HSQC-
NOESY-HSQC-type experiments.'>'* This approach has been
extended by synchronous encoding of the heteronuclear chemi-
cal shift,"” " leading, e.g., to 4D HSQC-NOESY-HSQC-type
experiments employing time-shared *C and "“N evolution
periods."®"? In this manuscript, we present 3D and 4D experi-
ments for protein structure determination in the solid state that
allow an unambiguous assignment of magnetization exchange
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Figure 1. Pulse schemes for 3D "H—"H RFDR experiments and the time-shared reference experiment with synchronous '*C/"*N evolution. (A) 3D
N- - -N—H correlation experiment. (B) 3D H- - - N—H correlation experiment. Both experiments use CP for magnetization transfer. CP transfers are
more efficient for samples with short proton T, times and facilitate effective suppression of water artifacts. Water suppression in CP-based schemes is
achieved using a scheme proposed by Zhou et al.*” (C) INEPT-based version of experiment (A). INEPT-based sequences allow the observation of
flexible residues that are obscured in CP-based experiments (see Figure 2, Supporting Information). Water suppression is achieved by application of a
1 ms spin-lock pulse. (D) 4D H—N'- - - N—H correlation experiment. For this experiment, a double resonance probe was employed. Therefore, no *C
pulses could be applied. (E) Time-shared "H—'"N/"*C correlation experiment for synchronous evolution of the >N and "*C chemical shifts.
Increments for "*C chemical shift evolution (t,") are set to 2/5 with respect to increments employed for "N to account for the different gyromagnetic
ratios. Except for the 2D reference experiment, t;™("*N) = 25 ms and £™(*3C) = 10 ms are employed; £, on the 13C channel is set shorter, as
evolution of *C—"C scalar couplings would decrease sensitivity. Simultaneous "H—"*N and "H—">C magnetization transfers are optimized by
matching the '*N and "*C rf fields to the (# — 1) Hartmann—Hahn resonance condition. (F) Time-shared 3D H- - -N/C—H correlation experiment
using cross-polarization for magnetization transfer. (G) Time-shared 3D N/C- - -N/C—H correlation experiment. All time-shared experiments are
based on simultaneous "H—""N/"H—">C—CP transfers. Alternatively, INEPT can be employed for magnetization transfer.'’

cross-peaks and an accurate quantification of peak volumes. The
experiments encode chemical shifts in four dimensions in a time-
shared fashion, yielding amide—amide and amide—methyl con-
tacts. The proposed method is demonstrated using a microcrys-
talline sample of the 7.2 kDa SH3 domain of chicken Qt-spectrin.

B EXPERIMENTAL SECTION

NMR. Partial proton back exchange at labile sites in otherwise
deuterated proteins has been shown to yield long-lived proton spin
coherences and excellent resolution.”*°>* The optimal proton content
at exchangeable sites for the deuterated chicken o-spectrin SH3 domain
is obtained by precipitating the protein from a buffer containing 25%
H,0/75% D,0.>® Expression and purification of the protein was carried
out as described previously,”* and 75 mM [Cu(edta)]*” was added to
the mother liquor in order to achieve higher repetition cycles in the
NMR experiments.”> >® In this way, high sensitivity and resolution is
obtained in a comparatively short time. Experimental 'H and *N line
widths are on the order of 20—25 and 10— 12 Hz, respectively. Typically,
a recycle delay of 220 ms is sufficient to recover magnetization.”® All
experiments (except the 4D) were recorded on a Bruker Avance
spectrometer operating at a proton Larmor frequency of 600 MHz,
equipped with a 32 mm triple resonance probe. The effective

temperature was set to 22 and 25 °C and the MAS rotation frequency
was adjusted to 24 and 20 kHz for standard and time-shared experi-
ments, respectively. Approximately 18 mg of protein was center packed
into a 3.2 mm MAS rotor. The 4D experiment was recorded on a Bruker
Avance 700 MHz spectrometer at an effective temperature of 10 °C,
using a 1.3 mm double resonance probe. The 1.3 mm rotor was filled
with 2 mg of protein. The MAS rotation frequency was adjusted to 24
kHz. All pulse programs are depicted in Figure 1.

