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ABSTRACT: In this paper, a three-dimensional (3D) NMR-based approach for the determination of the
fold of moderately sized proteins by solid-state magic-angle spinning (MAS) NMR is presented and applied
to theo-spectrin SH3 domain. This methodology includes the measurement of mé#ipté3C distance
restraints on biosynthetically site-directé@C-enriched samples, obtained by growing bacteria on
[2-13C]glycerol and [1,3%C]glycerol. 3DN—13C—13C dipolar correlation experiments were applied to
resolve overlap of signals, in particular in the region where backbone cadaohon correlations of the
Ce—C¢, CO—CO, &—CO, and CG-C* type appear. Additional restraints for confining the structure
were obtained frong andy backbone torsion angles of 29 residues derived froim@2, CO, NH, and

H® chemical shifts. Using both distance and angular restraints, a refined structure was calculated with a
backbone root-mean-square deviation of 0.7 A with respect to the average structure.

Many biological systems, such as membrane proteins andcarbons provide information about the tertiary structure. The

amyloid fibrils, remain a challenge in structural biology
because of difficulties with crystallization and solubility. In
the past years, solid-state NMRas become a promising
method for obtaining structural information about these
systems, via the measurement of accurate distarices)(

¢ andg backbone torsion angle810), and chemical shift
anisotropy 11, 12). In these studies, samples labeled only
in the positions of interest were investigated. For the
determination of the complete protein folds, however, a
different approach that allows the collection of a large
number of structural restraints from a small number of

detection of structure-defining long-range carb@arbon
restraints is only possible when so-called dipolar truncation
effects are suppresseti3 14). This can be accomplished
by employing a reduced labeling scheme, in which chemi-
cally bonded carbons are not simultaneously labeled and
hence the number of strong dipolar couplings between con-
nected nuclei is reduced. For proteins expressed in bacterial
systems, this can be achieved by using32}glycerol or
[1,3-13C]glycerol as the only carbon source in the mediz

17). In combination with this labeling pattern, long-range
13C—13C distance restraints may be collected by using a

samples has to be followed. The quality of the structures broad-band recoupling method like the proton-driven spin-
increases with the number of restraints, and the more thatdiffusion (PDSD) mixing schemelg). This methodology
are measured, the lower the accuracy of the individual has recently been proven to be successful oratispectrin
restraints may be. From a close analysis of the topology of SH3 domain 19), where two-dimensional (2D) spectroscopy

helical andS-sheet structures, it transpires that carbon
carbon distances are very important in defining the fold of

was used to collect inter-residd#—13C restraints, yet to
allow the determination of the fold of the protein.

a protein. For example, distances between backbone carbons, Investigations on larger proteins or determination of
i.e., a-carbons and carbonyl carbons, define the secondarystructures with higher resolution would require us to resolve
structure of a protein (Table 1). Distances between backboneas many backborebackbone or backboreside chain cross-
and side chain carbons or between side chain and side chaipeaks as possible. As a general approach, we introduce here
a set of three-dimensional (3BIN—3C—13C experiments
of the NCACX and NCOCX type (where CX stands for any
carbon atom). In the 3D spectra recorded with these
techniques, the improved resolution obtained by adding a

i Forschungsinstitut fuMolekuiare Pharmakologie N dimension allowed the identification of backbone

$ Freie UniversitaBerlin. ' carbon-carbon restraints of the°€CO, CO-C%, C*—C¢,

1 Abbreviations: 3D, three-dimensional; NMR, nuclear magnetic and CO-CO type and restraints involving side chain carbons,
resonance; MAS, magic-angle spinning; SH3, Src-homology 3; PDSD, which were not accessible in the 2D experiments. For the

proton-driven spin-diffusion; CP, cross-polarization; rf, radio frequency; ; ; _raci ;
TPPM, two-pulse phase modulation; FID, free induction decay; HSQC, SH3 domain, 374 new inter-residue correlations could be

heteronuclear single-quantum coherence; rmsd, root-mean-square deviz@SSigned from the 3D data, in addition to the earlier study
tion. (19). Additional information was obtained frofil, °C, and
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mational homogeneity is supported by either embedding the
protein into the membrane or embedding an agonist (or
antagonist) into the receptor binding site which serves as a

