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In recent years, a large number of solid-state nuclear magnetic resonance (NMR) techniques have been
developed and applied to the study of fully or significantly isotopically labelled (**C, >N or '*C/*N)
biomolecules. In the past few years, the first structures of >*C/!*N-labelled peptides, Gly-Ile and Met—
Leu—Phe, and a protein, Src-homology 3 domain, were solved using magic-angle spinning NMR, without
recourse to any structural information obtained from other methods. This progress has been made possible
by the development of NMR experiments to assign solid-state spectra and experiments to extract distance
and orientational information. Another key aspect to the success of solid-state NMR is the advances made
in sample preparation. These improvements will be reviewed in this contribution. Future prospects for
the application of solid-state NMR to interesting biological questions will also briefly be discussed.
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1. INTRODUCTION

One of the main aims of structural genomics is to compile
a database of representative protein structures. This infor-
mation will serve as a catalyst for scientific discoveries in
all areas of biological science, as recently reviewed by Bur-
ley (2000). Many methods are currently being developed
in X-ray crystallography and nuclear magnetic resonance
(NMR) spectroscopy to elucidate structures rapidly.
Although solid-state NMR 1is not a high-throughput
method, it may contribute significantly to the structural
genomics effort by yielding information on proteins that
do not easily form crystals or are not amenable to the
application of solution-state NMR methods. Such systems
include membrane proteins (Smith er al. 1996; Opella
1997; Griffin 1998; Davis & Auger 1999; de Groot 2000;
Baldus 2002) and other fibrous proteins, such as amyloids
(Tycko 2001), spider silk (Van Beek ez al. 2002) and cellu-
lose (Maunu 2002).

For solid-state NMR to be applicable to biomolecules,
it is often essential that the protein or peptide be iso-
topically labelled, with either '*C, >N or a combination
thereof to enhance the sensitivity in the spectra. Unlike in
solution-state  NMR, the proton resonance alone is
unsuited for resonance assignment of large biomolecules
in the solid state, because even sophisticated resolution
enhancement techniques such as combined rotation and
multiple pulse spectroscopy (CRAMPS) do not reduce the
linewidths sufficiently to achieve the resolution needed.
However, with the use of higher magnetic fields and
high magic-angle spinning (MAS) spinning speeds
(v, = 30 kHz), the use of the proton resonance will
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certainly increase, as recently reviewed in Schnell & Spiess
(2001). Low-y nuclei offer the advantage of smaller
dipolar couplings and of larger chemical shift ranges than
protons. As a result, good resolution can be achieved at
moderate MAS spinning frequencies. This is the reason
why '®C and '°N have, to date, been primarily used for
studying peptides and proteins.

Many solid-state NMR studies have relied on the use
of selective isotopic labelling of peptides and proteins, i.e.
the introduction by chemical synthesis of a handful of iso-
topes, each at a specific position (e.g. C* or CO) in a given
amino acid residue. In certain systems, this level of label-
ling can also be achieved biosynthetically, by using selec-
tively labelled amino acids as the source of nutrients
during protein expression (K. M. Lee er al. 1995). This
approach yields site-specific information, such as one or
two distances or torsion angles between a small number
of sites, while minimizing the number of interactions that
contribute to line broadening. Examples on the use of
selective labelling abound in the literature, demonstrating
how this approach can be used to characterize cell wall
synthesis (Cegelski er al. 2002) or binding sites in proteins
(Watts er al. 2001) to name but two. This approach is
not feasible, however, when a global and comprehensive
structure of the peptide or protein is to be elucidated,
because this would require the preparation of many
samples, each labelled at a few sites. In this case, it is
desirable to use full isotopic labelling, despite the ensuing
reduction in resolution.

In recent years, a number of techniques have been
developed to improve the resolution of spectra of fully or
significantly isotopically labelled peptides and proteins.
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This resolution must be as high as possible to extract the
maximum amount of structural information from the
spectra. Sample preparation has been found to signifi-
cantly affect the resolution that can be achieved. In the
following section, the approaches used to prepare optimal
samples for MAS NMR, with the most advantageous
labelling for the application, will be reviewed. Once
samples are obtained, a number of correlation experi-
ments can be used to assign the spectra. These different
assignment strategies will be reviewed in § 3. Finally,
methods used to obtain structural information, such as
distances and torsion angles, will be discussed in § 4.

