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ABSTRACT

A detailed understanding of the function
of a biological macromolecule requires
knowledge of its three-dimensional struc-
ture. Most atomic-resolution structures of
biological macromolecules have been
solved either by X-ray diffraction in single
crystals or by nuclear magnetic resonance
(NMR) in solution. This review surveys the
method of NMR structure determination.
First, a brief introduction to NMR and its
basic concepts is presented. The main part
of the article deals with the individual steps
necessary for an NMR structure deter mina-
tion. At theend, the discussion turnsto con-
siderations on the influence of the molecu-
lar size of the macromolecules on the
structure determination by NMR. New tech-
niques are discussed that greatly enhance
the possihilities of applying NMR to large
molecular systems.
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INTRODUCTION

With the near completion of the hu-
man genome project, an even greater
challenge awaits biologists: proteomics,
the study of all the proteins coded by the
genes. In many cases, it will be neces-
sary to know the three-dimensional (3-
D) structure of a protein to understand
its function. The feasibility of such a
structural proteomics project was re-
cently demonstrated (10), and it was
shown that two techniques will play a
dominant part: X-ray crystallography
and nuclear magnetic resonance
(NMR). These are the two main tech-
niques that can provide structures of
macromolecules at atomic resolution.
Both techniques are well established
and already play akey rolein biological
and pharmaceutical research as a basis
for adetailed understanding of molecu-
lar functions and as a foundation for
protein design. Whereas X-ray crystal-
lography requires single crystals, NMR
measurements are carried out in solu-
tion under near physiological condi-
tions. The important role that NMR
playsin structural biology isillustrated
by the far more than 1000 NMR solu-
tion structures deposited in the protein
databank (3). NMR measurements not
only provide structural data but also
reach much further and can supply in-
formation on dynamics, conformational
equilibria, folding and intra- as well as
intermolecular interactions (14,16,28,
36,57). This review focuses on the ap-
plication of NMR for structure determi-
nation of proteins in solution, but the
methodology is applicable to other bio-

molecules, especially nucleic acids (53).
NMR does not directly produce an
image of a protein. Rather, itisableto
yield a wealth of indirect structural in-
formation from which the 3-D structure
can only be reveaed by extensive data
analysisand computer calculations. The
principlesof an NMR structure determi-
nation can be summarized as follows
(Figure 1): preparation of the protein
solution, the NMR measurements, the
assignment of NMR signals to individ-
ual atomsinthemolecule, identification
of conformational constraints (e.g., dis-
tances between hydrogen atoms) and
the calculation of the 3-D structure on
the basis of the experimental con-
straints. These different steps will be
discussed in individual sections in this
review. However, the NMR technique
(8,9,15,48) isfirst introduced in the sec-
tions “Basic NMR”, “Correlations in
NMR” and “Multidimensional NMR”.
Structure determination by NMR is
an established technique and is routine-
ly used to determine 3-D structures of
biological macromolecules in solution
with molecular weights up to 30 kDa
(3,13,54,55). The power of NMR over
other spectroscopic techniques results
from the fact that every NMR-active
nucleus gives rise to an individual sig-
nal (resonance line) in the spectrum
that can be resolved by multidimen-
sional NMR techniques. This becomes
more difficult for larger molecular
structures and puts a practical limit to
themolecular sizethat can be studiedin
detail by NMR (11,29,56). Up to now,
only very few NMR structures were de-
termined of molecules larger than 30
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kDa (18,32). In the section “NMR with
Very Large Molecules’ at the end of
this article, new techniques will be dis-
cussed that allow detailed studies of
macromolecules with a molecular
weight far beyond 100 kDa (42,49).

BASIC NMR

This section presents some basic as-
pects of NMR that are important for the
understanding of the methods used for
structure determination by NMR (9,15,
48,53). The basis of al NMR experi-
ments is a quantum mechanical proper-
ty of the nucleus: the spin. The nuclei of
interest in NMR of biological macro-
molecules carry aspin of 1/2 that allows
only two different spin states, often re-
ferred to as spin up and spin down. As-
sociated with the spinisamagnetic mo-
ment that, for a spin 1/2, can be
interpreted as a magnetic dipole. These
very small atomic dipoles can only ori-
ent parallel or antiparallel to an external
magnetic field. The two possible orien-
tations correspond to slightly different
energies, and spins are allowed to jump
from one orientation to the other, ab-
sorbing or emitting the energy differ-
ence in the form of electromagnetic ra-
diation. It is remarkable that the
difference between the number of spins
in the two states is extremely small,
even if the spins are in a very strong
magnetic field. For example, in 1 mil-
lion hydrogen (H) nuclei, the numbers
of spinsorienting parallel or antiparallel
differ only by about 60 at room temper-
ature and in the highest magnetic field
strengths available for NMR. Only the
very small difference between the num
ber of parallel and antiparallel spins
contributesto the NMR signal. Thisfact
explains why NMR is an insensitive
technique compared, for example, with
optical absorption spectroscopy.

NMR experiments are performed on
an NMR spectrometer consisting of
two components: a high field supercon-
ductive magnet that produces an ex-
tremely homogeneous, strong static
magnetic field and a console that can
generate electromagnetic waves in any
desired combination. For an NMR ex-
periment, a glass tube containing the
solution of the molecule of interest is
placed in the room temperature bore of
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the superconductive magnet. The small
imbalance of nuclear magnetic mo-
ments oriented parallel and antiparallel
givesrise to asmall polarization of the
nuclear spinsin the sample, resulting in
a net macroscopic magnetization. With
suitable irradiation of electromagnetic
waves, this magnetization can be ma-
nipulated as the NMR spectroscopist
chooses (2,15,44,48). The frequency of
the irradiation must match the energy
difference between the two possible
states of the spins and typically liesin
the radio frequency (rf) range between
50 and 800 MHz. The irradiation is
usually applied only for a few mi-
croseconds as rf pulses.