Structure Calculation from Unambiguous Manual Assign-
ments. Data processing and peak assignment were conducted using
Topspin-3 and CcpNmr Analysis,®® respectively. An ensemble of
structures was calculated with CNS*! from manually assigned "H—"H
restraints derived from 3D H- - -N/C—H spectra. Chemical shifts for all
assigned residues were taken from the literature®”*> and used as input
for TALOS+> to yield dihedral angle restraints. Assignments of
exchange cross-peaks were obtained by combining the spectral informa-
tion obtained from 3D H-::-N/C—H and N/C- - -N/C—H spectra.
We employed the simulated annealing protocol of ARIA* to calculate
250 conformers with 216 000 cooling steps. Unlike previous work,* the
ARIA protocol was used only as a platform for a standard structure
calculation, i.e., the automated assignment module was not employed at
this stage. The 20 lowest-energy structures were refined in a shell of
water molecules,® and the 10 best structures were analyzed as the final
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Figure 2. 3D RFDR spectra obtained for ot-spectrin SH3. (A) Proton
chemical shift encoded contacts for Y13 employing the pulse scheme
shown in Figure 1B; ;™" was limited to 10 ms in the 'H evolution
period yielding "H line widths of ~100 Hz. The spectrum was obtained
within 4 h. (B) Same as in (A) but with ;™ = 55 ms (~25 Hz 'H line
widths), which corresponds to the maximum achievable resolution. (C)
SN chemical shift encoded contacts for Y13 obtained using the pulse
scheme shown in Figure 1A (f;* = 20 ms, experimental time: 4 h). For
all three experiments, £, amounted to 10 ms. D) Reference H/N-
HSQC, recorded in approximately 10 min. All spectra were taken by
setting the effective sample temperature to 22 °C and by adjusting the
MAS rotation frequency to 24 kHz. All strips are F1/F3 planes. Numbers
in italics correspond to the Y13 '*N chemical shift (F2).

structure ensemble. Manually assigned "H—"H correlations were trans-
lated into distance restraints with large upper bounds (u, with u = 8 and
12 A for mixing times of 3 and 8 ms, respectively). On the basis of the
TALOS+ restraints alone, an ensemble of 250 conformers was first
calculated with a simulated annealing protocol in torsion angle space.
The maximum distance (m;;) observed in this structure ensemble for
nuclei i and j was then determined for each distance restraint. For the
final structure calculation, default upper bounds (u) of distance re-
straints were replaced by the corresponding maximum distance () in
all cases where m; < u.

Automated Assignment and Distance Calibration from
Ambiguous "H—"H Contacts. The iterative ARIA protocol was
further used to determine an ensemble of structures from ambiguous
data, exclusively employing unassigned 3D H- - -N/C—H RFDR spec-
tra. Instead of the default NOE-derived “r° summation”, we used a r >
relationship both for the analysis of ambiguous distance restraints and
for the structure calculation. Chemical shift tolerances for the initial
assignment were 0.05 ppm in the 'H dimension and 0.4 ppm in "*N.
Upper bounds for the distance restraints were derived from the intensity
I;; of the cross-peak between atom i and j using a uniform calibration
procedure. The calibration was carried out independently for the spectra
recorded with mixing times of 3 and 8 ms, using the following relation-
ship:

Iy = kd® (1)

The calibration factor k was determined from the ratio of the average
experimental and theoretical intensities:

<Iq>
G

Without prior knowledge of the distances, {d;) was chosen to be 3.2 A.
Upper bounds were derived from the calibrated distances (eq 1) by
adding a tolerance of 20%. Calibrated upper bounds larger than default
upper bounds (8 A for 3 ms, 12 A for 8 ms) were capped to their default
values. The final ensemble of the last ARIA iteration consists of 100
structures, of which the 10 lowest-energy conformers were refined in
water and analyzed. In each case (manual and automated calculation),
peaks that could be unambiguously assigned to intermolecular correla-
tions between neighboring molecules in the crystal lattice were identified
and removed. The Ramachandran plot statistics of the final structure
ensembles was analyzed with the software PROCHECK.*

k=

)