"N cp specific CP matrix and forces the ligand into a single conformation
__.|[ ensuring sufficiently narrow lines. Line widths of 3@0 Hz
t for singly 3C-labeled sites in bacterial photosynthetic
o [l lspecific CPJ reaction centers and around-8000 Hz, includingJ cou-
[

plings, in3C spectra of bovine rhodopsin were achieved at
moderate MAS frequencie®l, 22). Likewise, sufficiently
narrow lines were observed in 2D carberarbon correlation
spectra recorded from multiply labeled ligands or cofactors
bound to membrane protein22—25), as necessary for the
assignment of side chain resonances or the measurement of

t2 tMIX t3 I
Ficure 1: Pulse sequence for the 3D NCACX and NCOCX
experiments. The 3BPN—13C—13C heteronuclear dipolar correlation
experiment starts withH—'N CP transfer followed by &°N
evolution period. Thé>N magnetization is then transferred to the

Ce or CO carbons via a specific-CP step, achieved by applying . . . . .
weak r.f. fields, on resonance with tH& amides in théSN channel distances. The size of many ligands triggering G-protein-

and off-resonance in tHéC channel. The vertical arrows indicate  coupled receptors ranges from 4 to 40 residues, which is
a switch in the frequency offset, required for the specific-CP. After well within the range for chemical shift assignment and

the carbon evolution period, the carbon magnetization is exchangedstrycture determination by solid-state MAS NMES( 26—
using a PDSD mixing unit. During evolution and acquisition 30)

periods, a TPPM decoupling is applied, while during specific-CP,

continuous wave (CW) decoupling is used. MATERIALS AND METHODS

N chemical shift analysis20), yielding 58 backbone Sample Preparation and Solid-State NMR Spectroscopy
dihedral angles. The 374 newly obtained distance restraintsThe SH3 protein was expressed mscherichia coli

and the 58 angular restraints were used to refine the solid-g.21(DE3), using M9 minimal media. The [[ZC]-
state NMR structure of the-spectrin SH3 domain. glycerol5N]SH3 and [[1,3%3C]glycerolN]SH3 samples
We emphasize that the periodicity of the microcrystalline were prepared as described previoudl9)( For the MAS
SH3 material is not a requirement for the presented meth- measurements, approximately-1T2 mg of protein was used
odology, but helps in providing a structurally homogeneous and confined to the center of 4 mm rotors by using spacers.
environment. For membrane proteins, structural or confor- The 3D N—3C—%3C heteronuclear dipolar correlation

Table 1: Summary of the Most Characteristic Structure-Defidi@y-1°C Distances in Proteifs

structure-defining®C—13C distance in proteins

secondary structure residue egCe (A) CO—CO (A) Cc—CO (A) Cco-C(A) Cce—C* (A) CO—Cf (A)
ii+1 3.8+0.1 3.0+0.1 44+0.1 24+0.1 49+ 0.1 3.7+ 0.1
o-helix ii+2 5,5+ 0.3 45+0.1 5.4+ 0.2 4.4+ 0.2 6.0+ 0.5 5.2+ 0.3
i,i+3 5.0+ 0.2 4.7+ 0.1 55+0.2 4.4+ 0.2 4.4+ 0.5 4.3+ 0.4
i,i+4 6.0+ 0.2 5.9+ 0.2 7.2+0.2 4.9+ 0.2 5.7+ 0.5 45+ 0.3
ii+1 3.8+0.1 3.1+ 0.2 45+ 0.2 24+ 0.1 494+ 0.1 3.7£0.1
3,-helix i,i+2 53+0.3 4.6+ 0.2 5.6+ 0.2 4.3+ 0.3 5.6+ 0.5 5.0+£ 0.5
10 i,i+3 5.6+ 0.4 5.5+ 0.3 6.6+ 0.5 47+0.3 5.0+ 0.5 4.5+ 0.5
i,i+4 8.1+ 04 7.9+ 04 9.2+ 0.5 6.8+ 0.4 8.3+ 0.5 6.9+ 0.5
i,j 46+0.3 5.4+ 0.5 5.4+ 0.7
antiparallels-sheet i—1,j+1 5.4+0.3 5.0+ 0.4
i—1,j 49+0.3 4.7+ 0.5 5.4+ 0.7
parallel-sheet i,j 49+05 4.9+ 0.3 4.6+ 0.6 5.6+ 0.3 4.6+ 0.6 5.6+ 0.7

aThe four most commonly encountered secondary structure motifs are considered. For each secondary structure element, a set of structures was
selected and distances between backbone and backbone and between backbone and side chain carbons were measured. The errors are estimat
from the dispersion of the distances in the selected structures. The indices of the residues refer to the schematic representation of settweslary struc
shown in Figure 2.

