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Abstract: High-resolution solid-state NMR is rapidly evolving into a tool for determining the structure of
biomolecules in solid phase, thereby opening up avenues for studying systems which are difficult to access
by other methods. In this contribution, we focus on assigning the resonances of a uniformly isotope-enriched
peptide or protein to its primary structure. This represents a first step towards the goal of determining the
complete three-dimensional structure of proteins by solid-state NMR. The assignment strategy relies on
polarization-transfer experiments involving 13C and 15N spins. The prospects for structural studies based on
such assignments are discussed.
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1. Biomolecular Structures by Solid-
state NMR - Why and How?

The solid-state NMR group in Physical
Chemistry at ETH Zurich focuses on me-
thodical developments in solid-state
NMR and on applications of these meth-
ods in chemistry, biochemistry, and ma-
terials science. In this article, we discuss
recent progress towards structure deter-
mination of solid, but not necessarily
crystalline, peptides and proteins. An
overview of other projects and the availa-
ble instrumentation is given on the web
site http://www.nmr.ethz.ch.

The presently most successful ap-
proaches to biomolecular structure deter-
mination with atomic resolution encom-
pass mainly X-ray diffraction, developed
continuously since the 1920s, and liquid-
state NMR, which became a routine tool
after the introduction of two-dimensional
methods around 1980. With X-ray dif-
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fraction [1], structures of molecules of up
to a few hundred kDa molecular weight
have been solved. High-quality single
crystals with dimensions of at least sever-
al micrometers are needed for this, a re-
quirement which is not always easy to
fulfill. Liquid-state NMR, on the other
hand, can deliver atomic-resolution
structures of proteins in solution [2][3].
Structures from proteins with sizes up to
about 50 kDa have been obtained; for
multimers, larger structures have been
determined using the recently developed
TROSY technique [4][5]. NMR is a rela-
tively insensitive method that requires a
relati vely concentrated protein solution
(typically in the millimolar range) in or-
der to obtain sufficient signal intensities.
High concentrations may, however, lead
to aggregation of the solute.

Most of the high-resolution structures
determined so far by either X-ray diffrac-
tion or liquid-state NMR are of proteins
with a roughly globular shape, and, for
example, only a few structures of the
large class of membrane-spanning pro-
teins (often with an elongated shape) are
known.

There is strong interest in studying
structural and contractible proteins, (e.g.
silk, keratin, actin or resilin) and mem-
brane proteins in their native environ-
ment, i.e. integrated into a lipid mem-
brane. 'Solid-state' NMR has the poten-

tial of accessing the structure of proteins
and other biomolecules which are insolu-
ble and which do not form large high-
quality crystals, and it allows in principle
the study of membrane proteins in their
native environment. These membrane
systems are, of course, by no means 'sol-
id'. The high degree of orientational or-
der leads, however, to spectroscopic
properties similar to those of solid sam-
ples. Unlike X-ray diffraction, solid-state
NMR does not require long-range order
in the sample, and spectra from non-crys-
talline or liquid-crystalline samples can
be obtained and interpreted.

The interactions that lead to line split-
tings and shifts in the NMR spectrum can
be classified into isotropic and anisotrop-
ic interactions depending whether they
depend on the orientation of the system
(e.g. molecule) to be investigated with
respect to the direction of the applied
magnetic field. There are two isotropic
interactions, the isotropic chemical shift
and the scalar coupling, which are usual-
ly important in organic or biological sol-
ids. They carry information about cova-
lently or hydrogen-bonded neighbors, the
chemical environment and structural de-
tails (e.g. bond and torsion angles). Ani-
sotropic interactions include the magnet-
ic dipole-dipole interaction (giving inter-
nuclear distances) and the chemical-shift
anisotropy (CSA).
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The line positions in the NMR spectra
of molecules in isotropic liquid phase are
determined only by the isotropic interac-
tions. The anisotropic interactions are av-
eraged out by the rapid tumbling of the
molecules and are reflected only in the
relaxation rates. In a rigid solid, in con-
trast, all anisotropic interactions are
present at full strength. This usually leads
to extended, strongly coupled spin sys-
tems which exhibit broad resonances
which are difficult to record and inter-
pret. Furthermore, the spatial anisotropy
leads to further line broadenings for pow-
dered samples. There are, however, a
number of selective averaging techniques
that eliminate the influence of some in-
teractions in the spin system by rf irradia-
tion and/or sample spinning. The effect
of these manipulations is the same as if
one would simplify the Hamiltonian op-
erator that contains the spin interactions.
Using different pulse sequence elements,
a 'designer Hamiltonian' can be pro-
duced and 'high-resolution' spectra can
be recorded.