Most rf pulses used in NMR experi-
ments belong to one of two specific
classes. One class, the 90° pulses, equal-
izes populations of spins up and spins
down when applied to the equilibrium
state. In a pictorial view, a 90° pulse
turns the macroscopic magnetization by
90°. The other class, the 180° pulses, in-
verts the populations of the spin states,
inapictoria view, a180° pulse turnsthe
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Figure 1. Strategy of structure determination
by NMR. Outline of the genera strategy used to
solve the 3-D structure of biological macromole-
culesin solution by NMR.

magnetization by 180°. After aperturba-
tion of the equilibrium state of the spins
by one or several rf pulses, aNMR sig-
nal can be observed. The signal consists
of rf waves with frequencies that match
the energy difference between the spin-
up and spin-down states of the individ-
ual nuclel involved. Since the system
tends to return to its equilibrium state,
the signal will decay (relax) and typical-
ly vanish within 100 ms. During this
time, theNMR signa, thefreeinduction
decay (FID), isrecorded. The FID con-
sists of a sum of decaying cosine waves
whose frequencies represent the reso-
nance frequencies of the nuclei in the
sample. From this data, the NMR fre-
quency spectrum is then obtained by a
Fourier transformation.

In an NMR spectrum, the nuclei are
represented by their characteristic reso-
nance frequencies. For example, hydro-
gen atoms (protons) are represented in
a proton resonance spectrum or carbon
atoms in a carbon spectrum. The reso-
nance frequencies of different types of
nuclei are widely different. For exam
ple, protons (1H) resonate at aten times
higher frequency than nitrogen nuclei
(15N) and four times higher than carbon
nuclei (13C). The resonance frequen-
ciesof different nuclei of the sametype
liein amuch narrower frequency range.
For example, the resonance lines for
different protonsin amolecule vary in
arange of afew parts per million (ppm)
around the average proton resonance
frequency. This variation is due to the
interaction between the nuclei and sur-
rounding electrons, which affect thelo-
cal magnetic field experienced by a
particular nucleus and thusinfluenceits
resonance frequency. For example, the
resonance frequencies of amide pro-
tons, o-protons, or methyls are quite
distinct within the proton spectrum and
alow a tentative assignment to the dif-
ferent classes of protons. The chemical
shift is very sensitive to a multitude of
structural, electronic, magnetic and dy-
namic variables and in principle con-
tains a wealth of information on the
state of the system under investigation.
However, a direct interpretation of the
chemical shift is usually not possible
because the dependence on these para-
meters is either not fully understood or
too intricate to allow the derivation of
detailed information.
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CORRELATIONSIN NMR

A key feature exploited in NMR
spectroscopy is the fact that the mag-
netic moments of the individual nuclei
interact with the small magnetic fields
created by the spins of nearby nuclei.
This spin-spin interaction can be used
to correlate different nuclei in a mole-
cule with one another. Nuclei interact
either “direct”, through-space, or “indi-
rect”, through-bond. The latter are
transmitted via polarization of bonding
electrons and known as spin-spin cou-
pling or J coupling; the former are the
basis for the nuclear Overhauser effect
(NOE), which permits distance mea-
surements between hydrogen nuclei.
The detailed analysis of protein spectra
is based on through-bond and through-
space correlations.

Through-bond correlations group in-
dividua spinsinto spin systems that are
used for the analysis of the spectra. In
proteins, J couplings over more than
three chemical bonds are usualy too
small to be observed. Consequently,
only spin systems within individual
amino acids can be obtained in proton
spectra. In proteins that are isotope-la-
beled with 15N and 13C, J couplings be-
tween 1H, 15N and 13C allow through-
bond correlations across the peptide
bond. NMR experiments that correlate
different nuclei via J coupling are often
referred to as correlation spectroscopy
(COSY)-typeexperiments (1,48,51). An
important feature of COSY -type experi-
ments is that they can transfer magneti-
zation between different types of nuclei.
This property makes it possible to start
an experiment with one type of nucleus
and to transfer the magnetization to an-
other or several other types of nuclei in
the course of the experiment. Such mag-
netization transfers are of great practical
importance because widely different
sensitivities are obtained with different
types of nuclei. Hydrogen nuclei (pro-
tons) are the most sensitive type of nu-
clei. Thus, many NMR experiments
with biological macromolecules start
with the large proton magnetization and
transfer the signal viaheteronuclei (e.g.,
carbon and/or nitrogen) back to protons
for the recording of the FID with maxi-
mal sensitivity.

Through-space correlations provide
the basis for geometric information re-
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quired to determine the structure of a
macromolecule and are measured via
the NOE (45,48). The NMR method for
protein structure determination relies
on a dense network of distance con-
straints derived from NOEs between
nearby hydrogen atoms in the protein
(53). NOEs connect pairs of hydrogen
atoms separated by lessthan 0.5 nm. In
contrast to COSY -type experiments, the
nuclel involved in the NOE correlation
can belong to amino acid residues that
may be far apart along the protein se-
guence but close in space. The NOE
reflects the transfer of magnetization
between spins interacting via their as-
sociated dipoles. For molecules with a
molecular weight of more than 5 kDa,
the intensity of an NOE is approxi-
mately proportional to r-® and to the
molecular weight, where r is the dis-
tance between the two interacting
spins. Due to the dependence on thein-
verse sixth power of the distance be-
tween the nuclei, the NOE intensity
falls off rapidly with increasing dis-
tance. Thisfact explainswhy NOEs be-
tween protonsin aglobular protein sep-
arated by more than 0.5 nm are usually
not observed. NMR experiments that
measure the NOE are often referred to
as NOE spectroscopy (NOESY) exper-
iments (30,51).