a-helix 3.0-helix Anti-parallel B-sheet Parallel B-sheet
0 Q /
o O---H—N o} :
JSM i+3t O H—i+1 F1)—H H—i+1 H— j+1
o i"'%N NG N—H---- O N—H . N—H
X” o 4§ Y Oi N Oi o=
i+2 \ i+1/ N i H H j i H j H
N{‘\ o) 4 H—N Ag=o H—N _-H—N
b N 0----H—N o 0
i 'NH H—i-1 j*+1y—H H—i1 H—j-1
°N AN N=H---0 N—H N—H

FiGURE 2: Schematic representationahelix, 3,c-helix, antiparallep-sheet, and parall@-sheet secondary structure motives. The numbering
of the residuesi(andj) corresponds to the numbering in Table 1.
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experiments were performed on a DMX-400 spectrometer distance and angular restraints showed no distance violations

(Bruker, Karlsruhe, Germany) operating at a field of 9.4 T
and equipped wit a 4 mmtriple-resonance CP/MAS probe

greater than 0.3 A.

(Bruker). The data sets were recorded at 280 K and at a MASRESULTS AND DISCUSSION

frequencywr/27 of 8.0 kHz. On the [[2°C]glycerol>N]-
SH3 sample, an experiment of the NCACX type was

Structure-Defining'®C—13C DistancesFor structure de-
termination, a large number of distances in the range-af 2

performed, where the magnetization is transferred first from A are needed. Analysis of the fold ofhelical ands-sheet

nitrogen to the € atoms and subsequently to the other
carbons. In the 3D experiment carried out with the [[1,3-
13C]glycerol>N]SH3, the magnetization transfers frdfiN

proteins shows that many of these structure-defining dis-
tances can potentially be extracted from carboarbon
correlation spectra of the NCACX and NCOCX type (see

to the carbonyl atoms and then to the other carbons. ForTable 1 and Figure 2). Table 1 gives average values of
both experiments, the same pulse sequence has been appliedistances plus variation derived from a set of structures,

depicted in Figure 1. FollowindgH excitation, a ramped
cross-polarization contact of 5Q6s between'H and **N
created the initial®N magnetization; spin lock fields were
33 kHz for*H and 19-26 kHz for the!>N ramp. In the center
of the first1®N evolution period, ar pulse on the carbon
channel was applied to refocus heteronuclédr-13C scalar
couplings. Following the evolution of nitrogen, specific-CP
(31) was employed to selectively transfer magnetization from
15N to ¥Ce, in the case of the [[23C]glycerol®N]SH3
sample, and from®N to *3CO, in the case of the [[1,5C]-
glycerol®™N]SH3 sample. In both experiments, weak rf
powers corresponding to nutation frequencies~d0 kHz

for the'>N and~20 kHz for the'3C were used and the amide
15N signals were irradiated close to resonance whilé-iae
and 13CO signals off-resonance. THéC frequency offset
was varied to match the appropriate NCA or NCO specific-
CP condition. After the specific-CP, th&C carrier frequency
was placed back in the aliphatic region for the NCACX
experiment, and in the carbonyl region for the NCOCX
experiment. After the*C evolution period, the carbon

which contain the different types of secondary structure
elements, as depicted in Figure 2.

In a-helices, distances between backbone carbons of
residues andi + n, wheren =1, 2, 3, or 4, are the shortest
and most characteristic in defining this type of secondary
structure. Magnetization transfer betweefy @nd CQy;3
covers distances on the order of 5£50.2 A and should
lead to small but detectable cross-peaks in carlmambon
correlation spectra. Distances of thé&;-©CO.,4 type are
arourd 7 A and should not always be observable. The-€O
C%.234 distances are in the range of 48.9 A and hence
valuable for defining this secondary structure. In the set of
distances between®Cthe C{—C%.; distance is always the
shortest and together with GOCQO,,3 distances most
indicative of thea-helix. The distances between the backbone
carbond and 4,z are also short enough to give detectable
cross-peaks.

The characteristic feature of ajgdhelix is that this
secondary structure motif is more elongated than-#nelix.