There are, however, a number of dif-
ferent approaches to studying structural
features of biomolecules by solid-state
NMR. Some of these approaches do not
require high spectral resolution. As an
example, we have recently determined
the local structure of spider dragline silk
by directly cross-correlating the broad
distributions of static single-quantum and
double-quantum frequencies [6].

An important class of systems which
exhibit both liquid-state and solid-state
features are oriented phospholipid bilay-
ers or bicelles. These systems provide an
ideal environment for the study of mem-
brane-bound proteins. The technology to
study such systems by NMR is, in many
respects, the same as for the study of sol-
ids. AlI intermolecular anisotropic inter-
actions are present even if they are some-
what scaled. Intermolecular interactions
are, on the other hand, averaged out.

In this article, we concentrate on high-
resolution techniques for powdered rigid
solids; they rely on averaging out the ani-
sotropic interactions (and thus achieving
high resolution) by magic-angle sample
rotation (MAS) [7]. This technique in-
volves rapidly spinning the sample
around an axis inclined by the 'magic an-
gle' 8m=54.7° relative to the external
magnetic field. An MAS rotor, which
serves as the sample container, is sche-
matically depicted in Fig. 1. For each
chemically inequivalent nucleus in the
sample, NMR of a sample under MAS
leads to a spectrum with a centerband at
approximately the isotropic chemical-

shift position plus a family of sidebands
spaced by the MAS frequency (neglect-
ing homogeneous broadening effects).
Usually one is interested only in the cen-
terband, which gets most intense if the
MAS frequency is higher than the aniso-
tropy of the chemical shielding interac-
tion. This anisotropy scales linearly with
the static magnetic field and is in the or-
der of 25 kHz for aromatic and carbonyl
13C nuclei in a modern high-field magnet
with a field strength of 14 Tesla (corre-
sponding to a proton Larmor frequency
of 600 MHz). Furthermore, it is desirable
that the sidebands do not overlap with the
centerbands of other nuclei. Most con-
veniently, the MAS frequency is thus
chosen larger than the isotropic chemi-
cal-shift range of the sample, which for
the 13C nuclei of a biomolecular sample
in a 14 Tesla field is around 30 kHz.
Therefore, 'rapid' MAS with spinning
frequencies of at least 30 kHz is often ad-
vantageous. Such spinning frequencies
can routinely be attained with commer-
cial MAS rotors, typically with 2.5 mm
outer diameter.

Despite high spinning frequencies,
the achievable resolution in the IH spec-
trum is presently very limited due to the
strong homo nuclear dipolar interactions
among the protons, which are not suffi-
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Fig. 1. Schematic drawing of an MAS rotor
which is spun about an axis inclined by an
angle Sm=54.7° with respect to the direction of
the static magnetic field Bo. The rotor is driven
by pressured air and uses air bearings to min-
imize friction. Typical maximum spinning fre-
quencies with modern rotors are 32 kHz for
standard 2.5 mm o.d. spinning systems and
50 kHz with experimental 2 mm o.d. spinning
systems.

ciently averaged by MAS. In contrast to
liquid-state work, high-resolution solid-
state NMR work on biomolecules must,
therefore, be based mainly on I3C and
15Nresonances. This necessitates isotop-
ic labeling because of the low natural
abundance and of the low sensitivity of
the two nuclei. For selectively (sparsely)
labeled biomolecules, established MAS
techniques allow us to measure distances
and torsion angles between molecular
segments containing selectively labeled
spins, thereby yielding structural infor-
mation (see e.g. [8-13]). However, selec-
tive labeling is laborious and expensive.
High-resolution solid-state NMR meth-
ods for structure determination of uni-
formly labeled biomolecules are, there-
fore, highly desirable.

