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Abstract

For a quarter of a century X-ray diffraction in single
crystals was unique in its ability to solve three-
dimensional structures of proteins and nucleic acids at
atomic resolution. The situation changed in 1984 with
the completion of a protein structure determination by
nuclear magnetic resonance (NMR) spectroscopy in
solution, and today NMR is a second widely used
method for biomacromolecular structure determination.
This review describes the method of NMR structure
determination of biological macromolecules, and at-
tempts to place NMR structure determination in
perspective with X-ray crystallography. NMR is most
powerful for studies of relatively small systems with
molecular weights up to about 30000, but these
structures can be obtained in near-physiological milieus.
The two techniques have widely different time scales
which afford different insights into internal molecular
mobility as well as different views of protein or nucleic
acid molecular surfaces and hydration. Generally, in
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addition to information on the average three-dimensional
structure, NMR provides information on a wide array of
short-lived transient conformational states. Combining
information from the two methods can yield a more
detailed insight into the structural basis of protein and
nucleic acid functions, and thus provide a more reliable
platform for rational drug design and the engineering of
novel protein functions.

1. Introduction

In biological and biomedical research the area of
structural biology, in particular atomic resolution studies
of the three-dimensional structure of biological macro-
molecules and their intermolecular interactions, has
never before had as central a role and enjoyed as much
popularity as it does today. With the use of DNA
recombination and chemical synthesis an unlimited array
of different polypeptide sequences can be generated, but
the relationship of the resulting primary structures with
corresponding biological functions can only be rationa-
lized through knowledge of the three-dimensional
structure, In addition to its key role in academic
institutions, structure determination of proteins, nucleic
acids and other classes of biomolecules has, therefore,
become a discipline that is also actively pursued in profit-
oriented organizations, especially in the major pharma-
ceutical companies. Although X-ray diffraction with
single crystals has for two decades, until 1984, been
unique in its potential for efficient determination of three-
dimensional molecular structures, it presently shares this
role with nuclear magnetic resonance (NMR) spectro-
scopy in solution (Table 1).

Somewhat in contrast to the rather slow development
of protein crystallography during the first decade after
the initial structure determinations of myoglobin (Ken-
drew, 1963) and hemoglobin (Perutz, 1963) in the late
1950’s (Dickerson & Geis, 1969), the first protein
structure determination by NMR in 1984 (Williamson,
Havel & Wiithrich, 1985) (Fig. 1) was followed by a
rapid evolution of NMR structure determination from
about 1987 onward. Starting in 1990, the publication of
an annual survey of new experimental macromolecular
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Table 1. New three-dimensional structures of biological
macromolecules published during the period 1990-1993
Structures determined by X-ray crystallography, NMR or by any other

method are listed separately. The data are from Hendrickson &
Wiithrich (1991, 1992, 1993, 1994).

X-rays NMR
Year (single crystals) (solution) Other methods
1990 109 23 2
1991 123 36 -
1992 168 61 —_
1993 207 59

structure determinations (Hendrickson & Wiithrich,
1991, 1992, 1993, 1994) provides a guide to the
contributions by the different techniques available (Table
1). The few entries in the ‘Other methods' column of
Table 1 refer to structures solved by X-ray fibre
diffraction or electron diffraction in crystals. These
techniques can provide the desired information, but
applications have mainly been focussed on highly
complex systems so that the actual number of structures
solved is still very small. Other experimental techniques
that are traditionally associated with the structural
biology of proteins and nucleic acids and have important
roles in the empirical identification of different con-
formational states, e.g. circular dichroism and other
spectroscopic methods, or measurements based on
studies of thermodynamic or hydrodynamic properties
of macromolecules in solution, do not appear in Table 1
because they cannot provide sufficient data for de nove
three-dimensional structure determinations. Table 1 thus
leads to the conclusion that X-ray diffraction in crystals
and NMR in solution are the only efficient methods
presently available for biomacromolecular structure

Fig. 1. NMR solution structure of the protein BUSI lIA (proteinase
inhibitor IIA from bull seminal plasma). All heavy atoms of the 57-
residue polypeptide chain are drawn. For the structure determination
the protein had been dissolved in water. (Drawing prepared with the
atomic coordinates from Williamson, Havel & Wiithrich, 1985.)
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determination at atomic resolution. Considering that the
number of structure determinations listed in Table 1
exceeds by far the total number of macromolecular
structures solved up to 1989, we further learn that
knowledge of three-dimensional structures is still very
limited when compared with the available sequence
information. Scarcity of three-dimensional structures is
indeed a major bottleneck in protein engineering and
rational drug design, but as is evident from Table 1, the
situation is improving rapidly.