For the 3q-helix, distances between backbone carbons of

magnetization was exchanged by using a PDSD mixing residuesi andi + 4 are in general too long to provide

scheme, with a mixing time of 500 m4.8). During all

detectable cross-peaks. Stronger cross-peaks are expected for

evolution periods, proton decoupling was applied, using the correlations between GOCO-, and CQ—C%4» 3 signals,

two-pulse phase modulation technique (TPPBDB){ with a
pulse width of 7.3us and a phase modulation of°10rhe
3D data sets were acquired using 179486 x 96 points
and dwell times of 10, 60, and 12@s for fs, f,, and fj,

due to transfer over distances in the range of4.3 A.
Weaker but still detectable peaks may occur because of
correlations of the €&-CO type of residueg i + 2, andi +

3. Also important for defining the g-helix are correlations

respectively; each FID was averaged from 32 scans, using aetween the backbone carbamsd side chains., 3 atoms.

recycle delay of 2.6 s, yielding a total measurement time of

~10 days for each 3D experiment.
The data were processed with the XWINNMR software,

In contrast to those of helice@-sheet topologies are
mostly defined by contacts between backbone carbons
located in different strands (Figure 2). In the case of an

version 2.6 (Bruker), and subsequently analyzed using theantiparallel3-sheet, we denote residues of different strands

program Sparky, version 3.100 (T. D. Goddard and D. G.
Kneller, University of California, San Francisco, CA).
Structure CalculationStructures were calculated with the
program CNS33), version 1.0. Calculations were performed
using the simulated annealing protocol with torsion-angle
dynamics, starting with 200 randomized conformers. As
described previously, thBC—13C restraints obtained from
2D spectroscopy were classified as strong 2% A),
medium (2.5-5.5 A), weak (2.5-6.5 A), or very weak (2.5
7.5 A). The six!SN—15N correlations were restrained te-8

that have the €closer together with andj, and residues
which have the €further apart with + 1 andj — 1 (Figure

2). The C;—C distances are relatively short (4460.3 A),
while those between%,; and C;j_; are on the order of 5.4

+ 0.3 A. The shortest distances between carbonyl carbons
are found for residueisandj + 1, andi — 1 andj, and are

on the order of 5.0t 0.4 A. Distances of the -CO1

type are~5.44 0.5 A and those of the GO—C type are
~4.7 + 0.5 A. The latter are very valuable for defining
antiparallel 5-sheet secondary structure. Cross-peaks may

A. These data are supplemented with the 374 inter-residuealso be observed between backbone carbons of one strand
13C—13C restraints obtained from the 3D spectra, categorized and the-carbons of a neighboring strand. The shortest
as very weak. Prediction of torsion angles was carried out distances of this type are on the order of 4.7 A. In the

using the TALOS software2(Q). In total, 58 predictions for

case of a paralleB-sheet, we defing andj as the closest

the backbone torsion angles were obtained and included inresidues located in the two parallel strands. All the distances

the restraint list for the CNS calculation. The error margins

between backbone carbons are in range of-5.6 A and

for the angular restraints were set to a minimum value of should give rise to detectable signals. In the same range are
20°. The 10 lowest-energy structures calculated using both the distances between the backbone carbongasatbons.



Determination of Solid-State NMR Structures of Proteins Biochemistry, Vol. 42, No. 39, 20031479

Labeling Strategy: [2*C]Glycerol-Made SH3 and [1,3- : ) o
13C]Glycerol-Made SH3 DomainsTo be able to detect a @ 5 ;.i o :o %H ”mﬂH N YoM
@ Npz OH

i

large number of3C—13C long-range correlations for structure o o
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calculations, we developed a methodology that combines Isoleucine Tz TOH
broad-band recoupling with a reduced level# labeling Tha o | @ *0 o o *o (0 ooe o
(19). Dilution of 3C spins is achieved by growing the protein MH oHnmz O GHNke OH GHNHz "OH

H 1 1 OH NHz : 0 o o
sample with [2LC]glycerol or [1,313C]glycerol as the sole - mH mH mw

carbon sourcelb—17, 19). Two different and complemen- _
tary labeling schemes are obtained, where the resultdg 37 6P
enrichment is both extensive and reduced. We refer to the ® T28¢*  Tazc
two samples as 2-SH3 and 1,3-SH3); The reduced level

of labeling allows to a large extent the suppression of dipolar
truncation effects that dominate recoupling experiments in
uniformly labeled preparations, where the strong dipolar
couplings between connected nuclei suppress the weaker
ones. The latter comprise couplings between carbon spins

130 ¢*
N 2-SH3

74 72 70

close in space but not chemically bonded and contain the 80 160 140 120 100 80 60 40 20 ppm
relevant structure information. A first estimate of the location R