MULTIDIMENSIONAL NMR

NMR spectra of biological macro-
molecules contain hundreds or even
thousands of resonance lines that can-
not be resolved in a conventional 1-D
NMR experiment. However, for a de-
tailed analysis, resolved lines are a pre-
requisite. Further, the interpretation of
NMR data requires correlations be-
tween different nuclei that are implicit-
ly contained in 1-D spectra but are
often difficult to extract. Multidimen-
sional NMR spectra provide both in-
creased resolution and correlations that
are easy to analyze. The priceto pay for
this are more complex NMR experi-
ments that consist of a series of rf
pulses separated by short time periods
(delays) during which no external rf is
applied. This pulse sequence is then
followed by the recording of the result-
ing magnetization.

Thecrucial step inincreasing the di-

mensionality of NMR experiments lies
in the extension from one to two di-
mensions. A higher dimensional NMR
experiment consists of a straightfor-
ward combination of 2-D experiments.
All 2-D NMR experiments use the
same basic scheme, which consists of
the four following, consecutive time
periods: excitation - evolution - mixing
- detection.

During the excitation period, the
spins are prepared in the desired state
from which the chemical shifts of the
individual nuclei are observed during
the evolution period, t;. In the mixing
period, the spins are correlated with
each other, and the information on the
chemical shift of one nucleus ends up
on an other nucleus of which the fre-
quency is measured during the detec-
tion period, t,. Technically, theindivid-
ual periods consist of delays and rf
pulses that together form the pulse se-
gquence. To obtain a 2-D data set, a
number of experiments are recorded
with successively incremented lengths
of the evolution period t; to generate a
data matrix S(t1,tp). A 2-D Fourier
transformation of S(t,t,) yieldsthe de-
sired 2-D freguency spectrum s(m1, ®o).
A resonance in the 2-D spectrum, a
peak, represents a pair of nuclei that
suitably interact during the mixing
time. Figure 2 presents an example of a
2-D NMR spectrum. A 2-D [15N,1H]
correlation spectrum (4) of a 15N-la-
beled protein in water solution is
shown. The spectrum exhibits correla-
tions between amide nitrogens and the
attached protons. Correspondingly,
there are two different chemical shift
axes, m1 and wo: one for nitrogens
(15N) and the other one for protons
(IH). Each cross peak in the spectrum
of Figure 2 represents one NH-group in
the backbone of the polypeptide chain.
Since all amino acids except proline
have such an amide group, the spec-
trum of Figure 2 represents a character-
istic fingerprint for aprotein.

The extension from a 2-D to an n-di-
mensional (n-D) NMR experiment con-
sists of the combination of (n-1) 2-D ex-
periments, which contains only one
excitation and one detection period but
repeats the evolution and mixing times
(n-1) times. This results in a pulse se-
guence comprising (n-1) independently
incremented evolution periods and (n-1)
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mixing periods and one detection peri-
od. A typical n-D NMR experiment thus
follows the scheme: excitation - (evolu-
tion - mixing),, ; - detection, where the
bracket repeats (n-1) times. Only during
the detection period the signal is physi-
cally measured, and this period is thus
often referred to as the direct dimension
in contrast to the evolution periods,
which are referred to as indirect dimen-
sions. To obtain an n-D datamatrix, S(ty,
to, ..., tp), the pulse sequence is repeated
many timeswith individually increment-
ed lengths of the (n-1) evolution periods.

An n-D Fourier transform of S(tq, to,
..., ty) provides an n-D spectrum that de-
pends on n frequency variables, s(w;,
®y, ..., ®p). If two nuclei suitably inter-
act with each other in a mixing time,
then this interaction will be manifested
by aresonance in the spectrum, a cross
peak, at a position characterized by the
resonance frequencies of theinteracting
nuclei. For example, in the schematic

drawing of Figure 3, the nuclei 1H and
15N interact in one mixing time and 15N
and 13C in the other mixing time of a3-
D experiment. Correspondingly, one
peak in the 3-D spectrum appears at the
position indicated by the chemical
shifts of the three nuclei.

Figure 3 illustrates the increasing
resol ution obtained when going from 2-
D to 3-D spectra. Figure 3A shows a
schematic [1H,°N]-correlation spec-
trum (Figure 2). A 3-D spectrum can,
for example, be obtained by correlating
the amide groups represented in the
spectrum of Figure 3A with the o-car-
bon nuclei attached to 15N. The chemi-
cal shifts of these carbon nuclei are
used to spread the resonances from the
2-D plane into a third dimension. In
Figure 3B, the 3-D spectrum is repre-
sented by a stack of 2-D planesthat ac-
cords with the actual digitization of the
data in the 13C dimension. The same
representation is used for the analysis

m; (°N)
[ppm]

115

— 120

- 125

? 0, ()8 [ppm]

I

Figure 2. 2-D NMR spectrum. Through-bond correlation spectrum between the hydrogen (1H) and the
nitrogen (1 N) nuclei of amide groupsin a protein. The location of the amide groups in the polypeptide
backbone are sketched in the formulae on the | eft. The arrows indicate that each peak in the NMR spec-
trum corresponds to one NH-moiety. The axes of the NMR spectrum indicate the chemica shift of the

IH and the1 N nudle.
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of 3-D spectra. Two frequency axes are
chosen to define 2-D planes that are
stacked in the third dimension.