B RESULTS

3D Experiments. Restraints for NMR structure calculations
rely on the quantification of distances between pairs of nuclei.
This information is typically encoded in the intensity of a single
cross-peak per pair of nuclei. In addition to their correct assign-
ments, cross-peaks need to be sufficiently resolved to allow for
correct quantification of their intensities. For an unambiguous
characterization of the distances between amino acids that are
close in space, we developed a set of two complementary 3D
experiments, yielding the "H and the "N chemical shifts of both
involved pairs of nuclei for each amide—amide contact. In
addition, a corresponding 4D experiment was implemented
(see Figure 1 for all pulse programs). Figure 2 shows the
respective strips for Y13 from the 3D H---N—H and N---
N—H experiments. The availability of both the "H and *N
chemical shift prior to the mixing step makes the identification of
amide contacts fast and highly unambiguous. Figure 2A depicts
the resolution obtained for the "H chemical shift encoded
experiment after 4 h (using a two-step phase cycle), whereas
Figure 2B shows the optimum achievable resolution. The °N
encoded experiment in Figure 2C was recorded in 4 h as well.
Due to a lower spectral width of only 1620 Hz (corresponding to
27 ppm at 600 MHz), the same spectral resolution is obtained
much faster in comparison to the "H encoded experiment. Given
the high sensitivity, both experiments are in the resolution-
limited rather than the sensitivity-limited regime.

The 'H- and "“N-edited 3D RFDR experiments can also be
employed to assist sequential assignments where '*C-based
backbone experiments’ do not yield unambiguous assignments
(Figure 1, Supporting Information). In addition to experiments
that employ cross-polarization (CP) for magnetization transfer,
scalar coupling based versions of these experiments were carried
out (see Figure 1C for the pulse programs). Although water
suppression is more of an issue in this case, flexible residues can
only be detected if INEPT-based experiments are employed.
This way, the N-terminal region of the protein (residues T4-L8)
is readily assigned (Figure 2, Supporting Information), which is
not detectable in CP-based experiments. The through-space
contacts obtained for these residues confirmed the assignment
obtained from transverse relaxation-optimized spectroscopy
(TROSY)-type experiments.”” INEPT-based experiments thus
complement CP-based pulse schemes very well. In general,
however, the dipolar coupling based strategies seem more widely
applicable, since the transfer efficiency is then less dependent on
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Figure 3. 2D F3/F4 plane (red) of the 4D H—N- - - N—H experiment
extracted at the F1/F2 chemical shifts of G28 in the a-spectrin SH3
domain (8.78 and 116.9 ppm, indicated by dashed lines). The amides in
spatial proximity appear with their 'H and **N chemical shifts in F3 and
F4 and can be easily identified employing a reference H/N correlation
(gray). The experiment was recorded within 3.5 days of experimental
time using 2 mg of perdeuterated protein. The pulse program is given in
Figure 1D. See the Experimental Section for details.

the apparent 'H T, which critically depends on the sample and
the degree of protonation.”

4D Experiments. In order to minimize ambiguity, a 4D
H—N-::N—H RFDR experiment was implemented (see
Figure 1D for the pulse program). Employing a two-step phase
cycle, a uniformly sampled 4D data set with sufficient resolution
can be recorded within 3.5 days with only 2 mg of protein. In the
future, nonuniform samgpling might allow a further decrease in
the experimental time.**~*' Figure 3 shows a 2D F3/F4 plane
extracted at the F1/F2 chemical shifts of 116.9 and 8.78 ppm,
corresponding to the resonance frequencies of G28. The acquisi-
tion times in the indirect dimensions #; (‘H), &, (**N), and #;
("°N) were set to 5.0, 11.0, and 11.0 ms, respectively. The
projection is superimposed with a reference HSQC, which was
recorded under comparable conditions.