With these advancements, a number of structures have
recently been solved from first principles. Examples include
the fully >C/**N-labelled peptides Gly-Ile (Nomura ez al.
2000) and Met-Leu-Phe (Rienstra ez al. 2002a), and the
fully '*C/"®N-labelled 62 residue protein, a-spectrin Src-
homology 3 (SH3) domain (protein databank (PDB)
entry: 1M8M (Castellani er al. 2002)). To compare, a
number of structures have been solved using static NMR
methods and macroscopically aligned samples: gramicidin
(PDB entry: IMAG (Ketchem ez al. 1996)), M2 from the
nicotinic acetylcholine receptor (1CEK (Opella er al
1999)), fd bacteriophage Pvii coat protein (1MZT
(Marassi & Opella 2003)), and the M2 H* channel from
influenza virus (IMP6 (Wang er al 2001), INY]
(Nishimura et al. 2002)). These structures were solved
using either selectively or fully *N-labelled samples. To
date, however, no structures of aligned samples that are
fully *C/**N labelled have been reported. With the recent
methodological developments (e.g. Gu & Opella (1999)
and references therein), there is no doubt that this should
follow shortly. In this contribution, I will focus on the
developments for fully or significantly '*C/!*N-labelled
samples investigated by MAS NMR only.

2. SAMPLE PREPARATION

Prior to commencing a structural investigation of a pep-
tide or protein by solid-state MAS NMR, samples need
to be prepared. Two important considerations need to be
taken into account: labelling and sample ‘quality’. These
aspects will be discussed in the following subsections.

(a) Labelling strategies

When working with labelled peptides or proteins, a
choice must be made as to the level of labelling that best
suits the application. As mentioned above, for investi-
gations regarding local information on the biomolecule or
even the substrate, labelling of a few sites is often more
than sufficient. If, however, a comprehensive study is to
be carried out, then a more significant portion of the pep-
tide or protein must be labelled. Recently, an approach
(Hong 1999a; Hong & Jakes 1999) was presented that
relies on a combination of selective! and extensive '*C
labelling. Selective labelling is achieved by using glucose
or glycerol labelled in the [1,3]- or [2]-position as the sole
carbon source in protein expression (LeMaster 1994).
The manner in which the isotopic labels are incorporated
in the different amino acids depends on which enzymatic
pathway is used to generate the precursors in the biosynth-
esis. The required pathways are glycolysis, the citric-acid
cycle and the pentose phosphate pathway (Stryer 1988).
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Extensive >C labelling is achieved in the same manner,
but with fully labelled glucose or glycerol as the only car-
bon source. By analogy, uniform '°N labelling is achieved
by using !°N-labelled ammonia as the sole nitrogen
source. This approach of using a set of two or three
samples with different labelling patterns was used success-
fully by Castellani ez al. (2002) for the assignment and
structure determination of the SH3 domain.

In the future, other labelling strategies, such as those
currently used in solution-state NMR (reviewed in Goto &
Kay 2000), may also become increasingly important. For
example, deuterium labels have been used extensively in
solution-state NMR studies of protein structure and
dynamics (Ottleben er al. 1997; Gardner & Kay 1998;
Goto et al. 1999; Richter ez al. 1999; Goto & Kay 2000;
Morgan et al. 2000). By labelling a significant portion of
the protein backbone and/or side-chains, it is possible to
edit out specific 'H signals from areas of interest in the
protein, such as a binding site (Shan ez al. 1998). By using
this approach, the molecular mass limit of proteins that
can be studied using solution-state NMR has effectively
increased from 10-15 kDa protein systems to 40—65 kDa
protein systems, thus broadening the range of interesting
biological questions that can be tackled using liquid-state
NMR. In solid-state NMR, deuteration has also been used
extensively to obtain structural and dynamic information
(for some recent examples see Lee er al. 1999; Moltke er
al. 1999; Geahigan et al. 2000; Middleton ez al. 2000). In
contrast to the situation in solution-state NMR, however,
the deuterium labels in solid-state NMR are typically
directly observed. Deuterium labels could, however, also
be used to simplify solid-state spectra of proteins labelled
with deuterium, or in the case of membrane proteins to
eliminate the signal arising from the lipids. An example of
the former can be found in Reif er al. (2001) and also in
Samoson et al. (2001) on malonic acid, whereas an
example of the latter application is illustrated in figure 1,
where the MI13 coat protein, labelled at positions
[2-12C]Val29 and [1-!2C]Val30, was reconstituted in 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC) (figure
la) and DMPC-d67 (figure 15). It can clearly be seen
how the spectra can be simplified. Although this spectral
editing is not critical for this particular peptide sample, it
is quite important if the peptide is fully >C labelled, as in
this case spectral overlap would be a problem.