1 . . . . T37C 130 ¢
of 3C labels in the different residues of our protein (c) T2t | Ta2ct 1,3-H3

preparations was obtained following their biosynthetic
pathway, starting from [22C]glycerol and [1,3C]glycerol

as carbon sources. Via their labeling schemes, the amino
acids can be divided into two groups, reflecting the two major
steps in the biosynthetic pathway. The first group contains
amino acids that are synthesized from precursors made in 180 160 140 120 400  &» &0 40 50 ppm
the glycolysis pathway. This labeling scheme yields either

T T T T 1 T T T T
T4 72 70 ppm 14 12 10 ppm

B
100 or 0% labeled sites. In the 2-SH3 domain, for example, T24 0¥ Ta2 G 1Boc’
glycines and alanines have thecarbons fully labeled and () anJw.Jq Hw u-SH3
the carbonyl positions unlabeled and, for alanines, no labeling m JW
at the 5-position; the opposite labeling is obtained for the e
1,3-SH3 preparation. Only in the case of valines and leucines, 74 72 70 ppm 14 12 10 ppm

two chemically connected carbons (ilveand/-carbons for

valine and the3- andy-carbons for leucine), are both fully B0 160 140 12 100 8 60 40 20  ppm
enriched in 1,3-SH3 and both unlabeled in 2-SH3. The FicUre 3: Extensive and alternatif§C enrichment and the effect

second group contains amino acids produced from precursorgn the line width. (a) Schematic representation of the effedf@e
made in the citric acid cycle, which exhibit a more complex labeling for isoleucine and threonine, obtained by growth on
labeling scheme. The strain used for the expression of the[2-*C]glycerol or [1,3!*C]glycerol. For the 2-SH3 sample, the
SH3 molecules (see Materials and Methods) contained 2| labeled sites are represented in red. For 1,3-SH3, the complementary

: . - - labeling is obtained, depicted in green. On the left side, the average
the enzymes that are involved in the citric acid cycle. As a labeling is depicted, estimated from solution NMR data. On the

consequence, the cycle can be followed several times,ight, the possible differently labeled isotopomers produced during
resulting in the production of a mixture of differently labeled the citric acid cycle are shown, derived following the reactions of
molecules. On average, this results in amino acids with the biosynthetic pathway. {kd) 1D *3C CP-MAS spectra of 2-SH3
partially labeled nuclei. In Figure 3a, the possible isoto- (P); 1,3-SH3 (c), and [U*C]SHS3 (d), recorded at 9.4 T and using

- L . . a spinning frequency of 8.0 kHz. The spectra are recorded with a
pomers produced durmg the citric acid cycle In the case of Iong acqu%sitioqn timgof 45 ms and 64 sgans. In the expansions of
isoleucine and threonine are shown, together with the averagene @ signals of threonines and the €ignal of 130, the line widths
labeling. For 2-SH3, the labeled carbons are in the positionsobtained with the two different3C labeling schemes can be
indicated in red, while for 1,3-SH3, the complementary compared. Worth noting in panel d is the splitting of the 130 C
labeling is obtained (represented in green). It is not possible Signal of [U**CISH3, due to*C—*C scalar couplings.
to quantify the relative amounts of each isotopomer produced
in the cycle; hence, the averaged labeling was estimated fromspectra of 2-SH3 (Figure 3b), 1,3-SH3 (Figure 3c), and
analysis of solution NMR spectra. This was done by [U-13C]SH3 (Figure 3d) are compared. The insets show the
analyzing the topology and intensity of each peak in high- well-resolved € signal of 130 at 11.3 ppm and théef €ignals
resolutiontH—C HSQC spectra, recorded on 1,3-SH3 and from three threonines around 70 ppm. In the 2-SH3 sample,
2-SH3 samples dissolved in aqueous solution. these signals have line widths of2@5 Hz (Figure 3b). The

An important and advantageous side effect of the alternat- remarkable narrowing of these resonances in comparison to
ing 13C labeling is that the carbon linesC CP/MAS NMR the fully enriched SH3 arises from the fact that in none of
spectra of 2-SH3 and 1,3-SH3 are significantly narrower than the isotopomers of the isoleucine aré &hd C* labeled at
the carbon lines in spectra recorded on uniformiz the same time, which completely removes the one-Bédd
enriched samples. The reduced level of labeling partly C scalar coupling broadening. The same is observed for
suppresses or completely removes line broadening due toC? of threonine, which never is connected to a labeled
13C—13C scalar couplings. These effects are illustrated in neighbor. In the case of 1,3-SH3, a situation is observed
Figure 3, in which one-dimensional (10¥C CP/MAS where in some of the isotopomers thé &om of 130 and
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the @ atoms of threonines are connected with labeled @,"C (ppm)
carbons. In the 1D spectrum, the line widths of these signals
are 30-35 Hz (Figure 3c). Substantially broader lines are
observed in the [USC]SH3 sample (Figure 3d); for a
relatively short acquisition time of25 ms, the signals of
130 C° and threonine €have line widths of 6670 Hz (data
not shown). For longer acquisition times (e.g., 45 ms), the
signal of 130 C can be resolved into a doublet, because of
the scalar coupling with the neighboring’Gcf. Figure 3d).
The signals of the threonine’Qdresent a more structured
feature due to multiple couplings to both andy-carbons
(Figure 3d).