PROTEIN SOLUTION

In the preceding three sections, the-
oretical and technical aspects of NMR
were briefly introduced to the extent
necessary to follow the discussion of
the general strategy used to solve the 3-
D structure of biological macromole-
cules in solution by NMR (Figure 1).
The first step in this strategy is the
preparation of the protein solution. An
efficient structure determination by
NMR reguires ahighly purified protein
preparation. An inhomogeneous prepa-
ration and/or aggregation of the protein
aswell aslow molecular weight proto-
nated impurities may severely impair
the structure determination. The first
step in every protein NMR study there-
fore involves optimization of the mea-
surement conditions. The pH, ionic
strength and temperature can often be
adjusted to mimic physiological condi-
tions. The macromolecule under study
should be stable in the chosen condi-
tions for many weeks. Any buffers, co-
solvents and additives (e.g., detergent
molecules) used should be hydrogen-
free or deuterated. For the NMR mea-
surements, the protein is dissolved in
0.25-0.5 mL water that contains about
5% D,0O, whichis necessary for the sta-
bilization of the NMR instrument dur-
ing the measurement. Theinherent low
sensitivity of the technique requires
protein concentrations of about 1 mM,
that is, for a 0.5-mL solution of a pro-
tein with amolecular weight of 10 kDa,
about 5 mg protein are required.

Proteins with a molecular weight
larger than 10 kDa must be isotope-en-
riched in 15N and 13C for an efficient
structure determination. 15N and 13C
are used because the most abundant
carbon isotope (12C) does not give an
NMR signal and the most abundant ni-
trogen isotope (14N) has undesired
NMR properties. The natural abun-
dance of 15N and 13C is only 0.37%
and 1.1%, respectively, whereas levels
close to 100% are required for efficient
NMR experiments with macromole-
cules. For the isotope enrichment, the
protein is usually overexpressed in a
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bacterial system. Fully isotope-labeled
proteins can be produced by growing
the bacteria on minima medium con-
taining 15N H,Cl and 13Cg-glucose as
the sole nitrogen and carbon sources. In
principle, all necessary NMR measure-
ments could be done with one
[15N,13C]-labeled sample. Since label -
ing with 15N is only slightly more ex-
pensive than the preparation of an unla-
beled sample, a 1°N-labeled molecule
should be produced during optimiza-
tion of the overexpression system. The
15N-abeled protein can be used for 3-D
15N-resolved NOESY experiments and
for the study of the dynamics of the
molecule (28,36). For systems larger
than 30 kDa, deuteration and/or specif-
ic isotope labeling may be necessary
(17). Partial deuteration can be
achieved by exchanging the water by
D50 in the minimal medium used to
grow the bacteria. With this procedure,
the a-protons are replaced by deuterons
but the side-chain protons much less
and the aromatic rings stay mostly pro-
tonated. For an efficient production of a
completely deuterated protein, the pro-
tonated glucose in the medium must be
replaced by the expensive, fully deuter-
ated glucose.

NMR SPECTROSCOPY
WITH BIOLOGICAL
MACROMOLECULES

The foundations of NMR structural
studies are high-quality NMR spectra
recorded with good sensitivity and
spectral resolution. Most NMR experi-
ments with biological macromolecules
are measured with two or three dimen-
sions. The measurements almost al-
ways use protons (1H) and depending
on the isotope labeling 13C and/or 15N
nuclei. In studies of nucleic acids, the
natural isotope 3!P can also be used.
The sensitivity obtainable with these
types of nuclei greatly variesevenif the
sample is fully isotope-labeled with
13C or 15N. The proton offers the best
sensitivity and hence constitutes the
preferred nucleus for detection of the
NMR signal. The other nuclei are usu-
ally measured during evolution periods
of multidimensional NMR experi-
ments, and their information is trans-
ferred to protons for detection.
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The chemical shift playsavery im
portant though mainly indirect rolein a
structure determination by NMR. The
chemical shift is very sensitive to the
microenvironment of a particular nu-
cleus. Thus, in afolded protein, multi-
ple copies of the same amino acid can
be distinguished because of the confor-
mation-dependent chemical shift. As
mentioned before, a direct interpreta-
tion of the chemical shift isusually not
(vet) possible. However, the large
amount of data represented by the 1H,
13C and 15N shiftsin known 3-D NMR
structures of proteins form the basisfor
a multitude of empirical and semi-em
pirical correlationswith structural para-
meters (6,31,46,52).

For the necessary detailed analysis
of NMR spectra, hundreds or even
thousands of resonance lines must be
observed as separate peaks. For protein
spectra, thisisonly possible in multidi-
mensional NMR spectra that are mea-
sured on NMR instruments operating
with strong magnetic fields correspond-
ing to a proton resonance frequency of
600 MHz or higher. Many NMR mea-
surements with biological macromole-
culesrely on the presence of exchange-

able protons in the molecules and must
therefore be performed in water solu-
tion. Measuring the 1H spectrum of a
protein at a typical concentration of 1
mM dissolved in water requires special
NMR techniques to massively reduce
the enormous water resonance (20,48,
50) that is located in the center of the
hydrogen spectrum.