This sets the framework for the
present paper: we will discuss some first
steps towards structure determination in
solid, uniformly labeled peptides under
the conditions of rapid MAS. Specifical-
ly, we will focus on methods for the se-
quential assignment of l3C and l5N reso-
nances, which stands at the start of al-
most any structural investigation.

These methods will be illustrated on
two examples. The first is antamanide
(Fig. 2), a cyclic decapeptide which in
nature can be found in small quantities in
the poisonous mushroom amanita phal-
loides ('green deathcap') [14]. It acts as
an antidote to the phallotoxins contained
in the same mushroom [15]. The struc-
ture of antamanide is known from both
X-ray diffraction [16] and liquid-state
NMR [17][18], which makes it an ideal
test system for comparing the advantages
and disadvantages of different methods.
We have obtained what may be called a
'high-resolution' solid-state NMR spec-
trum and the corresponding resonance as-
signment of antamanide [19]. The second
sample which we will discuss is the 62-
residue SH3 domain of chicken a-spec-
trin. SH3 domains are present in many
proteins that are involved in signal trans-
duction or in membrane-cytoskeleton in-
teractions [20]. The structure of the
chicken a-spectrin SH3 domain is known
from X-ray diffraction [21] and liquid-
state NMR [22], and we use a sample of
that domain as a model compound repre-
senting a peptide somewhat larger than
antamanide. An almost complete assign-
ment of the 13C and 15N resonances of
this domain by solid-state NMR was re-
cently achieved by Pauli et al. [23].

In section 2, we will discuss the re-
quirements imposed on the quality of a
protein or peptide sample, as the quality
of peptide microcrystals often determines
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the resolution of solid-state NMR spec-
tra. In the subsequent sections, selected
experiments will be discussed which can
be used for resonance assignment. In sec-
tion 3, the use of homonuclear correlation
techniques for the assignment of reso-
nances to amino-acid spin systems will
be illustrated. In section 4, it will be
shown how the amino-acid spin systems
can then be connected in a sequence-spe-
cific manner by heteronuclear correlation
spectroscopy. We will conclude by brief-
ly discussing the prospects for structure
determination in uniformly labeled sam-
ples once the assignments have been ob-
tained.

2. Obtaining Sufficient Resolution:
Sample Preparation

Q Q H3\jH3
CH2 CH2 CHH2C -CH2 I I I H2C- CH2

I \ I \H2C CH-CO-NH-CH-CO-NH-CH-CO-NH-CH-CO-N CH2" ••• " .I'7 Pro8 Phe9 Phe10 Val1 Pro2 yH
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\ I I I I \ I

H,C-CH,6 6 CH3 H,C-CH,

Fig. 2. The antamanide molecule. Antamanide is an exceptionally well-characterized molecule.
Here it is used as a test system for evaluating pulse sequences for assignment and structural
studies.

Fig. 3. One-dimensional 13C and 15N MAS spectra of antamanide for two different sample
preparation techniques. Red traces: Lyophilized powder. Green traces: Microcrystalline powder
obtained by evaporation of the solvent from a solution of antamanide in a methanol/water 7:3
mixture. The microcrystalline powder leads to significantly narrower peaks and a correspondingly
higher resolution. The spectra demonstrate the importance of careful sample preparation,
resulting in a well-defined, homogeneous local structure. Adapted from [19].

35-65 Hz (0.6-1.1 ppm) forthe 15Nreso-
nances. While this is still about an order
of magnitude more than for small pro-
teins in solution, such linewidths allow
one to resolve the resonances of peptides
much larger than antamanide in multi-
dimensional NMR spectra. Indeed, simi-
lar improvements upon recrystallization
have been observed in other systems like
SH3 (62 residues) [24] and ubiquitin (76
residues) [25], allowing solid-state NMR
studies of these systems.

