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NMR spectroscopy of large molecules and multimolecular

assemblies in solution
Gerhard Wider and Kurt Withrich

New strategies and technical advances in NMR spectroscopy
and biochemical methods for isotope labeling have enabled
solution NMR studies of biomacromolecular systems of

100 kDa and larger. Recent progress has been made, in
particular, with techniques for sequential resonance
assignments, novel approaches for the direct observation of
hydrogen bonds in nucleic acids and proteins, and segmental
isotope labeling.

Address

Institut fur Molekularbiologie und Biophysik, Eidgendssische
Technische Hochschule Honggerberg, CH-8093 Ziirich, Switzerland
Correspondence: Kurt Wiithrich

Current Opinion in Structural Biology 1999, 9:594-601

0959-440X/99/$ — see front matter © 1999 Elsevier Science Ltd.
All rights reserved.

Abbreviations

2D two-dimensional
3D three-dimensional
COsYy correlated spectroscopy

CRINEPT  cross-correlated relaxation-enhanced polarization transfer
CSA chemical shift anisotropy

INEPT insensitive nuclei enhanced by polarization transfer

NOE nuclear Overhauser enhancement

NOESY NOE spectroscopy

PDB Protein Data Bank

SAR structure/activity relationship

TROSY transverse relaxation-optimized spectroscopy
Introduction

The Brookhaven Protein Data Bank (PDB) [1] contains
more than 1000 NMR structures of proteins and nucleic
acids. The size distribution of these deposits (Figure 1)
shows that most of the NMR structures are in the 2 to
25 kDa range, with a maximum at 8 to 10 kDa and only
few structures with molecular weights above 25 kDa [2].
The scarcity of NMR structures above 25 kDa reflects the
increasing effort and cost involved in the structure deter-
mination, but it is also a manifestation of the fact that, in
the field of macromolecular structure determination, NMR
spectroscopy is largely used as a complement to X-ray crys-
tallography [3]. The availability of solution NMR
techniques for the study of larger molecular sizes is
nonetheless of considerable interest [4-6], for example, for
the structure determination of large proteins that resist
crystallization or for investigations into intermolecular
interactions in solution, including the delineation of inter-
molecular contacts in stable supramolecular structures [7°]
and ‘SAR (structure/activity relationship) by NMR’ [8].

The foundations of NMR structural studies are high-quality
NMR spectra recorded with good sensitivity and spectral res-
olution. With increasing molecular weight, these basic
requirements are harder to achieve [9-12]. Limiting factors
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Molecular weight distribution of the NMR structures deposited in the
Brookhaven PDB as of December 1997. The number of structures
deposited is plotted versus the molecular weight. Reproduced with
permission from [2].

are low sensitivity and line broadening due to rapid trans-
verse spin relaxation and extensive signal overlap due to the
high complexity of the spectra. Recent advances have been
achieved with both novel NMR techniques and new bio-
chemical approaches. In particular, using the NMR
techniques TROSY (transverse relaxation-optimized
spectroscopy) [13] and CRINEPT (cross-correlated relax-
ation-enhanced polarization transfer) [14°*] in combination
with suitable isotope labeling schemes [10], the size limit for
the observation of NMR signals in solution has been extend-
ed severalfold. In the following sections, a description of the
use of these new techniques in the observation of high-qual-
ity NMR spectra of particles with molecular sizes beyond
100 kDa will be followed by a discussion of recent advances
in both resonance assignment techniques and the collection
of structural constraints.

NMR sensitivity and spectral resolution with
large molecules in solution

During the past 20 years, the highest polarizing magnetic
field available for high-resolution NMR has increased in
several steps corresponding to proton resonance frequencies
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A comparison of the 1SN-1H correlation spectra of a protein with a
molecular weight of 45 kDa recorded using (a) conventional
procedures (‘COSY’) and (b) TROSY. Both spectra were measured at

a proton resonance frequency of 750 MHz, using a 0.8 mM sample of
uniformly 15N- and 2H-labeled gyrase-45 from Staphylococcus aureus
in water at 25°C and pH 8.6.

of 400, 500, 600, 750 and 800 MHz. Each of these advances
in magnet design benefitted biomolecular NMR through
improved intrinsic sensitivity and peak separation [5,9,12],
but for commonly used heteronuclear experiments (e.g.
[10,11,15]), the advantages of using higher magnetic fields
were partly offset by field-dependent line broadening,
which again causes loss of sensitivity and spectral resolu-
tion. Using the TROSY technique [13,16°,17°], line
broadening at higher magnetic fields, which is a manifes-
tation of increased transverse relaxation rates that also
cause deterioration of the sensitivity in complex NMR
experiments, has been largely suppressed. This results in
improved spectral resolution (Figure 2), improved effec-
tive sensitivity or a combination of both, depending on the
experiment used (see below).