Figure 4 shows a dlightly simplified
experimental scheme that will serve as
an example to illustrate a typical pulse
sequence applied with [13C,15N]-la-
beled proteins in solution. The experi-
mental scheme correlates the chemical
shifts of the amide proton and nitrogen
(HN) with the a-carbon chemical shift
(CA) of the preceding residue in the
amino acid sequence via the interven-
ing carbonyl carbon (CO). This3-D ex-
periment is called HN(CO)CA (19,43).
A cross peak in the corresponding 3-D
spectrum indicates a connection viathe
peptide bond of two sequential amino
acids in a fully [13C,15N]-labeled pro-
tein. The experiment is one of awhole
family of schemes that are used for the
assignment of resonances to individual
atoms in the protein. The pulse se-
guence (Figure 4) starts with the excita-

1 13(:!

Figure 3. Schematic 2-D and 3-D NMR spectrum. The drawing illustrates the representation of a3-D
spectrum and theincreased resol ution obtained when going from 2-D to 3-D NMR spectra. The six peaks
inthe 2-D [1H,1 N]-correlation spectrum (A) are separated in different planes of a 3-D spectrum (B) by

an additiona correlation with the o-carbon nuclel (13C) attached to the nitrogen nuclel (15N) in the same
amino acid residue. The chemical shifts of the carbon nuclei are used to spread the resonances from the

2-D planeinto athird dimension.
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tion of amide protons (H in Figure 4)
that are subsequently correlated to the
attached 15N nucleus (N) whose chemi-
cal shift isencoded during the evolution
period t;. Next, the 15N nuclei are cor-
related via the carbonyl carbon (C")
with the o.-carbon nuclei (C) of the pre-
ceding amino acid in the polypeptide
chain. The chemical shift of the respec-
tive a-carbon is encoded during the sec-
ond evolution period, to. Subsequently
the information on the 15N and 13C
chemical shift istransferred back to the
amide proton (Figure 4). During the de-
tection period t5, the amide proton sig-
nal is measured. A 3-D Fourier trans-
formation of the data provides a 3-D
spectrum, as schematically shown in
Figure 3B, with a 1H, a 15N and a 13C
dimension. A peak in this spectrum rep-
resents a correlation between the amide
proton with the attached amide nitrogen
of one amino acid and the o.-carbon of
the preceding amino acid residue.

SEQUENTIAL RESONANCE
ASSIGNMENT

For a detailed analysis of the infor-
mation content of NMR spectra, nearly
complete assignments of signals in the
spectra to individual atoms in the mole-
cule are a prerequisite. This task cannot
generally be solved on the basis of 1-D
NMR spectra. Only the application of
multidimensional NMR  spectroscopy
alowed the development of genera
strategies for the assignment of signals
in proteins (53). All procedures use the
known protein sequence to connect nu-
clei of amino acid residues that are
neighbors in the sequence (i.e., the as-
signment procedure takes advantage of
the sequential arrangement of individual
amino acidsin apolypeptide chain).

For unlabeled proteins smaller than
10 kDa, the combination of two 2-D
spectra often allows the assignment of
most proton NMR signals to individual

protons (51,53). The first experiment,
the [1H,1H]-COSY, detects through-
bond interactions between protons and
correlates protons that are separated by
up to three chemical bonds. With this
experiment, the protons within an amino
acid can be correlated; however, neigh-
boring amino acids in the polypeptide
seguence cannot be connected. The set
of correlated proton nuclei isreferred to
as a spin system. For most amino acid
residues, the ensemble of all 1H atoms
thus forms one spin system. For exam
ple, in Ala, the methyl protons are sepa-
rated by three bonds from the o-proton,
whichinturn relatesto the amide proton
via three bonds, so that a continuous
network of through-bond correlations
can be established. Exceptions are the
four aromatic side chains and some pe-
ripheral 1abile side-chain protons, where
the connection to the aliphatic 1H atoms
of the same side chain must be estab-
lished via through-space correlations.
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After complete analysis of the COSY
spectrum, there areideally spin systems
for all amino acids in the protein. Each
amino acid isrepresented by aparticular
spin system. However, as soon as an
amino acid occurs more than once in a
polypeptide chain, a direct assignment
to a specific sequence position is not
possible. For this purpose, the second
experiment, the [1H, 1H]-NOESY (27,
30,51), is measured. Resonances in this
spectrum manifest short distances be-
tween pairs of protons. Only short dis-
tances with backbone amide protonsare
extracted at this stage and used to estab-
lish correlations between protons of
neighboring residues in the polypeptide
sequence. With this information, the
spin systems can be put in their proper
sequential order. A comparison of the
sequentially ordered spin systems with
the known amino acid sequence allows
one to assign the segquence position to
every spin system, and thus complete
seguence-specific  resonance assign-
ments are obtained (53).

For larger proteins, extensive signal
overlap prevents complete assignments
of all 1H signalsin proton spectra. This
barrier can be overcome with 2-D and
3-D NMR techniques and uniformly
13C- and 15N-labeled proteins. With
these methods, systems with molecular
weights up to approximately 35 kDa
can be studied. In [13C, 15N]-labeled
proteins a sequential assignment strate-
gy can be used that is based on through-
bond correlations across the peptide
bond between sequential amino acids.
This procedure circumvents the use of
NOESY spectra already in the assign-
ment step. Most of these correlation ex-
periments use the three types of nuclei,
1H, 15N, and 13C, and are referred to as
triple resonance experiments. Spectra of
large molecules not only suffer from
signal overlap but also from poor sensi-
tivity due to faster relaxation (signa
loss) with increasing molecular weight.
Relaxation leads to broad signals (more
overlap) and unreasonablelong measur-
ing times for decent spectra. The acces-
sible molecular weight range can be ex-
tended to about 50 kDa by fully
deuterating [13C, 15N]-labeled proteins
to reduce signal loss by relaxation. Ex-
periments with [2H, 13C, 15N]-labeled
proteins permit sequence-specific reso-
nance assignment of the backbone

1286 BioTechniques

atoms and the heavy atoms in the side
chains. However, it is still essential to
assign side-chain protons because the
through-space correlations between
protons provide the main source of geo-
metric information used to calcul ate the
structures (21,53). Thus, in addition to
fully deuterated proteins used for the se-
quential assignment, a partially deuter-
ated protein is required to collect struc-
tural information from through-space
proton-proton correlations.