A further example of the potential extension of labelling
strategies used in solution-state to those used in solid-state
NMR is the use of intein-mediated ligation (Perler 1998).
This technique involves the use of genes found in prokary-
otes or lower eukaryotes, which contain an in-frame open
reading frame, which in turn encodes an internal protein
(intein). These inteins are cleaved off after translation and
are then ligated to a target protein by a splicing reaction
(Yamazaki er al. 1998). This allows segments of the pro-
tein to be isotopically labelled while others are left un-
labelled (Otomo ez al. 1999a,b; Blaschke er al. 2000;
Cowburn & Muir 2001). This effectively reduces the size
of the protein to one where NMR techniques can be
directly applied. For solid-state applications, one can
imagine a labelling strategy where a set of two or three
samples is used: one uniformly '*C/'®N-labelled sample
and one 'C/®N-labelled sample for each 20-40-residue
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Figure 1. *C-CPMAS spectra of M13, labelled at [2-'2C]Val29 and [1-!>C]Val30, reconstituted in (a) protonated DMPC
and (b) deuterated DMPC-d67 (shown in inset). Both spectra were recorded with spinning speeds of 10 kHz and a cross-
polarization contact time of 2.5 ms. (C. Glaubitz, S. K. Straus and A. Watts, unpublished data.)

segment. This approach remains to be tested experimen-
tally.

(b) Resolution enhancement by recrystallization

Once the peptide or protein has been isotopically lab-
elled, either through chemical synthesis (for small
peptides) or by protein expression, a lyophilized powder
of (often) pure material is obtained. In such powdered
samples, variations in the orientation and shape of the dif-
ferent crystallites present can give rise to local fields
(Alla & Lippmaa 1982; Schwerk ez al. 1996). These fields,
in turn, give rise to line broadening, some of which can
be removed by MAS. Others, however, such as those that
arise through the effects of sample packing, cannot be
averaged out by sample spinning. In this case, sample
recrystallization and hydration can be used to improve
molecular packing. An example of this is demonstrated in
figure 2, which shows the effect of recrystallization in the
13C linewidth in cross-polarization magic angle spinning
(CPMAS) spectra of unlabelled antamanide. The top
spectrum (figure 2a) shows the resolution that can be
achieved from a lyophilized powder. The lower spectrum
(figure 2b) was obtained from a sample of antamanide that
was recrystallized from a 7 : 3 methanol : water mixture,
under conditions of slow evaporation. The resulting
needle-like crystals were ground prior to being inserted in
the MAS rotor. A similar comparison was made by Detken
et al. (2001) for antamanide. They also found optimal res-
olution for antamanide recrystallized under the same con-
ditions of methanol : water to yield needle-like crystals. In
their case, however, the resolution obtained is somewhat
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better because antamanide was trapped into a single iso-
form. As with other dynamic peptides, the conformation
of antamanide can be quite variable (Wieland & Bod-
anszky 1991). Moreover, water content and hydrogen
bonding networks are also quite variable from antamanide
sample to antamanide sample (Karle 1986). This most
probably partly? accounts for the differences observed in
the spectra obtained by Straus et al. (1997) and Detken
et al. (2001). Regardless, both studies demonstrate that
antamanide can be assigned using solid-state NMR tech-
niques. For larger proteins, recrystallization is also of
importance as demonstrated by Belton er al. (1993) for
hen egg white lysozyme. Careful recrystallization and
monitoring of the water content of the protein sample
resulted in a halving of the linewidth of the resonance at
17 p.p.m. in a >*C-CPMAS spectrum of lysozyme.

As in crystallography, the addition of precipitants to
promote crystallization, such as non-chaotropic salts,
polymers (e.g. polyethylene glycol (PEG)), polyalcohols,
organic solvents (Berry 1995) and saccharides, are also
helpful for solid-state NMR applications. For instance,
Studelska ez al. (1996) found that the addition of PEG-
8000 and sucrose gave rise to homogeneous lineshapes of
the protein complex 5-enolpyruvylshikimate-3phosphate
synthase/shikimate-3-phosphate/glyphosate being investi-
gated. Pauli er al. (2000) found a similar improvement in
the resolution of the solid-state NMR spectra of a-spectrin
SH3 domain upon addition of PEG-8000 and sucrose.
They also found, however, that precipitation of the protein
from a solution of ammonium sulphate yielded even better
resolved '?C-CPMAS spectra. Similar findings have also
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Figure 2. *C-CPMAS spectra of unlabelled antamanide: (a)
before recrystallization; (b) after recrystallization from a
mixture of methanol : water (7 : 3).