3D NCACX and NCOCX Experiments for Obtaining
Complementary Restraints on 2- and 1,3-Glycerol-Labeled &
Samples.The broad-band recoupling method chosen for 5
detection of inter-residue correlations is the proton-driven
spin-diffusion techniquel®). The advantages of this tech-
nigue are its robustness due to its simplicity and aptness to
be implemented for very long mixing times. Typically,
mixing times of 500 ms fot*C—13C spectra and of several
seconds fol®N—15N spectra can be used, without limitations
on balancing radio frequency power input and sample
heating. From a series of 2D spectra recorded with different
mixing times, ~500 *C—3C and >N—'N inter-residue
correlations were obtained. The first structure calculation of
the SH3 domain exhibited a backbone rmsd of 1.8 A, with ;
respect to the average structufe)( s 135

A more general approach for structure determination of & &0 % &5 ) %
moderately sized proteins by solid-state MAS NMR can be o "C (ppm) o "C (ppm)
envisaged using SN G, 10 dipglr orrelalon erpert e o oomo v 35 MR
ments as a basis (_Flgure 1). The 3D dat"?‘ a”OW extraction of spgctrum is shown. Tﬁe region disp?ayed in the plot is the aliphatic
structural information that cannot be easily derived from 2D gqion. The spectrum was recorded for a 2-SH3 sample at 9.4 T
data only. Two different 3D experiments, termed NCACX and using a spinning frequency of 8.0 kHz. In panel bothregion
and NCOCX, can be performed on the two biosynthetically of the 3D*3C—%C projection is displayed. The dotted lines indicate
site-directed3C-enriched samples, to resolvé-€C*, CO— the positions of Cs—C%sz and Crrs;—Ceyaz correlations, not

. : : ; resolved in 2D spectra. The two residues have difféf@hthemical
CO, C'—CO, and CG-C* correlations, which are important shifts, as shown in the 2D NCA spectrum in panel e, and in the 3D

for defining the secondary structure (see also Table 1).spectrum, the two long-range correlations are resolved in two
Because of the biosynthetically derived labeling pattern, differentsN planes, displayed in panels ¢ and d.

labels are present in either th€ @ CO position of most of
the amino acids, while only few residues will have labels in *N to *3C* or from >N to 3CO. In a second evolution period,
both positions. Any of the four possible backbone carbon the 3C magnetization evolves under tHéC* or °CO
carbon correlation cross-peaks involving &d CO needs  isotropic chemical shifts and subsequently is exchanged to
therefore to be considered as a source for structure-definingsurrounding carbons via a PDSD mixing uriig|. To detect
restraints. Since the position of thé’ @ith respect to the  inter-residue correlations, a long mixing time of 500 ms is
backbone atoms of the same amino acid is only moderatelyused.
conformationally dependent, distances of the-C? and In total, four different 3D experiments can be performed,
CO—C’ type need to be considered as secondary structure-combining the NCOCX and NCACX sequences with the two
defining distances as well, also for compensating for the glycerol-made samples. However, in 2-SH3, most of the C
eventual scarcity of restraints between backbone carbons duatoms of hydrophobic and aromatic residues are labeled and
to the lack of labels in appropriate places. the carbonyl carbons are unlabeled, while the opposite

Restraints between®€ C* and CG-CO backbone carbons  situation is observed for 1,3-SH3. As a consequence, two of
occur twice in NCACX and NCOCX spectra; hence, they the four combinations, the NCACX experiment carried out
may be resolved by two different nitrogen chemical shifts with 2-SH3 and the NCOCX experiment carried out with
and assigned with less ambiguity. Interactions which occur 1,3-SH3, will most effectively provide the largest number
between a backbone carbon and side chain carbons (e.g.of 13C—'3C structural restraints.
between a €atom located in one helix and a methyl group NCACX Experiment on 2-SH® Figure 4a, a contour
located in another helix) occur only once in the set of spectra plot of the 3D NCACX correlation experiment carried out
and can only be resolved by means of one nitrogen chemicalwith 2-SH3 is shown. Many signals are observed in the
shift. o-region (50-70 ppm), and in particular for eachtabeled