It should be noted that the size and the
quality of the resulting microcrystals may
be far from sufficient for X-ray diffrac-
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tion. While X-ray diffraction requires
long-range order over the entire crystal
size of at least several micrometers, the
only requirement for high-resolution sol-
id-state NMR spectra is local order, en-
suring that all molecules in the sample
sense essentially the same local environ-
ment. Solid-state NMR spectra are al-
most completely insensitive to disorder
on a scale beyond a few nanometers.
There is, thus, a realistic hope that spectra
of a similar quality can be obtained from
samples for which X-ray quality crystals
cannot be grown.

10203040506070

Sufficient resolution in the one-di-
mensional or multi-dimensional NMR
spectrum is a prerequisite for resonance
assignments. Ideally, each chemically
distinct (carbon or nitrogen) nucleus in
the peptide gives a distinct resonance,
and no overlap between resonances from
different nuclei exists. To be able to dis-
tinguish the resonances from the many
hundred nuclei in a peptide molecule,
narrow resonance lines are required
('high resolution'). For many samples of
biological interest, the resolution-limit-
ing factor is the sample preparation rather
than residual line broadening due to 'im-
perfect' NMR experiments (e.g. finite
MAS frequency or insufficient proton de-
coupling field strength). The influence of
sample preparation on the quality of the
spectra is illustrated in Fig. 3, where l3C
and 15Nspectra of uniformly labeled an-
tamanide are shown for two different
sample preparation techniques. The red
spectra were obtained from a sample
which was freeze-dried (lyophilized)
from an aqueous solution, a technique
which is often used to prepare solid bio-
material. Lyophilization results in a het-
erogeneous local environment yielding a
relatively broad distribution of resonanc-
es. Clearly, resonance assignment will be
difficult for such a sample.

Much narrower lines are obtained for
a microcrystalline sample obtained by
controlled recrystallization (green trac-
es). Apart from higher resolution, such a
structurally homogeneous sample yields
a much improved signal-to-noise ratio
because the same total intensity is now
concentrated in relatively few, often
well-resolved resonances. The typical
linewidths in these spectra are 60-100 Hz
(0.4-0.7 ppm) for the l3Cresonances and
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Fig. 4. (a) Pulse scheme for a two-dimensional homonuclear polarization transfer experiment
under MAS. Initial coherence on the 13Cspins is prepared by cross polarization (CP) from the
protons. The coherence is allowed to evolve during a variable time t1, while the protons are
decoupled by a suitable decoupling sequence (here: TPPM). During the mixing time a suitable
pulse sequence is applied which induces coherence transfer. After the mixing time, the resulting
FID is observed during the detection time t2, again under proton decoupling. Through the
polarization transfer, some coherence which has evolved during t1at a chemical shiftoA (indicated
by the blue sinusoid) will be detected at a different chemical shift 08 (indicated by the green
sinusoid). In the 2D spectrum, sketched in part (b), this expresses itself in a cross peak (indicated
in red) at the positions (02=08, 01=ON.

detectionmixing

decoupling

spectrum is very similar to a liquid-state
Be TOCSY spectrum of antamanide dis-
solved in chloroform (data not shown).

Polarization transfer can also proceed
through the homonuclear dipolar cou-
plings. Unlike the isotropic J couplings,
the anisotropic second-rank dipolar cou-
plings are averaged out by the MAS rota-
tion. However, the dipolar couplings can
be recovered by applying specifically
designed pulse sequences to the spins,
which interfere with the averaging by the
MAS rotation ('dipolar recoupling'). The
key idea is to recover the dipolar cou-
plings only when they are needed, i.e.
during the mixing time. During the evo-
lution and detection times, the high reso-
lution offered by the MAS averaging is
still obtained.

Over the past 15 years, a large number
of dipolar recoupling sequences have
been developed [8][33]. However, most
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teractions like eSA or dipolar couplings
by interference of the pulse sequence
with the MAS rotation. Such recoupling
conditions [29-32] lead to stringent de-
sign requirements for TOBSY sequences.