COLLECTION OF CONFORMA-
TIONAL CONSTRAINTS

For use in structure calculation, geo-
metric conformational information in
the form of distances and/or torsion an-
gles has to be derived from the NMR
data. In general, NMR data alone would
not be sufficient to determine the posi-
tions of all atomsin abiological macro-
molecule. It has to be supplemented by
information about the covalent structure
of the protein—the amino acid se-
quence, bond lengths, bond angles, chi-
ralities and planar groups—as well as
by steric repulsion between nonbonded
atom pairs. Although avariety of NMR
parameters contain structural informa-
tion, the crucia information comes
from NOE measurements that provide
distance information between pairs of

protons (Figure 5). Supplementary con-
straints can be derived from through-
bond correlations in the form of dihe-
dral angles (21,53). Further, chemical
shift data, especially from 13C, provides
information on the type of secondary
structure (31,46,52), and hydrogen
bonds can be detected via through-bond
interactions (12). When NOEs are
scarce (e.g., in partially deuterated pro-
teins), additional constraints can be ob-
tained from residual dipolar couplings
that are observable in weakly aligned
molecules. These couplings are related
directly to the orientation of N-H and C-
H internuclear vectors relative to the
molecular frame (32,40,47). Most pro-
teins in solution give rise only to ex-
tremely small residual dipolar cou-
plings, and to enhance the effect, they
are brought into a liquid-crystalline en-
vironment by adding proper additivesto
the aqueous solution (24,40,47).

The quality of a solution structure
increases with the number of consistent
input constraints used in the structure
calculation. For ahigh-resolution struc-
ture determination, the maximum pos-
sible number of NOE constraints must
be collected as input for the calculation
of the complete 3-D protein structure.
The NOE input data have the format of
allowed distance ranges. The lower
limit is usually taken to correspond to
the sum of two hydrogen atomic radii,

[

H I‘l‘l ; l I

iyt
él-_c: i T--.‘nl‘-:--_

—

Figure 4. Smplified experimental schemefor an NMR measurement. The 3-D HN(CO)CA experi-
ment (19,43) is used to illustrated an NMR pul se sequence. Narrow and wide black vertical bars repre-
sent 90° and 180° rf pulses, which areindicated on different horizontal linesfor different rf frequencies:
H, N, C" and C stand for the resonance frequencies of the amide hydrogen, the amide nitrogen, the car-
bonyl carbon and the o-carbon nuclei, respectively. Thetime periodsty , t, and t denotethetwo chemical
shift evolution periods and the detection period. Thetimeperiodslabeled A, T and € have afixed duration
of 2.5,17.6 and 8.5 ms, respectively. The gray line starting at the beginning of the line labeled H repre-
sents the flow of magnetization. The experiment starts with amide proton magnetization (H), which is
transferred to the nitrogen nuclel attached to protons (N). In the next step, the magnetization is trans-
ferred from N to the bound carbony! carbons C and further to the a-carbon C of the preceding amino
acid resdue. From the o-carbon, the magnetization istransferred back to the protonswhereit originated:
the magnetization path goes back from C to CtoN and finally toH.
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0.2 nm. The upper limits are derived
from the NOE intensities, typically in
the range of 0.2-0.5 nm. In a folded
protein, there are many proton pairs
with an internuclear distance up to 0.5
nm; thus, NOESY spectra tend to be
very crowded with peaks, even if they
are measured as 3-D or even 4-D spec-
trato resolve the proton signals by the
chemical shift of the attached 13C
and/or 15N nucleus. There remain am
biguities that cannot be resolved based
on the chemical shifts of the participat-
ing protons, and several possibilities
may exist for the assignment of adis-
tanceto apair of protons. In practice, as
indicated in Figure 1, the determination
of proton-proton distances is achieved
in several cycles. Once alow-resolution
structure has been calculated from an
unambiguous subset of the NOE data, it
is usually possible to discriminate be-
tween several possibilities, especialy if
some prospective proton pairs are not

within 0.5 nm. In thisway, successively
more of the originally ambiguous dis-
tances can be assigned to specific pairs
of protons, which leads to improved 3-
D structures (Figure 6).

CALCULATION OF THE 3-D
STRUCTURE

There are several computer pro-
grams available for the calculation of 3-
D structures based on NMR con-
straints. Two approaches are mainly
used (21). The first class of programs
uses interatomic distances (25,34), and
the second class works with torsion an-
gles of the chemical bonds (22,23). In
the end, al programs calculate the
Cartesian coordinates of the spatial
molecular structures, which are consis-
tent with the set of constraints obtained
from the NMR data (Figure 5). It must
be kept in mind that the experimental

constraints do not uniquely describe
one exact 3-D structure because NM R-
derived constraints typically describe a
range of possible values and many dis-
tances cannot be determined. The struc-
ture calculation is thus repeated many
times to determine an ensemble of
structures consistent with the input data
set. A good ensemble of structures min-
imizes violations of input constraints
and samples the complete conforma-
tional space allowed by the constraints.
For thisreason, the NMR structures are
usualy represented by a bundle of
structures (Figure 6). The quality of a
structure is assessed by the calculation
of the root-man-square deviation
(RMSD) between the atoms of individ-
ual conformersinthebundle (Figure6).