As shown in Figure 1, the proposed 3D experiments residue, the!SN;—3C%—13C% intraresidue correlation is
consist of an indirect>N evolution period followed by  observed as well as signals of th&\;—C%—13C% type,
specific-CP 81), to selectively transfer magnetization from which are due to magnetization exchange between different

@y

o o
MeaaC ki C e

=

a-"C (ppm)

-61‘1: %\?ASS 130
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C* atoms. In addition, signals are observed in fheand g
y-region (0-50 ppm), because of magnetization exchange
between € and labeled side chain carbons, and in the
carbonyl and aromatic region (16280 ppm, not shown),
because of transfer to CO and aromatic side chains. As an
example, the assignment of the long-range correlation
between K43 and F52 is illustrated in Figure 4. The two
long-range peaks (&43—C%s, and Cesy—C%q3), Not re-
solved in the 2D spectrum (Figure 4b), are separated in two
different N planes of the 3D NCACX spectrum. One
correlation appears in théN plane of K43 at 123.5 ppm,
together with the intraresidue correlation peak of K43 (Figure
4d), and the other in th&N plane of F52 at 118.6 ppm,
together with the intraresidue correlation peak of F52 (Figure
4c). Additionally, in the!>N plane of K43, correlations with
the aromatic Cand C atoms of F52 are assigned, while in
the N plane of F52, a correlation with",; can be observed
(data not shown). Furthermore, correlations between residues
V44—G51 and W42-V53 could be identified from the 3D
spectrum, defining, together with the K4852 correlation, Sd)
one of the antiparallgd-sheets of the SH3 domain. In total, e
168 new inter-residue correlations could be assigned from
the NCACX spectrum. From these correlations, 74 are
sequential, 31 are medium-range, and 63 are long-range.
Since the 3D data were recorded with a single—=C
PDSD mixing time, the cross-peak intensities could not be , i
readily translated into a distance clask9)( hence, we ' ' :
classified these correlations in the class with distances in
the range of 2.57.5 A (19).

NCOCX Experiment with 1,3-SHZhe NCOCX experi-
ment carried out with 1,3-SH3 is shown in Figure 5a. The
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(b) “

170
'

F175

@;-"C (ppm)

k180

@y C (ppm)

F18

Y % 9\ 1.
chomii 7 |~:;,;.:t:c'::,,,a -COyy .:"‘.

F20

ppm)

o,-""N: 117.7 (ppm) +
CyisCl
u:i‘cma"w& I
<d),;co,,

1 CO3-COyss |,

="M

F25

C (ppm)

& e
g &ﬂﬂmﬂm%.4§c?nrc%
s ;

M35

180 175 170

w,-*C (ppm)

180 175

w-"C (ppm}

Ficure 5: Assignment strategy for the 3D NCOCX experiment.
In panel a, a contour plot with a single contour of the 3D NCOCX

. . ) . spectrum is shown. The plot includes the carbonyl and aliphatic
contour plot comprises both carbonyl and aliphatic regions. regions of the spectrum. The spectrum was recorded on a 1,3-SH3
In the carbonyl region, peaks of th#;;—CO—13CQ type sample at 9.4 T and using a spinning frequency of 8.0 kHz. In
are detected for all residues except leucines, which do notpanel b, the carbonyl region of théC—3C projection is displayed.
have a labeled CO in 1,3-SH3. In the same region, correla- 1he dotted lines indicate the positions of &&-COx; and

. COxk27—COy13 correlations, not resolved in 2D spectroscopy.
15N . 13O —1 27
tions of the™N;+;—+CGQ, 3CQ type also appear, because Because of the differer®N chemical shifts of residues G28 and

of magnetization exchange between carbonyl atoms of p14 of the 2D NCO spectrum in panel e, the long-range correlation
different residues. The assignment of inter-residue correla-between K27 and Y13 could be identified from the 3D NCOCX