At high magnetic fields, chemical shift anisotropy (CSA)
of 1H, 15N and 13C nuclei can be a significant source of
transverse relaxation, in addition to the omnipresent
relaxation as a result of dipole—dipole coupling. T'ROSY
exploits constructive interference between dipole—dipole
coupling and CSA relaxation, and actually uses CSA
relaxation at higher fields to cancel field-independent
dipolar relaxation. Technically, the T'ROSY approach is
based on the following: in heteronuclear two-spin sys-
tems, such as I>’N-1H in the amide groups of proteins or
in nucleic acid bases, the NMR signal of each nucleus is
split into two components by the scalar spin-spin cou-
pling. In 2D correlation experiments, one therefore
observes a four-line fine structure (Figure 3b). With the

advent of modern multidimensional NMR, this four-line
pattern routinely collapses into a single, centrally located
line by broad-band decoupling techniques (Figure 3a)
[12,15,18], with the expectation of obtaining a simplified
spectrum and improved sensitivity. As has long been
known (see [13] for a literature survey), however, the
individual multiplet components have different trans-
verse relaxation times and, hence, different line widths
(Figure 3b), which are mixed by the aforementioned
decoupling. For large molecules studied at higher mag-
netic fields, the differential line broadening of the
individual multiplet components is very pronounced and
results in the deterioration of the averaged signal
(Figure 3a,b). Using the TROSY technique, the multi-
plet structure is not decoupled (Figure 4) and only the
narrowest, most slowly relaxing line of each multiplet is
retained (Figure 3¢). The sensitivity loss as a result of the
use of only one out of the four multiplet components is
partially recovered both by using a new polarization
transfer element that retains 50% (not only 25%) of the
original proton polarization [17°] and by the fact that the
absence of decoupling allows the use of the steady-state
heteronuclear magnetization, in addition to the proton
polarization [16°,17°]. Overall, when working with mole-
cular sizes above 20 kDa, a superior ratio of peak height
to noise is readily achieved with TROSY compared with
corresponding conventional experiments.

The absence of any mixing of the individual NMR tran-
sitions that correspond to the four fine structure
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Contour plots of a tryptophan indole 1N-1H cross-peak from different
types of 15N-1H correlation spectra. (a) Conventional broad-band
decoupled [1°N,"H]-COSY spectrum. (b) Same as (a), without
decoupling during the evolution and detection periods (see Figure 4).
(c) ['SN,H]-TROSY spectrum.

components in Figure 3b enables a straightforward
description of T'ROSY using single-transition basis oper-
ators [13]. Equation 1 describes the time evolution of the
two single transitions, <§§,> and <§%,>, of spin §, which
represents 1SN in ISN-!H groups. Spin [ represents 'H
and corresponding equations can be written for </f>
and <[2i4> [13]. The frequencies of the two § transitions,
wg!? and Wy, differ by the scalar coupling constant be-
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This equation contains two types of relaxation terms, that is,
the transverse relaxation rates, R;,;, and R334, of the spin §
that arise from interactions within the 15N-!H moiety and
1/T,g and 1/T';;, which account for the transverse relaxation
of spin § and the longitudinal relaxation of spin / by all other
mechanisms of relaxation, respectively. For studies of large
spherical molecules at higher magnetic fields, the terms
3(p2—d;%) J(wy) vanish and the R terms can be approximated as:

R34 = (p + 89)? 4J(0) (2)
Ry;1, = (p — 8% 4J(0) 3)

where the spectral density at zero frequency is given by:
J(0) =041, 4)

where T, is the rotational correlation time for a spherical
molecule, p is the dipolar interaction energy and &g is the
I5N-CSA interaction. The terms (p +0g)? and (p-9g)?
describe the energy that is available to induce relaxation,
and J(0) accounts for the Brownian molecular motions that
modulate this energy in such a way that it can be
exchanged with the spin system at the frequency needed
to promote relaxation processes.