The two most common approaches
for generation of structures use distance
geometry (5,22) and restrained molecu-
lar dynamics (25,34). Distance geome-
try emphasizes the fact that the structure
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is derived using predominantly geomet-
ric criteria. Distance geometry algo-
rithms determine ensembles of 3-D
structures consistent with the distance
constraints from NMR data and the
chemical data (e.g., bond length, van
der Waals' radii and planarity of aro-
matic rings). Two types of implementa-
tions exist that both do not operate in
the normal 3-D space of atom positions.
One class of algorithms works in the
high dimensional space of all interatom
ic distances (metric matrix algorithm)
where it is easy to find configurations
that satisfy a given set of distance con-
straints. In the crucial step of these algo-
rithms, the distance space must be con-
verted into coordinatesin the 3-D space,
which represent one conformation that
is compatible with the input data. The
other class of distance geometry algo-
rithms operates in torsional space,
which retains only the essential degrees
of freedom of a macromolecule, name-

ly the torsion angles of the chemical
bonds. The covalent structural parame-
ters are kept fixed, which reduces the
number of degrees of freedom about
tenfold compared to metric matrix algo-
rithms. Determination of the structure
starts from a polypeptide chain with the
proper sequence in random conforma-
tion. The 3-D structure is then deter-
mined from the specified distance con-
straints by minimizing an error (target)
function, which depends on the sum of
all differences between the actual dis-
tance and the distance constraint (vari-
able target function method).

The second approach for the genera-
tion of structures, restrained molecular
dynamics (rMD), is based on classical
mechanics and proceeds by numerical-
ly solving Newton’ s equation of motion
to calculate the 3-D structure of a pro-
tein (25,34). The classical molecular
dynamics force fields are supplemented
(restrained) by square-well pseudo-en-

ergy terms based on the NMR-derived
constraints. rMD has the advantage
over distance geometry methods that
the kinetic energy in the system allows
energy barriers to be crossed, resulting
in a sampling of alarger region of con-
formational space and producing struc-
tureswith lower energy. Thisadvantage
can even be enhanced using simulated
annealing (23,34). In this method, a
simplified force field is used, and the
energy barriers between states are re-
duced by setting the temperature to a
high value (e.g., 1000 K). Subsequently
the system is slowly cooled down (an-
nealed) to a normal temperature of 300
K. Restrained molecular dynamics cal-
culations can be performed in Cartesian
as well as in torsion angle coordinates
(torsion angle dynamics). However,
currently, rMD using torsion angles can
be performed about ten times faster
than in Cartesian space (23).

In practice, a combination of




distance geometry and molecular dy-
namics is often used to calculate the
structures (7,21). Initial conformations
are generated by distance geometry that
are used as starting structures for the
molecular dynamics algorithms. For the
highly efficient torsion angle dynamics
calculation, only local NMR constraints
(within four residues along the polypep-
tide chain) are usually considered,
which results in an unfolded, extended
starting conformer that can be obtained
with minimal calculation time. For effi-
cient rMD calculations in Cartesian co-
ordinates, the starting structures should
satisfy to a large extent the NMR-de-
rived constraints before simulated an-
nealing and restrained molecular dy-
namics calculations with proper force
fields can be efficiently performed.

NMR WITH VERY LARGE
MOLECULES

The foundation of successful NMR
studiesis high-quality spectrawith good

sensitivity and resolution. When study-
ing larger molecules in solution, these
basic requirements become harder to
fulfill. Large molecules tumble slower,
which results in faster relaxation and
consequently broader linesin the NMR
spectrum. Thus, the corresponding spec-
tra show poor resolution and sensitivity.
In practice, it becomes very hard to de-
termine structures from proteins that
have molecular weights above 40 kDa.
Important advances in extending this
sizelimit have recently been made with
the introduction of novel NMR tech-
nigques and new biochemical approaches
(49). Most importantly, relaxation in
large molecules could be reduced with
transverse relaxation-optimized spec-
troscopy (TROSY) (37), but aso the po-
tentialy limiting spectral crowding is
addressed by biochemical methods (61).

The TROSY technique reduces sig-
nal loss, which isthe direct cause of the
deterioration of the NMR spectra of
large molecular structures. TROSY
uses constructive interference between
different relaxation mechanisms and
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Figure5. Principle of the structur e deter mination by NMR. Schematic drawing of the use of distance
congtraintsfor the determination of the 3-D structure of biological macromolecules. On theleft, distances
obtained from NOESY spectrafor seven pairs of protons areindicated and numbered from 1to 7. Inthe
middle, the gray vertica line represents the polypeptide chain, and the black dots represent the sequential

positions of the individual protons that define the seven distances on the left-hand side of the figure. N

and C mark the N and C terminus of the polypeptide chain. The protons are numbered according to the
distancesthey define. Adding the information on the distance between pairs of protons and their position
in the polypeptide sequence allows the construction of possible arrangements in which all distance con-
straints are fulfilled asindicated on the right-hand side of the figure.
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works best at the highest available
magnetic field strengths in the range of
700-900 MHz proton resonance fre-
quency (37,38). With TROSY , the mol-
ecular size of proteins accessible for
detailed NMR investigations has been
extended several fold. The TROSY ex-
periments enable the recording of high-
quality NMR spectra of macromole-
cules and supramolecular structures
with molecular weights above 100 kDa
(42). The TROSY technique benefits a
variety of NMR experiments. Here, the
HNCA experiments shall serve as an
example (41,59). The HNCA experi-
ment correlates the chemical shifts of
the IH and the 15N nuclei of an amide
group with the intraresidual and the se-
quentialy preceding a-carbon nuclei.
The correlation with the two sequential
o-carbons for each NH-group (Figure
7) alows sequential ordering of the
amide groups, which finally results in
sequence-specific assignments. Figure
7 shows a comparison of a 3-D
TROSY -HNCA and a conventional 3-D
HNCA spectrum that were measured
with a 110-kDa protein under identical
experimental conditions (41). The
tremendous differences in signal inten-
sitiesin favor of the TROSY -type spec-
trum are obvious. Only small parts,
strips, of the complete 3-D spectrum
are shown. In each strip, two peaks are
expected that correspond to the two o-
carbon nuclei adjacent to the amide