We have recently developed a set of
TOBSY sequences that are particularly
well suited for applications at high MAS
frequencies. As an example, a homonu-
clear 2D chemical-shift correlation spec-
trum of the cyclic decapeptide antama-
nide recorded with one of these sequenc-
es at an MAS frequency of 30 kHz is
shown in Fig. 5. Each cross peak: indi-
cates through-bond polarization transfer
between two spins; these two spins be-
long to the same J coupling network
within a specific amino acid residue. The
spectrum thus allows us to assign all res-
onances to amino acid types [19]. These
assignments are indicated in Fig. 5. Apart
from the overall larger linewidths, the

3. Amino-acid Specific Resonance
Assignment by Homonuclear
Correlation Spectroscopy

The general approach to resonance
assignment in high-resolution solid-state
NMR is in many respects similar to that
used in liquid-state NMR: In a multi-di-
mensional experiment the resonance fre-
quencies of several spins are correlated
by coherence transfer between them. As
an example, Fig. 4a shows the general
pulse sequence for a two-dimensional
(2D) homonuclear correlation experi-
ment under MAS. Initial coherence on
the Be spins is generated by cross polar-
ization. The initial coherence is allowed
to evolve for a time period I[ which is
systematically incremented. In the fol-
lowing mixing period, a pulse sequence
is applied to the Be spins to transfer co-
herence to other spins. The resulting co-
herences are detected during the time pe-
riod 12' Two-dimensional Fourier trans-
formation with respect to the times I[ and
12 yields a two-dimensional correlation
spectrum [26] (Fig. 4b). If coherence has
been transferred from spins with chemi-
cal shift 8A to spins with chemical shift
eSB, a cross peak: appears at the position
(02=OB, 01=OA) in the 2D correlation map
(red peaks in Fig. 4b).

In high-resolution solid-state NMR,
the spin-spin coupling responsible for po-
larization transfer can either be the J cou-
pling or the dipolar coupling. The J cou-
plings are only present between spins
connected by chemical bonds and are
usually strongest between direct neigh-
bors. In liquid-state NMR, methods uti-
lizing the J coupling are used to establish
a coupling network between all directly
bonded spins within an amino-acid resi-
due. In analogy to the solution-state
TOCSY experiment (total correlation
spectroscopy [27]), in solid-state NMR
such methods are called TOBSY (total
through-bond correlation spectroscopy)
[28].

In order to achieve TOBSY polariza-
tion transfer, only the J coupling must be
active during the mixing period, and the
chemical shift and the homonuclear and
heteronuclear dipolar couplings must be
suppressed during this time. These un-
wanted interactions are often two to three
orders of magnitude larger than the J cou-
pling. Efficient suppression can be
achieved by irradiating the spins with a
suitable pulse sequence in a similar way
to the liquid-state TOCSY experiment.
However, in solid-state NMR under
MAS, care must be exercised in order to
avoid the reintroduction of unwanted in-
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Fig. 5. Homonuclear 13C shift correlation spectrum of antamanide. Polarization transfer was
achieved via the J couplings by the TOBSY sequence P91

12 at 30 kHz MAS frequency. The
spectrum yields cross peaks between the shifts of all13C spins in the same spin system, which
here is identical with an amino acid residue. By this, all resonances can be assigned to their
respective amino-acid spin systems. These assignments are indicated in the figure. Adapted
from [19].
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of these sequences cannot be applied at
high MAS spinning frequencies due to
high rf-field requirements imposed by the
sequences. A notable exception is the
DREAM (dipolar recoupling enhanced
by amplitude modulation) sequence
[34][35]. This sequence requires compar-
atively low rf-field amplitudes, and the
performance becomes better at higher
MAS frequencies. An important property
of the DREAM sequence is that it induc-
es polarization transfer adiabatically.
Adiabatic sequences for polarization
transfer are generally more robust than
their non-adiabatic counterparts, and they
often lead to significantly higher transfer
efficiencies [35-37].