Time-Shared Experiments. The degree of deuteration of
commercially available [*D,, *C¢] glucose is on the order of
~97%. This allows methyl proton spectra with relatively high
sensitivity and resolution to be recorded.”” In order to include
these aliphatic protons in the experiments, we implemented a
time-shared ">C evolution period (see Figure 1IE—G), in which
chemical shifts of '>C and "°N nuclei are allowed to evolve at the
same time. Concomitant magnetization transfer in amides and
methyls was achieved via a simultaneous 'H—">C and "H—""N
Hartmann—Hahn match. A time-shared evolution was im{)Ie-
mented by scaling "*C increments by 2/5 compared to °N
increments to yield correct spectral ranges (in ppm) after
processing. "*C magnetization is prematurely flipped to the z-
axis to yield a shorter £;" on carbons and thus avoids evolution
of homonuclear J-couplings. The carrier frequencies on the '°N
and ">C channels were set to the edges of the respective spectral
windows (132 and 7 ppm, respectively), such that ami-
de—methyl cross-peaks are resolved in the spectra (see
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Figure 4. Complementary time-shared 3D correlation spectra with
synchronous "*C and "*N evolution periods. (A) Strips of the H- - -N/
C—H experiment that encodes "H chemical shift in F1 extracted at the F2,
F3 frequencies of the methyl group of T24 (top) and of the amide moiety
of M2S, respectively (bottom). The pulse program is depicted in Figure 1F.
The contact of T24—H™" to M25—H" can be cross-validated using the
F1 strip containing the M25—H" /N diagonal peak (located in the upfield
region in F2). (B) Reference spectrum containing the time-shared H™ /N
and H™/C™* correlation peaks. The pulse program is shown in
Figure 1E. (C) F1 strip through the double-time shared SN/'3C encoded
3D (N/C- - -N/C—H) at the F2 and F3 frequency of the amide of M25
(pulse scheme as in Figure 1G). The combination of (C) and the bottom
strip in (A) unambiguously yields the assignments for the contact between
M25—H" and T24—H™. In both 3D experiments, an REDR mixing time
of 8 ms was employed. In all spectra, a negative sign (red contours) is
implied in the pulse sequence for magnetization transfers via **C. Labels for
the N and the *C chemical shift axis are drawn in black and red,
respectively.

Figure 4B). Magnetization pathways involving transfers through
'3C are phase shifted by 180° in order to differentiate between the
two different types of correlations. For the concomitant CP steps, a
duration of 1 ms was found to be a good compromise between
sensitivity and minimization of H"/C® correlations, which get
stronger for longer CP durations.” Figure 4B represents a 2D
time-shared experiment without "H—"H mixing. The corresponding
pulse scheme is shown in Figure 1E. Figure 4A and C shows strips
involving M25 extracted from the 3D experiments, which were
recorded with one and two time-shared evolution periods for the "H
and "*N/"C chemical shift encoded experiments, respectively. Pulse
schemes for the H- - -N/C—H and N/C- - -N/C—H experiments
are represented in Figure IF and G. Amide—methyl cross-
peak intensities are sufficiently large to employ these contacts in
structure calculations. ILV-methyl group labeling together with
partial amide proton back exchange in otherwise perdeuterated
proteins would yield a further increase in sensitivity. ~* Similarly,
structure calculations would benefit from methyl—methyl contacts,
which are absent in our spectra due to the low degree of methyl
protonation.
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Figure 5. '°N edited 3D N - -N—H correlation experiment recorded
with 3 different RFDR mixing times (3, 8, and 15 ms). The pulse scheme
employed is shown in Figure 1A. (A) F1/F3-strips showing 'H—'H
correlations involving the amide proton of Y13. (B) Structural model of
the O-spectrin SH3 domain, highlighting the environment around
residue Y13 (PDB: 2NUZ). (C) 1D columns extracted from (A). Peak
heights are scaled to yield identical diagonal peak intensities. Each
experiment was recorded within 4 h with ¢; ;)™ = 20 and 10 ms in the
indirect **N evolution periods F1 and F2, respectively.

In all proton-encoded experiments, we observe strong cross-
peaks to water for side chains that contain a hydroxyl group (see
Figure 4, Supporting Information). This is consistent to what has
been observed by Bockmann and co-workers.** Usually, water
exchanges rapidly with the hydroxyl protons. Subsequently,
magnetization is transferred via dipolar interactions to other
protons, such as in this case to the methyl and amide group of
T24 and M25.