been reported in Jakeman et al. (1998) and Martin et al.
(2003). Recently, 2-methyl-2,4-pentanediol (MPD),
which has properties midway between those of low-
molecular-mass PEG molecules and organic solvents
(Berry 1995), has also been shown to be useful for solid-
state NMR applications (McDermott 2002). This small
polyalcohol displaces water in grooves and cavities on the
surface of the protein and promotes stabilization by prefer-
ential hydration (Anand ez al. 2002). It can be used as a
cryoprotectant, as well as a precipitant, and in some cases
is found to act as a denaturant (Arakawa ez al. 1990). In
future solid-state NMR applications, combinations of pre-
cipitants may also prove to be useful: e.g. ammonium sul-
phate or sodium citrate (major precipitant) plus additives
(0.5-6%) such as PEG 400-2000, MPD, ethanol or meth-
anol. Regardless of the specific recrystallization conditions
used, the quality of the sample is key to any assignment
strategy. Without high resolution, it is very difficult to
obtain complete structural information from uniformly
labelled samples.

3. ASSIGNMENT STRATEGIES

In recent years, a large number of solid-state NMR
methods used for the full assignment of >*C- or *C/'>N-
labelled peptides and proteins have been developed. Many
of the approaches are closely related to methods used in
liquid state, where such experiments as HCACO, HNCO,
HNCA and H(CACO)N are routinely used (Croasmun &
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Figure 3. Comparison of the S/N ratios (black lines) and
linewidths (grey lines), measured as the full width at half
height (FWHH) in hertz on a 9.4 T spectrometer. (a) For
the intra-residue experiments correlating N with C*. X —Y
refers to an experiment where Y is the detected nucleus. C—
C decoupling (dec.) refers to the application of the
homonuclear J-decoupling method described in Straus ez al
(1996). (b) For the inter-residue experiments correlating N
from residue 7 + 1 with C* from residue ¢. The S/N ratios
decrease in going from a '>C- to a "N-detected experiment
by a factor of 1.5. The use of homonuclear decoupling
reduces the linewidths by a factor of approximately 2.
(Adapted from table 1 in Straus ez al. (1998).)

Carlson 1994, pp. 916-926). In the solid state, three main
types of correlation experiment are used: *C-12C, *C-
15N and, more recently, >*C-'H or ’N-'H correlations.
These techniques are all either two-dimensional (2D) or
higher-dimensional experiments (table 1). A more com-
plete theoretical description of each of these methods can
be found in the many references in table 1 and also in a
recent review (Baldus 2002).

The choice of experiments needed to fully assign a pep-
tide or protein depends on a number of factors. The first
of these is, as mentioned previously, the level of labelling
of the peptide or protein. For instance, in Straus er al
(1997), the cyclic decapeptide antamanide was only >C
labelled. The assignment strategy was thus based solely
on >C-13C correlations, applied to a single sample. More
specifically, intra-residue correlations were obtained from
a proton-driven spin diffusion (PDSD) (table 1) experi-
ment with short mixing time and inter-residue correlations
were obtained from a PDSD experiment with a long mix-
ing time. Alternatively, an assignment strategy based on
combined data from '>C-'>C correlations and '>*C-'H
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Table 1. Summary of some of the *C-'3C, *C~'>N and *C-'H (or '’N-'H) correlation experiments used to assign spectra of
uniformly labelled peptides and proteins. For a more comprehensive list, the recent reviews by Griffin (1998) and Baldus (2002)

should be consulted.

correlation experiment® reference
1B3C-13C PDSD Suter & Ernst (1985)
RFDR Bennett ez al. (1992)
JFHOHAHA Ramamoorthy ez al. (1993)
DRAMA Tycko & Smith (1993)
HORROR Nielsen er al. (1994)
DRAWS Gregory et al. (1995)
MELODRAMA Sun ez al. (1995q)
Cc7 Y. K. Lee ez al. (1995)
TOBSY Baldus & Meier (1996)
INADEQUATE Lesage et al. (1997)
DREAM Verel ez al. (1998)
BC-1’N RFDRCP Sun ez al. (19950)
APHH-CP Baldus ez al. (1996)
CAN, N,,,(CO)CA,; & CA,(CO)N,,, Straus er al. (1998)
SPECIFIC-CP Baldus ez al. (1998)
N(CO)CA & NCACB Hong (19995)
N(CA)CB & N(CO)CA Detken er al. (2001)
s0ft-CACO NCA & soft-CA NCOCA*® Astrof & Griffin (2002)
BC-'H FSLG HETCOR van Rossum ez al. (1997)
(or "'N-'H) 'H detected HETCOR Ishii et al. (2001)