Dipolar couplings are through-space
couplings and not through-bond cou-
plings like the J couplings. They can,
therefore, connect spins which are close
in space but not close in a topological
sense and which need not be connected
by chemical bonds. However, the
strength of the dipolar coupling has a r3

distance dependence which favors near-
by spins which are often the directly
bonded ones. This is the reason that dipo-
lar recoupling sequences can be used for
resonance assignment in much the same
way as TOBSY sequences.

The use of a dipolar recoupling se-
quence for resonance assignment is illus-
trated in Fig. 6, where a 2 D correlation
spectrum of a uniformly l3C and ISN la-
beled SH3 sample, obtained with the
DREAM sequence, is shown. The spec-
trum was recorded at an MAS frequency
of 20.5 kHz. Because of the limited band-
width of the DREAM sequence at such a
relatively low MAS frequency, only a re-
gion of the spectrum is recoupled effi-
ciently. By placing the transmitter to 39
ppm, the Cl and aliphatic sidechain re-
gions (10-70 ppm) were selected here. At
MAS frequencies above 40 kHz, howev-

Fig. 6. Homonuclear 13C correlation spectrum
of the chicken a-spectrin SH3 domain. Polar-
ization transfer was effected via dipolar cou-
plings by the DREAM sequence at 20.5 kHz
MAS. The spectrum allows one to perform
spin-system assignments in much the same
way as in Fig. 5. This is indicated by the solid
lines for the three detectable threonine resi-
dues. The broken lines indicate correlations
between the y and a carbons, which are sepa-
rated by the intermediate ~ carbon. These
'relayed' correlations lead to positive cross
peaks, indicated by blue contours, while direct
correlations between next neighbors yield neg-
ative cross peaks (red contours).
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er, the complete spectrum would be re-
coupled. Due to the larger size ofthe pro-
tein, the spectrum has more resonances
and is more complicated in the selected
region than the antamanide spectrum of
Fig. 5. Nevertheless, the spectrum allows
us to assign many of the resonances to
their amino-acid spin systems. The reso-
nance assignments for SH3 using solid-
state NMR were first reported by Pauli et
at. [24).

4. Sequence-specific Resonance
Assignment by Heteronuclear
Correlation Spectroscopy

The homonuclear correlation experi-
ments discussed above identify the reso-
nances that belong to the spin system of
one amino acid. This often identifies the
type of amino acid (e.g. phenylalanine).
In order to accomplish a complete se-
quence-specific resonance assignment
(e.g. to assign the resonances to phenyl-
alanine 3), the connectivities between the
amino-acid residues are required. This
information identifies the next as well as
the previous amino acid of a certain ami-
no acid in the primary sequence. We
therefore need methods that correlate car-

bon spins across a C'-N-Ca peptide
bond. This can be achieved by polariza-
tion transfer from/to the 15Nspin employ-
ing heteronuclear 15N_BC polarization
transfer techniques.

In the simplest such experiment, ini-
tial coherence is created on the amide 15N
spins, allowed to evolve, and then trans-
ferred to the I3C spins to both sides of the
nitrogen. This is illustrated for antama-
nide in the spectrum shown in Fig. 7a. At
the 15N chemical shift of each amide ni-
trogen along 01, the spectrum shows two
peaks along 02' one at the chemical shift
ofthe BC' directly bonded to the 15N, and
one at the chemical shift of the I3ca di-
rectly bonded to the 15N. Thereby, a cor-
relation between the BC' of one amino-
acid residue and the 13ca of the next resi-
due is established via the linking amide
nitrogen.

While a full sequential assignment
would in principle be possible by com-
bining the information from the N-C cor-
relation spectrum in Fig. 7a and the TOB-
SY spectrum in Fig. 5, this goal can be
achieved in a more unambiguous way by
a method which directly correlates the
resonances ofthe 13ca spins in successive
residues in a pairwise fashion. For this,
we again employ the intermediate amide

C'

15N spin. We already have a correlation
of the amide nitrogen to the directly
bonded Bca in the same residue (Fig.
7a). For establishing a correlation to the
l3Ca of the preceding residue, we employ
a directed two-step transfer (insert of Fig.
7b). In a first step, polarization is selec-
tively transferred from the 15N to the di-
rectly bonded 13C'. From there, the polar-
ization is transferred - again selectively-
to the Bca which is directly bonded to
the 13C'. We call this sequence an
N(CO)CA sequence. The resulting spec-
trum for antamanide is displayed in Fig.
7b, plotted with red contours. For each
lsN amide chemical shift, the spectrum
shows one cross peak at the chemical
shift of the I3ca of the preceding amino-
acid residue.