Structural Restraints. Mixing of magnetization among differ-
ent sites can be achieved in different ways such as by proton-
driven spin diffusion (PDSD),* 7y-encoded symmetry-based
multipulse sequences,”*® RFDR,”* etc. In this study, active
recoupling of dipolar interactions by RFDR was used as spin
diffusion alone is ineffective due to dilution of the proton spin
system by deuteration. In order to quantitatively access "H—"H
dipolar couplings and the corresponding distances, cross-peak
buildup rates need to be interpreted.”® However, for weak
dipolar interactions, an accurate quantification of the underlying
distance is presumably compromised by spin diffusion. In solu-
tion-state NMR, structure calculations are usually performed
using a single NOESY spectrum in which distances are grouped
into three classes according to the cross-peak intensities in the
initial rate regime. We analyzed cross-peak intensities semiquan-
titatively using 3D N« - -N—H experiments recorded with three
RFDR mixing times (3, 8, and 15 ms). Figure SA displays strips of
the "N chemical shift encoded 3D N - -N—H experiment for
Y13. At even longer RFDR mixing times, signal intensities decay
due to proton longitudinal relaxation and pulse imperfections.
Strips in Figure SC are therefore scaled to yield equal diagonal
peak intensities. Figure S in the Supporting Information shows
the cross-peak intensity buildup for G28 as a function of the
mixing time.

Cross-peak buildup appears to be slightly slower than pre-
viously observed for crystalline proteins in which 100% of the
exchangeable sites are protonated.'® We assume that this is due

to a reduction of secondary magnetization transfer pathways and
spin diffusion. Distances for which cross-peaks are still observa-
ble (signal-to-noise ratio greater than 2:1 in the 'H-edited
experiment) are on the order of approximately 7—8 A for Ty, =
3 ms (experimental time ~12 h) and 12—13 A for 7,,,;, = 8 ms
(experimental time ~2 days). The experiment with T, = 15 ms
was only recorded shortly in a "*N-edited fashion with an experi-
mental time of 4 h. Due to the lower overall signal-to-noise ratio of
this spectrum only distances of up to 12 A can be observed.
Structure Calculation from Unambiguous Manual Assign-
ments. The ARIA algorithm was originally developed for
structure determination using ambiguous restraints, which in-
volves iterative peak assignment.4 In this section, however, ARIA
was employed without the iterative peak assignment module to
calculate an ensemble of structures on the basis of 294 defined
distance restraints. These restraints were obtained from H- « -+ N/
C—H correlations that had been assigned unambiguously by use
of four-fold chemical shift encoding employing both H- - - N/
C—H and N/C---N/C—H experiments. At the same time,
backbone dihedral angle restraints predicted from secondary
chemical shifts for 35 residues were employed. In the calculation,
distances were restrained using generous upper bounds of 8 and
12 A for correlations appearing in spectra recorded with 3 and 8
ms mixing times, respectively. Using the backbone torsion angle
predictions, it was possible to refine the upper bounds in
agreement with the allowed topology of the molecule. The final
structural ensemble is well-defined, yielding a mean backbone
root-mean-square deviation (RMSD) of 1.2 A for the structured
regions. The obtained model is close to the reference crystal-
lographic structure (PDB: 2NUZ) with a RMSD of 14 A
(Figure 6A).*® Almost half of all distance restraints consist of
long-range restraints (Table 1), which are crucial for an accurate
structure determination from sparse data. To compensate for the
incompleteness of the data set and to help convergence, we used
a particularly long simulated annealing protocol. In the most
favored region of the Ramachandran plot, 82% of all residues are
found, which is a typical value obtained for a high-resolution
structure from solution-state NOESY data. The all atoms RMSD
is higher, as backbone to side chain correlations (95 contacts) are
only possible for Leu, Ile, and Val side chains. For all atoms
(referring to heteronuclei only) we find a precision of 2.1 A and a
deviation from the X-ray structure of 2.2 A (Table 1).
Automated Assignment and Distance Calibration from
Ambiguous "H—"H Contacts. To further evaluate the possibi-
lity of de novo structure determination from high-resolution
"H—"H correlations using one 3D experiment in which only
three chemical shifts are encoded, we carried out an iterative
assignment procedure using the program ARIA.>* For this
purpose, the information from the 3D "N chemical shift
encoded N/C-++N/C—H and the 4D H—N- - -N—H experi-
ments was disregarded. A total of 540 cross-peaks was picked
manually but assigned automatically, using the 3D H---N/
C—H experiments recorded with RFDR mixing of 3 and 8 ms.
Iterative cross-peak assignment and structure calculation made
use of literature chemical shift values** and correspondingly
derived torsion angle restraints. Initially, ARIA found an average
number of six assignment possibilities per peak. With respect to
the size of the chemical shift tolerance windows, this value
appears reasonably low, demonstrating the high resolution of
the spectra. In the next step, cross-peak intensities were used to
derive quantitative upper distance restraints employing a naive
calibration approach, in which we assumed correlations among
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Figure 6. Structural ensembles obtained from the manual (A) and automated (C) structure calculation strategy. Structures are color-coded according to
the secondary structure element. The reference X-ray structure (PDB: 2NUZ) is shown in the middle (B). Pictures were rendered using PyMOL.>