In TROSY-type experiments, transverse relaxation is
quenched by minimizing the interaction energy that might
induce relaxation at a given value of J(0) [see below for
possibilities of varying J(0) to achieve reduced relaxation
rates]. From Equations 2 and 3, it is clear that the two fine
structure components of the 15N doublet have different
relaxation rates for nonvanishing 8y values. As p is field-
independent, whereas &g increases proportionally to the
field strength, there is actually a ‘magic field’ at which
Ri;1, will be near zero, while Ryy34 is very large. For
I5N-1H groups, one approaches this situation at the high-
est presently available 'H frequencies of 750 or 800 MHz,
and a minimum of R,;, is expected in the 'H frequency
range of about 950 to 1050 MHz. The ideal situation for
TROSY, whereby the transverse relaxation characterized
by R,1, would be completely quenched (Equation 3), will
not foreseeably be attained in practice, for two reasons. It



appears that &g is slightly variable depending on the
residue type, sequence effects and, possibly, 3D structure
effects (e.g. [19,20]), so there is no common ‘magic field’
for all of the residues in a protein. All the assumptions
made about the CSA tensor used in deriving Equation 3, in
particular concerning the collinearity of the 15N-!H bond
and the principal tensor axis, are not strictly valid and, in
practice, one expects some residual T, relaxation, even at
the magic field for a given residue [5,13].

The relaxation of the spins in I’N-1H moieties by mecha-
nisms other than the mutual interactions considered in
Equations 2 and 3 is dominated by dipole—dipole coupling
with ‘remote’ protons, that is, all the protons outside the
I5SN-'H group. This relaxation pathway cannot be influ-
enced by TROSY. Therefore, an optimal TROSY effect is
obtained with uniformly deuterated proteins, for which
remote couplings are limited to nearby amide protons [10].
It is of practical importance that 5N relaxation is only
slightly affected by remote dipolar coupling, whereas the
amide proton is subject to a large effect (see the discussion
of TROSY-type triple-resonance experiments below).

For a spherical particle with radius r, the rotational correla-
tion time (T,) of Equation 4 is given by:

p =4 5)
3kT

where N is the viscosity of the solvent, T is the temperature
in degrees Kelvin and k is the Boltzmann constant.
Equations 4 and 5 show that, for a given solvent at a given
temperature, the value of J(0) is entirely dictated by the
molecular size. An original approach has recently been
advanced, whereby reduced effective T, values were
achieved for the protein ubiquitin when it was encapsulated
in reverse micelles that were dissolved in a low-viscosity sol-
vent [21°]. Based on this experimental observation, the
authors predict that, compared with the tumbling of the free
protein in water, the tumbling rate of a 100 kDa protein
could be increased three- to sixfold when using an inverse
micelle system in a nonaqueous solvent.

TROSY and CRINEPT in ['5N,'H] correlation
experiments

A simple scheme for the application of the TROSY princi-
ple is the I’N-!H correlation experiment, which has
already been used as an illustration in the preceding sec-
tion (Figures 2 and 3). For brevity, we refer to this basic
experiment as 2D [15N,!H]-TROSY. For large proteins,
2D [13N,'H]-TROSY spectra show narrower lines and
higher sensitivity compared with conventional 2D
[15N,1H]-COSY (correlated spectroscopy) (Figure 2).

The 2D [15N,!H]-TROSY experiment affords a ‘finger-
print’ of the protein that is highly sensitive to changes in
the protein environment. It thus presents a many-parameter
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The basic elements of the experimental scheme for 2D 15N-1H
correlation spectroscopy. On the lines marked 'H and 15N, narrow and
wide bars stand for nonselective 90° and 180¢ radio-frequency pulses,
respectively. The delay Tis set to 2.7 ms. t; and t, are the evolution and
detection periods, respectively. Without decoupling during t; and ty, a
spectrum of the type shown in Figure 3b is obtained. A TROSY
spectrum consisting of the sharp component in the lower right of
Figure 3b is obtained by the inclusion of additional pulses and delays,
and by proper coherence pathway selection using phase cycling and
pulsed-field gradients [13,17° 1.

NMR probe for studying intermolecular interactions of
the protein. Such chemical shift mapping of the amide
groups forms the basis of SAR by NMR [8], which is a
highly promising screening method for discovering high-
affinity ligands for macromolecular receptors. With the
improved quality of 2D [!5N,'H]-TROSY spectra
(Figure 2), this technique will now be applicable to much
bigger receptor molecules. A comparison of the finger-
prints of individual proteins in the free state and
incorporated in supramolecular structures enables the
mapping of the intermolecular contacts of these proteins
in the higher order structures [7°]. 2D [!5N,!H]-TROSY
is, in this way, applicable to studies of proteins in
supramolecular structures that have accrued molecular
weights of 100,000 or larger and, thus, the introduction of
the TROSY technique opens a wide field of new applica-
tions for solution NMR.