By comparing the N(CO)CA spec-
trum with the 'direct' N-C spectrum of
Fig. 7a (indicated by blue areas in Fig.
7b), the I3ca resonances of each pair of
sequential amino-acid residues can be
correlated. These correlations now allow
an unambiguous sequential assignment
of the l3ca resonances by stepping
through the cross peaks of the two spectra
in the way indicated by the black arrows
in Fig. 7b. Once the I3ca resonances are
assigned in a sequence-specific manner,
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Fig. 7. 15N_13Ccorrelation spectra of antama-
nide. (a) Direct N-C correlation. Polarization is
created on the amide nitrogens and trans-
ferred to the directly attached carbons as indi-
cated by the arrows in the insert, (b) N(CQ)CA
correlation. Polarization is created on the amide
nitrogens and then transferred in two succes-
sive steps via the 13C' to the 13Ca spins in the
previous residue (see insert). The resulting
spectrum is shown in red contours. The peak
positions of the spectrum of part (a)are indicat-
ed by light blue areas. By 'walking' through
these two spectra in a stepwise fashion as
indicated by the arrows, all'5N and 13Creso-
nances can be assigned in a sequence-specif-
ic manner. Adapted from [19].
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all other resonances can also be assigned
sequentially by the spin-system assign-
ments obtained from the TOBSY spec-
trum in Fig. 5.

For antamanide, just one homonu-
clear 2D TOBSY spectrum and two het-
eronuclear 2D N-C correlation spectra
were needed to complete a full resonance
assignment. In more complicated cases,
i.e. larger molecules, the assignment
might not be as straightforward. In such
cases, the described sequences can easily
be modified to include other correlations,
e.g. by transferring polarization from
each amide nitrogen via the directly
bonded 13Ca. into the sidechains of the
polypeptide. Sequences with two-step
polarization transfer can easily be ex-
tended to include a second evolution pe-
riod between the transfer steps, leading
to the possibility of 3D spectroscopy
[19][26][38]. In this way, sequence-spe-
cific assignments can be completed for
much larger peptides than antamanide.
Indeed, two-dimensional experiments
similar to the ones discussed here have
been reported for the 62-residue SH3 do-
main by the group of H. Oschkinat and -
as already mentioned - have led to a
nearly complete assignment of the reso-
nances in that system [23]. This shows
that a scaling up of the methods described
here is certainly possible and offers pros-
pects for assigning still larger proteins.

5. Perspectives for Future Work

This contribution is focused on exper-
iments directed towards an assignment of
the 13Cand 15Nresonances in polypep-
tides by high-resolution solid-state NMR.
Similar methods have been used so far to
partially assign proteins of up to 76 ami-
no acid residues [23][39-41], with work
on larger proteins being under way.
While all solid-state NMR resonance as-
signments of uniformly labeled proteins
which have so far been reported in the lit-
erature were for systems for which also
X-ray or liquid-state NMR structures ex-
ist, there is reasonable hope that these
methods may be applied in a similar fash-
ion also to proteins which are not accessi-
ble by these methods. Interesting classes
of compounds that may become accessi-
ble are membrane-bound proteins and
structural proteins (e.g. keratin, elastin,
silk). The reason for such a hope is that
no long-range order is required to obtain
well-resolved solid-state NMR spectra.
What is needed is a structural homogene-
ity in the sense that all molecular regions
of interest sense the same local environ-

ment. For the inner regions of a large pro-
tein, such a well-defined local environ-
ment might already be provided by the
rigid secondary and tertiary structure of
the molecule itself, without the need for
any crystalline order between molecules.