PMLG HETCOR

Vinogradov etz al. (2002)

2 These experiments can also be used to establish 1*C—2>C correlations.
b Definitions of these terms can be found in the referenced papers.

correlations can be applied to samples that are only '*C
labelled. This was recently demonstrated for chlorophyll
a (Van Rossum ez al. 2002). The advantage of using the
'H resonance is the higher sensitivity of this nucleus com-
pared with carbon (yy/yc=4) and the long-range nature
of the >*C~"H dipolar interaction. If the peptide or protein
is both >C and °N labelled, then typically the assignment
strategy relies on datasets from '*C-'>C intra-residue cor-
relations, '*C—'°N intra-residue correlations (e.g. correlat-
ing N from residue 7 with C* from the same residue) and
BC-®N inter-residue (e.g. correlating N from residue
1+ 1 with C* from residue 7) correlations. This type of
approach was applied to antamanide (Detken ez al. 2001),
ubiquitin (Straus er al. 1998; Hong 1999b), bovine pan-
creatic trypsin inhibitor (BPTI) (McDermott er al. 2000)
and the SH3 domain (Pauli er al. 2001).

Another important consideration when choosing an
assignment strategy is sensitivity. As already mentioned,
one distinct advantage of using 1>*C—-'H correlations is the
higher sensitivity of 'H. This was clearly demonstrated by
Ishii er al. (2001), where a comparison was made between
a >C-detected '"C-'H heteronuclear correlation
(HETCOR) experiment and a 'H-detected version of the
same experiment. An enhancement of V5 in signal-to-
noise (S/N) for a sample of amyloid fibrils was found. For
IBC-15N correlation experiments, sensitivity must also be
taken into account. A comparison of S/N ratios obtained
for a fully '*C/">N-labelled dipeptide (Val-Phe) is given in
figure 3 (Straus er al. 1998). In figure 3a, a comparison
is made between *C-detected (N — C%) and !°N-detected
experiments correlating the intra-residue nitrogen and the
alpha carbon. The loss in sensitivity in going to '°N detec-
tion is a factor of 1.5, which is close to the theoretical
value of
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where vy and yc are the gyromagnetic ratios of ®N and
13C, respectively, the T, values correspond to the meas-
ured linewidths of the N and '*>C linewidth in a single
pulse experiment and fis a factor that accounts for differ-
ent channel sensitivities on a given spectrometer (Straus
et al. 1998). In figure 35, a similar factor of 1.5 is found
between the '>C- and '"N-detected inter-residue corre-
lation experiments. A comparison between the one-bond
transfer (intra) (figure 3a) and the two-bond transfer
(inter) (figure 3b) experiments clearly shows that there is
a factor of 4 in loss in sensitivity. This factor of 4, which
translates into an increase in experimental time for the
two-bond transfer experiment by a factor of 16, is an
important consideration when going from a 2D to a three-
dimensional (3D) experiment. It could be improved by
using more efficient pulse sequences to transfer magnetiz-
ation between the >C nuclei (Baldus 2002).

Finally, resolution will also have an impact on the
choice of assignment strategy. If the resolution is not suf-
ficiently high to clearly resolve the resonances in a 2D
experiment, then higher-dimensional experiments are
needed. As mentioned above, this may come at the price
of sensitivity, because multiple polarization transfers are
required. In recent work (Astrof er al. 2001; Luca &
Baldus 2002), however, the possibility of reducing higher-
dimensional experiments to 2D experiments was
presented. This is achieved by using reduced dimensional-
ity experiments, first developed in liquid-state NMR
(Szyperski et al. 1993; Brutscher ez al. 1994). The method
relies on the simultaneous incrementation of two or more
indirect evolution periods (¢, ,,...) and results in spectra
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Figure 4. Comparison of SOS-DFPT-calculated valine C¥! and C*? chemical shifts with the shifts determined from solid-state
NMR experiments on antamanide, where two y; rotamers were found to coexist in the sample (Straus ez al. 1997). (a)
Minimal fragment used in the density functional theory (DFT) calculations (see text). (b) Chemical shift values obtained using
a rigid fragment. In green and red (open circles, calculated; line, best fit of calculated data) are the values for C¥' and C?,
respectively. The black crosses are the experimentally determined chemical shifts (two for C¥!' for rotamer I and II; two for
C*2 for rotamer I and II (Straus ez al. 1997)). (¢) Chemical shift values obtained using energy-minimized structures. The

colour coding is the same as in (b).