Table 1. Structural Restraints from the 3D H- - :N/C—H
RFDR Experiment and Structure Determination Statistics for
the Manual and the Automated ARIA Calculations of the
o-Spectrin SH3 Domain”

manual automated

Distance Restraints

total 294 413
unambiguous 294 259
intraresidue (|i — j| = 0) 28 19
sequential (|i —j| = 1) 58 90
medium (2 < |i —j| < 5) 60 S2
long-range (|i —j| = 5) 148 97
ambiguous 0 154

Ramachandran Statistics (%)

most favored regions 824 +£62 67.1 £3.8

allowed regions 13.5 £ 45 271+£3.5

generously allowed regions 1.6 £19 2622

disallowed regions 24+ 1.6 3.0+£20
Ensemble Precision (A)

backbone atoms (8 —17, 23—58) 1.16 £ 0.32 1.11 £ 0.17

all atoms (8 —17, 23—58) 2,09 + 0.45 202 + 028
Bias to X-ray 2NUZ (A)

backbone atoms (8 —17, 23—58) 1.36 1.62

all atoms (8 —17, 23—58) 2.19 275

“ Ramachandran statistics were determined using PROCHECK.>® “All
atoms” RMSDs refer to the nonhydrogen atoms only.

isolated spin pairs. The final conformer ensemble yielded a mean
backbone RMSD of 1.1 A, which is comparable to the precision
obtained for the manually obtained set of restraints (Figure 6C).
However, the bias to the X-ray structure is slightly larger (1.6 A),
and the structural quality seems reduced given the Ramachan-
dran statistics (Table 1). The major difference in comparison to
the X-ray structure is found for the RT loop (residues 18—23)
(see Figure 6C and Figure 7, Supporting Information). In part,
differences can be attributed to incorrect assignments of contacts
which turn out to be intermolecular (the RT loop, residues
18—23, is close in space to residues 12—14 and 55—57 of a
symmetry related molecule in the microcrystalline lattice). More-
over, the ARIA protocol may not be well adapted with regard to
the elimination of unlikely assignment possibilities since the >

function is less discriminative in terms of distance. Indeed, ARTIA
discards unlikely assignments through a weighting procedure
based on the distance found in the calculated structure ensemble.
In addition, the > summation used here for the determination
of the effective distance of an ambiguous restraint may bias the
imposed distance toward shorter values. Hence, many ambig-
uous assignments can still be accommodated in the employed
generous bounds, thus hampering the determination of a more
accurate structure. In addition, the crude approximation for the
distance calibration gives rise to underestimated upper bounds
that introduce distortions in the structure (see Figure 6, Support-
ing Information). A better calibration method that would take
into account relayed transfers and correct the distance for spin
diffusion could certainly improve the accuracy of the final
structures.”” As expected, the all atom RMSD (2.0 A) and the
deviation from the X-ray structure (by 2.8 A) are high for the
automated structure calculation in comparison to the backbone-
only values (Table 1).