group represented by the strip. In Fig-
ure 7, the strip for Lys 121 isincluded
as a control. As expected on the basis
of the theory, the two spectra show sint
ilar signal intensities only for this
residue, which is located at the flexible
C-terminus of the polypeptide chain.

For larger molecules, there are more
NMR-active nuclei and hence more
resonance lines in the NMR spectra,
which increases spectral overlap. New
|abeling techniques promise to alleviate
the problem with spectral crowding
(61). The methods use transsplicing or
chemical ligation with inteins to re-
assemble proteins from two or more
fragments (33,35,58,60). The comple-
menting protein fragments are sepa-
rately biosynthesized in bacteria with
and without isotope labeling, respec-
tively, and then combined to form a
complete, segmentally labeled protein.
The solution structure of only the la-
beled domain can then be determined
by NMR. By labeling a different pro-
tein domain in each series of separate
experiments, the structure of the entire
large protein may be obtained using
TROSY techniques, even for proteins
that would otherwise produce over-
crowded NMR spectra.

There are interesting biological sys-
tems that do not suffer from spectral
crowding and are affected only by fast
relaxation. These systems can readily be
investigated by TROSY -type NMR ex-

periments. Such systems include sym
metric oligomeric proteinsor isotope-la-
beled proteins contained in unlabeled
large particles, such asnucleic acid com
plexes, detergent micelles or lipid vesi-
cles. Sequence-specific NMR assign-
ments for such large structures have
already been obtained (42), and TROSY -
based NOESY experiments (39) for the
collection of structural constraints are
also available. It can be anticipated that,
over the next few years, widespread use
of the new techniques will result in
many NMR structures for molecules and
molecular complexes with a molecular
weight exceeding 100 kDa.

CONCLUSION

Structure determination in solution
using NMR is an established method
that can routinely be applied to mole-
cules with a molecular weight up to 30
kDa. There are some key requirements
that must be fulfilled to permit a suc-
cessful structure determination. The
protein under investigation must be
highly purified and soluble to a concen-
tration of approximately 1 mM without
aggregation. For molecules larger than
7-10 kDa, isotope enrichment in 13C
and 15N and above 25 kDa possibly in
2H is required. The NMR measure-
ments have to be performed on a spec-
trometer operating at a proton reso-

Figure6. Protein backbone structur es calculated with different number s of NM R constraints. The structures show the SH; domain of human pS6 Lck ty-
rosine kinase (26) a various stages of the assignment of additional distance constraints on the basis of preliminary structures (courtesy M. Salzmann). Backbone
superpositions of ten conformers are shown with 1113 constraints (left), 1336 (middle) and 1687 congtraints (right). (The RMSD between the positions of the

polypeptide backbone atoms in the different conformers of the three bundles of structuresare4.2, 1.9 and 1.1

1290 BioTechniques

, respectively).
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Figure 7. Comparison of a3-D TROSY-HNCA and a conventional 3-D HNCA spectrum. Both spec-
tra were measured with identical experimenta conditions with a protein of 110 kDa molecular weight
(41). The HNCA experiment correl ates the chemical shifts of the 1H and the 15N of the amide group with
theintraresidua and sequentialy preceding o-carbon. Thisisindicated by the schematic drawing on the
left. Only small parts, strips, of the complete 3-D spectrum are shown. For the presentation, the 3-D spec-
trum was separated in a stack of planes (Figure 3) dong the 15N dimension. From the [1H,13C] planes,
130-Hz wide strips were cut out that run paralel to the 13C axis. The strips are centered about the chem
ical shift of the amide proton attached to the 15N represented by the plane. From both spectra, five strips
are shown that represent the H-N-@: correlationsin the four sequential amino acids Tyr 13, Gly 14, Tyr
15, His 16 and inthe C-termina Lys 121 asindicated at thetop of each strip by the one-letter amino acid
symbol. Theintraresidual correlationis marked with i and the sequential correlation with s. The broken
lineindicates the connections of theintraresidual and sequential HNCA correlations.

nance frequency of at least 600 MHz.
Although in this article little consid-
eration was given to compounds other
than peptides and proteins, the same
methodology can be used with other bi-
ological macromolecules, in particular
nucleic acids and their complexes with
proteins and drugs. In addition, al-
though not discussed in this review,
NMR offers unique means of probing
molecular motions on the picosecond-
to-nanosecond and on the microsec-
ond-to-millisecond time scales (28,36).
At the present time, only afew struc-
tures of proteins above 30 kDa molecu-
lar weight have been solved by NMR.
One can anticipate, however, that in the
not too distant future many more NMR
structures of larger proteins and protein
complexeswill become available by the
widespread use of TROSY, novel NMR

1292 BioTechniques

experiments and creative isotope label-
ing schemes. In addition, the develop-
ment of higher magnetic fields and im
proved spectrometer hardware will
result in gains in resolution and sensi-
tivity and will further increase the upper
molecular weight limit for structural
studiesby NMR.
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