In heteronuclear NMR experiments, magnetization is
transferred between the different types of nuclei via
spin—spin couplings in so-called insensitive nuclei
enhanced by polarization transfers (INEPTs) [12,15].
Thereby, the time periods required for the INEPT trans-
fers are comparable to the evolution times in
multidimensional NMR experiments. As TROSY is
applied only during the evolution and detection periods
[13], transverse relaxation during INEPT transfers may
become a limiting factor for very large particles, that is, for
molecular weights beyond 100,000. The new CRINEPT
technique overcomes this limitation by combining INEPT
with cross-correlated relaxation-induced polarization trans-
fer (CRIPT) [14°*]. CRIPT is proportional to the size of
the molecule, so it becomes a highly efficient transfer
mechanism for molecular sizes above 200 kDa in aqueous
solution at ambient temperature, yielding a two- to three-
fold gain in sensitivity, in addition to the sensitivity gain
due to TROSY [13,22°°,23].
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Schematic drawing of the procedure used by Xu et al. [27*] for the in
vitro ligation of two separately expressed, folded protein domains into
one polypeptide chain, enabling the selective labeling of individual
domains in intact multidomain proteins. Domain 1 is expressed as a
fusion protein with an intein, the presence of which allows the chemical
ligation of the two domains using mild chemicals.

New isotope labeling strategies for high
molecular weight structures

TROSY and CRINEPT offer avenues for the recording of
high-quality solution NMR spectra of particles with mol-
ecular weights well beyond 100 kDa. Many large systems
may give spectra of manageable complexity, for example,
as a result of either symmetry in uniformly labeled
oligomeric proteins or selective isotope labeling of indi-
vidual molecules in supramolecular structures, such as
labeled proteins in protein—nucleic acid complexes or in
association with unlabeled lipids and detergents. For pro-
teins without inherent symmetry, the complexity of the
NMR spectra increases with increasing size, which may
prevent a detailed analysis, in spite of the favorable line
shapes obtained with TROSY. New biochemical
approaches, however, now promise to reduce the spectral
complexity to a manageable level, even for large proteins
without inherent symmetry, using segmental isotope

labeling [24,25°°,26,27°°].

Segmental isotope labeling for protein NMR spectroscopy
was first achieved using #ans-splicing to combine protein
domains [24,25°°]. Trans-splicing is a variation of a natural
linking process that occurs during the biosynthesis of some
proteins, for which the nascent form includes ‘intein’ pep-
tide segments that are spliced out of the polypeptide chain
in a post-translational process. The method may introduce
some foreign ‘linker amino acids’ at the location where two
polypeptide fragments are combined. As an alternative,
chemical ligation [26,27°° ] has been used to assemble pro-
teins from two or more independently generated

fragments. For the best yield, a Gly-Cys dipeptide should
form the junction, which may be achieved by amino acid
replacements in the wild-type protein. The protein frag-
ments are separately cloned and expressed in bacteria, and
can thus be obtained with and without isotope labeling.
Using intermediate linkage to an intein moiety, which can
be obtained by expressing one domain as a fusion protein
with the intein (Figure 5), they are then chemically linked
to obtain the intact protein. The solution structure of the
labeled domain can be determined by NMR spectroscopy
without interference from NMR lines originating from the
other domains. In multiple experiments with isotope label-
ing of different individual protein domains, the intact
protein, which would otherwise produce very crowded
NMR spectra, can thus be made accessible to structural
studies by solution NMR in spite of its large size, provid-
ed that TROSY and, possiblyy CRINEPT are
implemented in the NMR experiments used.

Resonance assignments in big molecules

Most of the information contained in the high-quality
NMR spectra obtained using TROSY and CRINEPT can
only be extracted and exploited on the basis of individual
resonance assignments and it is therefore of keen interest
to develop NMR techniques that can provide this in-
formation for very large proteins. Assignment both by
sequential nuclear Overhauser enhancements (NOEs) [28]
with 2H,15N- or I5N-labeled proteins and by triple-reso-
nance experiments with 2H,13C,15N- or 13C,!5N-labeled
proteins [10,12,15] appears to be amenable to this task, but
most of the work so far has been carried out on the adapta-
tion of triple-resonance experiments for assignment in
large molecules. In triple-resonance experiments with
large proteins, the implementation of TROSY can prevent
fast transverse relaxation of 15N during extended time
periods with transverse 15N magnetization, as well as pre-
venting amide proton line broadening. As triple-resonance
experiments of interest usually contain a so-called ‘con-
stant time evolution period’ for 5N [12,15], the
implementation of TROSY does not affect the N line
shape, but yields important gains in sensitivity, which are
dependent on the size of the molecule studied. For a pro-
tein molecular weight of about 25,000, a two- to threefold
gain in sensitivity can be expected [22°%,23], but for the
individual 15N-1H groups in a 2H,13C,!5N-labeled protein
with a molecular weight of 110,000, we registered sensitiv-
ity gains of one to two orders of magnitude [29]. This
outstanding improvement now enables the sequential
assignment of proteins with molecular weights above
100,000. On top of this ‘basic TROSY effect’, the modified
triple-resonance experiments can be further optimized, for
example, for improved spectral resolution through the use
of 13C constant time evolution [30] and through the intro-
duction of a variety of sensitivity enhancement schemes
that have, in part, also been used in [!3N,!H]-TROSY and
[3C,IH]-TROSY [31,32,33%,34-36,37°]. For very large
molecules, the implementation of CRINEPT [14°°] for
part of the magnetization transfers, in addition to TROSY