A second ARIA calculation, performed with a higher value for
(d;) in the distance calibration process, failed to converge (data
not shown). Similarly to the protocol employed by Manolikas
et al. for '>C correlations experiments,* here we used only the
average maximum distance (5.5 A) deduced from the calculation
based on TALOS+ restraints. We attribute this inability to
converge to the fairly permissive nature of the derived upper
bounds (average upper bound raised by 30%).

B DISCUSSION

Although many strategies for structure determination of
proteins in the solid state have been proposed in the past, the
lack of spectral resolution, in particular for proton chemical shift-
based approaches, resulted in ambiguities of cross-peak assign-
ments and thus low convergence of structure calculations. This
problem can be largely alleviated by the proposed approach,
which yields unambiguous identification of amide—amide and
amide—methyl contacts. In particular for larger proteins, this
strategy will be essential, where ambiguities due to degenerate
chemical shifts in one dimension are tremendous. Deuteration
eliminates dipolar broadening and yields long-lived spin states
and narrow resonance lines in all spectral dimensions without the
need for high-power hetero- or homonuclear decoupling.
Although ARIA can handle ambiguous cross-peak assignments
and already yields convergence for our restricted data set, the
achievable accuracy of the calculated structure is higher when the
full data set containing only unambiguously assigned "H—"H
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contacts is employed. Furthermore, subsequent computational
efforts for evaluation of different cross-peak assignment possibi-
lities are low. For larger proteins, the automated assignment
module of ARIA is expected to be beneficial even with respect to
the full data set. Although the overall fold is certainly the first and
most important step toward a detailed picture of a protein, details
about side chain geometries are indispensable for protein func-
tionality. Even though the inclusion of amide-methyl distance
restraints brings the all atom RMSDs close to the backbone
RMSD wherever available (Figure 7, Supporting Information),
the average RMSD for all atoms (excluding protons) amounts to
2.0 and 2.1 A for automated and manual assignments, respec-
tively. This issue therefore remains a major challenge for the
applied methodology. Inclusion of further amide-aliphatic con-
tacts might be a solution to this problem.>' Work in this direction
is currently in progress in our laboratory. Furthermore, protein
structure calculations will benefit from the use of additional
'3C-based distance or torsion angle restraints.

The suggested approach allows long-range distances to be
obtained, which have so far been very difficult to obtain in the
solid state. The sparse distribution of protons prevents dipolar
truncation, ie., the masking of long-range contacts in the
presence of large dipolar interactions due to closely spaced
nuclei, and yields correlations among protons separated by up
to 13 A. These long-range contacts are of particular importance
for obtaining a well-defined overall protein structure.

B CONCLUSIONS

We have presented an approach to access unambiguous long-
range distance information for protein structure calculations in MAS
solid-state NMR. The experiments rely on uniformly deuterated
samples in which labile deuterons are partially back substituted with
protons. This labeling scheme is essential to yield favorable relaxation
properties. In the experiments, contacts between amide and/or
methyl groups are encoded using the chemical shifts of all four
nuclei involved. This is achieved either by recording a pair of
complementary 3D experiments or by acquiring a 4D data set.
The experiments show magnificent spectral resolution in combina-
tion with very high sensitivity, yielding unambiguous distance
restraints within a few hours. Distances of up to 13 A are accessible,
allowing protein structure calculations solely based on amide and
methyl proton contacts. The approach presented provides a very
potent tool for structure elucidation, particularly for larger proteins,
which typically suffer from a high inherent chemical shift degeneracy.

B ASSOCIATED CONTENT

© Supporting Information. Sequential assignment via di-
polar '"H—'H correlations, spectra of scalar transfer-based ex-
periments, details of time-shared experiments, build-up curves,
and correlations of distance and peak intensity. This information
is available free of charge via the Internet at http://pubs.acs.org.
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B NOTE ADDED IN PROOF

A proton-detected 4D solid-state NMR experiment for Pro-
tein Structure Determination has been proposed simultaneously
by Huber et al. 2011: Huber, M.; Hiller, S.; Schanda, P.; Ernst,
M.; Bockmann, A.; Verel, R;; Meier. B. H. A proton-detected 4D
solid-state NMR experiment for protein structure determination.
ChemPhysChem 2011, DOI: 10.1002/cphc.201100062.
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