where a given resonance centred at {2, is split into a sum
and difference shift of (2, +«(2, and (2, —«(),, where (2, is
the chemical shift of another resonance and z, = kt;. For
example, in Astrof ez al. (2001), (2, was chosen to be the
CO resonance and (2, was chosen to be the N resonance
in a CO N CA experiment (Croasmun & Carlson 1994,
pp. 916-926). Thus the resulting 2D correlation relates
Oco + Oy and Qo — Oy to the alpha carbon chemical
shift of the same residue. Knowledge of either the N or
CO chemical shift, obtained in a separate experiment,
then results in the determination of the shift of the other.
When compared with 3D methods, the sensitivity of
reduced dimensionality experiments is the same, namely
a factor of V2 with respect to conventional 2D experi-
ments. This is valid as long as the symmetry of the peak
pairs is taken into account when peak picking (Brutscher
et al. 1995). Thus, the advantage in the reduced dimen-
sionality experiments does not lie in improved sensitivity.
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Rather, the benefit of reducing the number of dimensions
comes from the fact that the digital resolution and the
spectral resolution can be similar in 2D experiments,
whereas in 3D or higher-dimensional experiments the
digital resolution is much smaller. This has an important
consequence for the resolution in the spectra.

4. STRUCTURAL PARAMETERS

Once the resonances in the NMR spectra have been
assigned, structural constraints can be extracted to gain
insight into the secondary structure of the peptide or pro-
tein. To this end, three main classes of experiment can be
used: experiments that measure conformation-dependent
chemical shifts, experiments that yield torsion angles and,
finally, experiments where interatomic distances can be
determined. Each of these categories will be discussed
briefly in the following subsections.
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Figure 5. Tripeptide structure showing the backbone (¢, i) and side-chain (y,) dihedral angles. The 3D NMR correlation
experiments needed to determine these angles are shown with thick lines: (yellow) N-CA~CO-N,,, yields ¢ (purple)
H-N~-CA~HA, yield ¢; and (green) HA~CA~CB~HB,; yields y;.

(a) Chemical shift

The chemical shift is a sensitive measure of the elec-
tronic environment that surrounds a nucleus. Many stud-
ies, in both solution-state NMR (Wishart ez al. 1991;
Cornilescu et al. 1999; Ma et al. 2002; Labudde ez al
2003) and solid-state NMR (Shoji ez al. 1993; Saito ez al.
2000; Williamson ez al. 2002), have clearly illustrated how
the chemical shift can be used to qualitatively determine
the conformation of peptides and proteins. In addition,
several studies have demonstrated how such interactions
as hydrogen bonding affect the chemical shift anisotropy
(CSA) (Wei er al. 1999; Brender er al. 2001). Recently,
Baldus (2002) compared the isotropic chemical shifts
measured for SH3 in the solid state with random coil
values, in a manner analogous to that used in solution-
state NMR (Wishart er al. 1991). It was found that no
strong correlation exists between the chemical shift differ-
ences for CO, N and CA (denoted Ao, Ay and Ac, here)
and the secondary structure elements in the SH3 domain.
The best correlation was obtained only if both the values
of CA and CB were considered together, i.e. Aca _ cB
=Aca — Ace = [6ca — cBlobservea —
By measuring these difference frequencies Acs_cp exper-
imentally, Luca & Baldus (2002) were able to tentatively
assign the >C resonances of ubiquitin given the known
secondary structural elements. The CSA can also be used
to glean information on secondary structure, as recently
demonstrated by Hong. The solid-state NMR experi-
ments described in Hong (2000) can be used for
determining the width of the CSA tensor for alpha car-
bons. This can then be related to secondary structural
elements by comparing the decay of intensity of the C*
resonance over time with simulated values for known sec-
ondary structural elements.