While sequence-specific resonance
assignments represent a major first step
towards structure determination of pro-
teins by high-resolution solid-state NMR,
no full structure determination of a pro-
tein has yet been published. What are the
hurdles to be taken? There is certainly no
short answer to this question, but we
would like to point out what seems to be
the key difficulty towards this goal.

To obtain structural constraints, it is
necessary to establish correlations be-
tween distant spins, e.g. between spins in
two different residues which are well
separated along the primary sequence,
but which are spatially close to each other
because of the secondary or tertiary
structure. Ideally, one would like to
measure the distances between many
such spin pairs. This is presently possible
with reasonable precision for selectively
labeled samples in which only a single
distant spin is present. In an uniformly
labeled sample, however, there are al-
ways spins which are much closer and
have, therefore, a much stronger dipolar
coupling to at least one of the two spins
of a distant spin pair. This stronger cou-
pling often prevents efficient polarization
transfer between the two spins of the
weakly coupled distant spin pair. Even
though some interesting suggestions
have recently been made, no general rec-
ipe of how to measure long distances
in uniformly labeled proteins has yet
emerged. We are however optimistic,
that this goal can be achieved within the
next few months or years.

Solid-state NMR, and especially
high-resolution solid-state MAS NMR, is
currently in a stage of rapid development,
and it appears not unreasonable to expect
significant further advances over the
course of the next years. There is reason-
able hope that entirely new classes of
proteins will become accessible to struc-
ture determination through solid-state
NMR or through its cousin, NMR of pro-
teins in oriented bilayers.

6. Experimental

6.1. Samples
Uniformly labeled (U_13C,15N)anta-

manide was kindly synthesized by Prof.
M. Kainosho (Tokyo) in collaboration
with Dr. T. Kawakami and Prof. S. Aim-

oto. The lyophilized material was recrys-
tallized from a solution of methanol/wa-
ter 7:3. Approximately 10 mg of the re-
sulting microcrystalline material were
packed into a standard 2.5 mm MAS ro-
tor. A 2.5 mm rotor containing approxi-
mately 8 mg microcrystalline (U-\3C, 15N)
protein containing the chicken a-spectrin
SH3 domain was kindly provided by
Dr. J. Pauli and Prof. H. Oschkinat (Ber-
lin).

6.2.NMR
Experiments were performed on a

Broker DMX 600 spectrometer operating
at a static magnetic field of 14.1 Tesla.
For all experiments, initial13C or 15Nco-
herence was generated by cross polariza-
tion from the protons, employing APHH
CP [36][37]. During the evolution and
detection periods, high-power proton de-
coupling with field strengths of 150 kHz
(antamanide) and 100 kHz (SH3), re-
spectively, was applied, using the TPPM
scheme [42]. Homonuclear 2D correla-
tion experiments on antamanide were
performed at 30 kHz MAS frequency
employing the P9112TOBSY sequence for
polarization transfer between \3C spins
[43]. The mixing time was 10.8 ms; on-
resonance proton decoupling at 150 kHz
field was applied during the P9112se-
quence. Heteronuclear 2D correlation ex-
periments on antamanide were per-
formed at 20 kHz MAS, employing
APHH CP (30 kHz 15Nfield, 8 ms con-
tact time, Lee-Goldburg decoupling at
150 kHz) for polarization transfer from
15Nto \3C [44]. The rotational-resonance
tickling (R2T) sequence (4.5 ms mixing
time, 150 kHz on-resonance proton de-
coupling) was used for further homonu-
clear transfer [45-47]. More details for
the experiments on antamanide are given
in [19]. A DREAM experiment was per-
formed on SH3, with parameters as fol-
lows: 20.5 kHz MAS frequency, IH-13C
APHH CP of 1 ms at 50 kHz 13Cfield.
4.5 ms DREAM mixing with Lee-Gold-
burg decoupling at 100 kHz. 512tl incre-
ments were recorded with a spectral
width of 33.3 kHz and 64 transients per
increment.
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