during evolution and detection, should further extend
applications of triple-resonance experiments.

Outlook to structural data on large
biomacromolecular systems

A first level of structural information can be based on the
recording of [15N,!H]-TROSY spectra and sequence-
specific resonance assignments for polypeptide
backbones. A comparison of these data for globular pro-
teins free in solution and incorporated into bimolecular
complexes or higher order aggregates can yield a map of
intermolecular contacts in supramolecular structures,
either along the amino acid sequence or, for example,
when an X-ray crystal structure of the protein is available,
on the surface of the assigned protein [7°]. The same
foundations will support the extension of SAR by NMR
[8] to large receptors, including membrane-standing pro-
teins solubilized in detergent or lipid micelles. As
described in some detail in the preceding sections, NMR
techniques for these types of studies on structures with
molecular weight beyond 100 kDa are now available and
greatly expand the potential of solution NMR spec-
troscopy in studies of intermolecular interactions with
biological macromolecules.

A second level of structural data can also be accessed with
currently available techniques, that is, the @¢ 7ovo determi-
nation of secondary polypeptide structure based on the
chemical shifts obtained from sequence-specific backbone
resonance assignments [38,39]. Further data on the sec-
ondary structures of large systems can be obtained using
[15N,IH]-TROSY for studies of amide proton exchange
[28]. The implementation of [1SN,!H]-TROSY routines
into 3D 15N-resolved NOE spectroscopy (NOESY)
schemes [40,41°°] will enable the collection of NOE dis-
tance constraints and allow the further characterization of
regular secondary structures, in particular when using
experimental schemes with transverse relaxation optimiza-
tion in both !'H dimensions, in addition to the
ISN dimension [41°*].

The de novo 3D structure determination of proteins in
large molecular systems will rely on the aforementioned
TROSY-enhanced NOESY experiments to obtain at least
a minimal set of distance constraints to define the global
polypeptide fold [28]. As was discussed extensively in a
review previously published in this journal [10], the densi-
ty of the NOE constraints in the large systems considered
here may be limited by a variety of factors, in particular by
the requirement for extensive deuterium labeling.
Therefore, supplementary conformational constraints will
most probably be needed to obtain good quality structures.
Where applicable, the measurement of residual dipolar
couplings [42-45,46°,47°], which has been recently
reviewed in this journal [48], may contribute to the refine-
ment of large structures. Additional novel conformational
restraints may result from the use of improved NMR tech-
niques, as exemplified by the observation of scalar
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couplings across hydrogen bonds (0/) in RNA [49°°], DNA
[50°,51] and proteins [52°°,53°°]. These new parameters,
which became accessible with the improved resolution
resulting from TROSY, promise to revolutionize NMR
structural studies of nucleic acids. The M couplings report-
ed so far for proteins are about an order of magnitude
smaller than those for nucleic acids, that is, about 1 Hz,
which may limit its practical use, in spite of its obvious
potential in novel extensions of NMR structural studies of
proteins and their intermolecular interactions.

Conclusions

Solution NMR spectroscopy of biological molecular sys-
tems of 100 kDa and beyond is now a reality. Even if
practical applications were limited to correlation experi-
ments for chemical shift measurement and
triple-resonance schemes for resonance assignment, an
interesting role for NMR spectroscopy in studies of
supramolecular structures would be assured. Most certain-
ly, NMR of large systems will go beyond this basic level.
With the immediate advent of spectrometers operating at
900 MHz and the prospect of further advances in selective
isotope labeling, as well as in NMR techniques, we look
forward to continued excitement in biomolecular NMR
studies in the immediate and the more distant future.
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