With the recent developments in quantum mechanical
calculations of NMR parameters (e.g. Malkin ez al. 1996;
Havlin ez al. 1997; Case 2000), it may be foreseeable that
in the future the conformation of a backbone or a side-
chain may be determined by comparing experimental
chemical shifts with calculated ones. An example of that is
shown in figure 4 for the valine side-chain in antamanide
(Straus 1998). Figure 4a shows the molecular fragment
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[SCA - BCB]random,coil'

used for the sum-over-states density-functional pertur-
bation theory (SOS-DFPT) calculations, as implemented
in the deMoN-NMR program (Malkin ez al. (1996) and refer-
ences therein). Two sets of structures were used for the
calculations: one set consisted of the starting structure
shown in figure 4a, where the valine side-chain y, angle
was incremented in steps of 5°, while keeping the rest of
the fragment unchanged; the second set consisted of the
same starting structure, but the structures resulting from
each y; increment were energy minimized using the com-
puter program CuoHarmMM24 (Brooks er al. 1983) with
dihedral angle constraints for y;. Calculations were also
performed on a larger fragment, which included all atoms
within a 5 A radius of the valine residue to ensure that
the surroundings were correctly taken into account. No
changes in the chemical shifts were found between this
latter fragment and the one shown in figure 4a, indicating
that the atoms considered in figure 4a form a complete
minimal set. The resulting calculated chemical shifts are
shown in figure 4b,c, by the open circles for each y,
increment. The circles in green correspond to the valine
C"! shifts, whereas the ones in red correspond to the C?
shifts. The black crosses correspond to the experimental
shifts found for the two valine side-chain rotamers in anta-
manide (Straus er al. 1997). The best fit between calcu-
lated and experimental shifts yields an estimate for the
dihedral angles: x; = —50° for rotamer I and y, = 203° for
rotamer II (rotamer III is not observed). This is in agree-
ment with other findings reported in Straus er al. (1997)
and could be reinforced by using methods to determine
torsion angles, as outlined in the following subsection.

(b) Torsion angles

Recently a number of solid-state NMR experiments
(Costa et al. 1997; Hong et al. 1997, 1998; Feng et al.
1997; Reif er al. 2000; Takegoshi ez al. 2000; Baldus 2002;
Ladizhansky ez al. 2002; Rienstra er al. 20025b) have been
proposed, which allow the direct measurement of torsion
angles (¢, i, x;). By measuring these dihedral angles, the
peptide backbone and side-chain conformation can be
determined (figure 5), and thus the secondary structure.
All the methods given above rely on the angular
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dependence of the dipolar and chemical shift tensors and
result in a measurement of the relative orientation
between two tensors (e.g. dipolar vector relative to another
dipolar vector). To get the full geometry of the peptide
from this relative angle measurement, assumptions on
bond angle and bond lengths need to be made. When
applying these techniques to fully labelled peptides and pro-
teins, the spectral resolution and the sensitivity must be suf-
ficiently high. Rienstra ez al. (2002b) demonstrated how
some of these sequences can be applied to the uniformly
13C/1>N-labelled tripeptide formyl-Met-Leu-Phe-OH. A
number of torsion angles (3¢, 2, 3x; angles shown in fig-
ure 5) were determined from a combination of 3D experi-
ments, each relating different dipolar vectors to one
another. For example, to determine ¢, the relative 'H->C
and 'H-'>N dipolar vector orientations were measured
using a 3D 'H-'>N-">CA-'HA experiment. The confor-
mation is obtained by comparing simulated spectra with
experimental ones.

To date, there are no examples in the literature of the
direct application of these methods to larger peptides
(more than three amino acid residues) and proteins. The
approach used for these larger systems, touched upon in the
previous section, is to compare experimentally determined
chemical shifts with databases that correlate chemical
shifts with backbone torsion angles. Two examples of this
methodology, both applied to amyloid fibrils, are given in
Jaroniec et al. (2002) and Petkova ez al. (2002). Petkova
et al. primarily used the TALOS database (Cornilescu ez
al. 1999) to predict ¢ and ¢ from '*C and >N chemical
shifts, with some torsion angles being derived from doubly
labelled samples. Jaroniec er al. complemented their
TALOS-based predictions with distance measurements
between four '>C—'°N pairs in two selectively labelled
samples. As methods are developed to improve resolution
and sensitivity in protein samples, the determination of
torsion angles, either from direct methods or from chemi-
cal shift data, will be carried out on these biomolecules.

(¢) Distances

As mentioned in the previous section, distances between
pairs of nuclei can yield information on the secondary
structure of biological molecules. Many examples exist in
the literature where distances between two selectively lab-
elled nuclei are measured. A recent review by Thompson
(2002) illustrates a number of examples on the application
of distance measurement methods such as rotational-
echo double-resonance (REDOR) (Schaefer 1999) and
rotational resonance (Levitt er al. 1990) to selectively
labelled proteins.