170

tions was done by searching for pairs of peak®(1—
BCO—-1CQ and™N;,—1CQO—13CQ) appearing in the two
15N planes of residueis+ 1 andj + 1. As an example, the

assignment of the long-range correlation between K27 and

Y13 isillustrated in Figure 5. In th®N plane at 116.7 ppm,

experiment. In panels ¢ and d, the planes of the NCOCX experiment
at 116.7 and 117.7 ppm are displayed, with the assignment of the
Ng2g—COk27—COy13 and Nb14—COy13—COx27 peaks, defining this
long-range correlation.

and N33—COr3—C* g long-range peaks, also expected

corresponding to the nitrogen chemical shift of G28, the because of the proximity of the two strands of fheheet,

Ng2s—COx27—COx27 diagonal peak appears, together with
the Ns2s—COk27—COkzs Sequential peak and theghé—
COx27—COyv13 long-range correlation (Figure 5c). At the

cannot be observed. In total, 206 new inter-residue correla-
tions could be assigned from the 3D NCOCX data set. From
these correlations, 69 are sequential, 24 are medium-range,

same nitrogen chemical shift, T24 also resonates; hence, otheand 115 are long-range. These correlations were grouped in
peaks appear in Figure 5c as well and are labeled with thethe class with distances in the range of 2755 A (19).

respective assignments. In tH&l plane of D14 at a unique
chemical shift of 117.7 ppm, the g\;—COy13—COyi3

Angular Restraints Obtained from Chemical Shift Analysis.
The signals observed in a MAS solid-state NMR spectrum

diagonal peak appears, together with a sequential and tworesonate at the isotropic chemical shifts, similar to solution

long-range correlations, G@&—COx,7 and CQ13—COxzs

NMR. This has two important consequences. First, chemical

(Figure 5d). In the aliphatic region of the spectrum, several shift databases such as the BioMagResBank, compiled from

correlations are observed. In particular in the @gion,
correlations of théN;;;—¥CO—13CY% type are detected. For
example, in three differetN planes of the 3D experiment,
peaks could be assigned t@aN-COiz0—C% 10, NL1o0—COyo—
C%31, and N33—COrs,—C% g correlations, defining one of
the antiparalle|s-sheets of the SH3. Since in 1,3-SH3 the

solution NMR data, can be assessed for the resonance
assignment in solid-state NMR. This has been applied for
the side chain assignment of amino acids for various proteins
(26, 27, 29, 30). Second, the secondary chemical shift, i.e.,
the difference between the measured isotropic chemical shift
and the corresponding random coil value, contains informa-

leucines have the carbonyl carbon unlabeled and the valinegion about secondary structure motig 20, 34, 35). Taking

the & unlabeled, the Nl—CQm—C“BO, NT32_CQ_31_C(1V9,

full advantage of the almost complete solid-state MAS NMR
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Ficure 6: Solid-state structure of the-spectrin SH3 domain. Stereoview of the 10 lowest-energy structures, representing the fold of the
o-spectrin SH3 domain, colored blue. For comparison, the X-ray structure is incl@8edlisplayed in red, and overlaid with the family
of 10 solid-state structures by fitting the backborfeafoms to the average solid-state structure.

1H, 13C, and'®N resonance assignments for the SH3 domain CO—C* type could be resolved, and it was not possible to
(30, 36, 37), we can identify additional restraints for extract them from 2D spectra only, because of the limited
improvement of the structure using the program TALQS) ( C*and CO dispersion. We expect that the same methodology
to predict backbone torsion angles, from the, C#, CO, can be applied to probe other secondary structure motives
NH, and H chemical shifts of the SH3 domain. For 29 such as parallgs-sheet or helices, which are characterized
residuesg and ¢ backbone torsion-angle predictions with by structure-defining®C—*3C distances in the measurable
sufficient reliability were made and used in the structure range up to~7 A.

calculation, together with the 889 distance restraints.

Structure CalculationWe have performed two structure ACKNOWLEDGMENT

calculations for theo-spectrin SH3 domain. For a first

calculation, only distance restraints were used. A list of 889  We thank Bernd Reif, Peter Schmieder, and Ronaldrieu
inter-residue restraints was generated for residue&17of for helpful discussions.

the SH3 domain, obtained from 2009) and 3D spectros-

copy. A conventional structure calculation protocol with REFERENCES

simulated annealing and torsion-angle dynamics was applied,

and the 10 lowest-energy structures were selected. Phe C 1.

coordinates of the regular structure elements exhibited an
rmsd of 1.1 A with respect to the average structure and of 2
1.6 A to the X-ray structure3g). By addition of the 58

dihedral-angle restraints from TALOS() in a second 3.

structure calculation, the rmsd of the& €oordinates of the
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