For fully labelled peptides and proteins, however, there
are comparatively few examples of distance measure-
ments. This is due to the fact that the strong couplings
between directly bonded spins (e.g. '>C-'>C scalar
couplings) in fully labelled systems interfere with the weak
couplings needed to get distance information in the range
3-6 A. One approach to eliminate the homonuclear scalar
couplings in fully labelled systems is to apply a frequency-
selective spin-echo (Straus et al. 1996). Jaroniec er al.
(1999) incorporated this pulse sequence element into a
REDOR experiment, resulting in the accurate measure-
ment of the distance between CY and N in uniformly lab-
elled threonine. Subsequent work by the same group
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yielded an improved experiment that suppresses all
13C-1N and *C-'2C interactions, other than the individ-
ual >*C-'°N dipolar couplings (Jaroniec et al. 2001a).
When applied to the fully *C/**N-labelled tripeptide N-
formyl-Met—Leu-Phe—OH, this approach yielded a total
of 16 >C-'°N distances that could be measured from a
single sample. Recall that if pairs of labels were to be used
instead, this would require the synthesis and purification
of a large number of samples (up to 16). Secondary struc-
ture information can also be obtained from the semi-
quantitative measurement of >C-'>C and »N-'°N dis-
tances, as recently described in Castellani er al. (2002).
Distance restraints are obtained from proton-driven spin
diffusion correlation experiments, recorded at different
mixing times, in a manner analogous to nuclear Over-
hauser effect (NOE) buildups in solution-state NMR. The
peak intensities are compared with reference values, classi-
fied in different ranges and used as restraints in the struc-
ture calculation. This approach resulted in the first
structure determination of a protein by solid-state NMR,
without recourse to any information from other methods.

Distance measurements could potentially also yield ter-
tiary structure information on peptides and proteins.
Recently, several examples in the literature demonstrated
how solid-state MAS NMR can be used to probe hydro-
gen bond distances. Some of the approaches rely on either
BC-'H (Van Rossum ez al. 2000) or >’ N-'H (Zhao et al.
2001) distance measurements in model systems. Other
recent work by Lange er al. (2002) and Tycko & Ishii
(2003) elegantly demonstrate how 'H-'H distances can be
measured in fully '*C/'*N-labelled ubiquitin and amyloid
fibrils, respectively.

5. CONCLUSIONS AND OUTLOOK

The recent developments in the field of solid-state MAS
NMR outlined in this review clearly indicate how this
technique can be applied to fully isotopically labelled pep-
tides and proteins. To undertake a successful study, suf-
ficient resolution must first be attained. This can be done
by choosing the appropriate labelling scheme and by
recrystallization or precipitation of the sample to yield
micro- or nanocrystals. Once the sample is prepared, a
number of assignment strategies can be used to identify
the individual resonances. Parameters, such as labelling,
sensitivity and resolution, must all be taken into account
when choosing the appropriate assignment method.
Finally, once the spectra are assigned, secondary structure
can be determined by using either chemical shift infor-
mation, torsion angle measurements or distance measure-
ments. Current and future combined use of high-field
spectrometers (greater than or equal to 600 MHz), MAS
probes capable of fast spinning speeds (Samoson er al.
2001) and of handling high power (Martin er al. 2003),
and methods to preserve the integrity of the biological
samples (Martin et al. 2003), will all lead to a number of
structures, solved using solid-state NMR, being reported.
Indeed, recent applications of the MAS methods reported
here to fully '>C/’N-labelled membrane proteins
(Jaroniec etz al. 20015) and amyloid fibrils (Jaroniec et al.
2002; Petkova er al. 2002) clearly indicate that solid-state
NMR will play an important part in the characterization
of protein structure in the future.
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Solid-state NMR is thus expected to become increas-
ingly important to tackle a wide range of biophysical prob-
lems: from the characterization of the conformation of
small peptides and ligands bound to larger proteins (e.g.
receptors) to the full characterization of the 3D structure
of biopolymers in noncrystalline solid forms, such as
membrane proteins, amyloid proteins and cellulose.
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and for helpful discussions. The author also thanks The Royal
Society for their past support in the form of a Dorothy Hodgkin
Research Fellowship and the Natural Sciences and Engineering
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ENDNOTES

'The term ‘selective’ is used in this instance as in the literature. In this
case, ‘selective’ refers to one or more labels in each amino acid in the
peptide or protein, as opposed to a few labels scattered throughout the
sample.

2QOther spectroscopic parameters were different in the two studies.
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