The present article presents a survey of the method of
macromolecular structure determination by NMR (Wiith-
rich, 1986). It further attempts to place X-ray crystal-
lography and NMR spectroscopy in solution into
perspective with each other, with particular focus on
the use of the two methods for protein structure
determination. Foremost, I would like to entertain the
question whether the numbers in Table 1 tell us
everything. Does the introduction of NMR as a second
method simply increase the total number of structures
solved, for example, from 168 to 229 in 1992, or are
there also fundamentally new insights indicating that
refined or even entirely novel views of the structural
basis of protein functions could result from combining
the results obtained with the two techniques?

2. Some reminiscences: growing up besides X-ray
crystallography

Over the years the fact that X-ray diffraction with protein
or nucleic acid single crystals (Blundell & Johnson,
1976) and NMR spectroscopy with protein or nucleic
acid solutions (Bax, 1989; Clore & Gronenborn, 1991;
Kaptein, Boelens, Scheek & van Gunsteren, 1988;
Wiithrich, 1976, 1986, 1989a,b) are both focussed on
investigations of the three-dimensional molecular struc-
tures, has quite often resulted in exchanges determined
by a sense of competition rather than by due emphasis on
the complementary nature of the information obtained
with the two techniques (see section 9 below). My
personal experience was that of frequent contacts with
leading colleagues in the field of protein crystallography,
which greatly added to my postgraduate education in
structural biology (my formal university education was in
chemistry, physics and physical education). On many
occasions I was invited to join protein crystallography
meetings, and more than once I was the only “outsider’ in
a crystallography school or similar. The flattering
invitation to contribute this lead article to Acta Crystal-
lographica is a continuation of these interdisciplinary
contacts, which I accept as a very special privilege.
The physical phenomenon of nuclear magnetic
resonance was first described in 1946 (Bloch, Hansen
& Packard, 1946; Purcell, Pound & Bloembergen, 1946),
and the first NMR spectrum of a protein was reported in
1957 (Saunders, Wishnia & Kirkwood, 1957). During
the following decade there were a small number of
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additional reports on NMR experiments with direct
observation of the protein spectrum, but for technical
reasons of sensitivity and spectral resolution most NMR
studies focussed on measurements of the influence of
proteins and nucleic acids on the solvent, using
‘relaxation enhancement experiments’ (for reviews of
this early work see, for example, Ehrenberg, Malmstrom
& Vinngard, 1967, Jardetzky, 1967; Mildvan & Cohn,
1970). Although some qualitative indications of internal
flexibility of biopolymers in solution were obtained, and
the usefulness of the method for certain analytical
studies, such as titrations of individual histidyl side
chains in proteins (e.g. Meadows, Jardetzky, Epand,
Riiterjans & Scheraga, 1968) was convincingly demon-
strated, these early NMR applications in structural
biology could not, for technical reasons, bear directly
on the three-dimensional structure. It was also too early
for assessment of the NMR data in light of corresponding
X-ray crystal structures, since these were yet to be
solved.

During the second decade of NMR with biological
macromolecules from 1967 to 1976, superconducting
magnets providing higher polarizing magnetic fields, and
the availability of commercial Fourier transform NMR
spectrometers provided improved sensitivity and spectral
resolution, enabling measurements relating directly to
features of the three-dimensional molecular structures. In
the course of this ten-year period, X-ray crystal structures
were solved for several small proteins which were also
amenable to NMR investigations, so that results obtained
with the two methods could be compared directly. In this
environment many fundamental features of protein 'H
NMR spectra could be rationalized, as is described in
some technical detail in the following section 3, and it
was soon clear that NMR investigations could provide
important complementary information to that contained
in X-ray crystal structures: (i) the NMR spectral features
were usually in qualitative agreement with the assump-
tion that at least part of the crystal structure was
preserved in solution. (ii) Based on the concept of ring-
current shifts (see section 3), conformational transitions
could be characterized, for example, the reversible
denaturation of hen egg-white lysozyme (McDonald &
Phillips, 1967). In particularly favorable situations,
mainly in hemoproteins where the immediate environ-
ment of the heme group is unique in its NMR spectral
properties (Wiithrich, 1970), conformational changes
observed by NMR could, by reference to the crystal
structure, be attributed to unique locations on the
molecular structure. An illustrative example is the
observation of tertiary-structure changes upon ligand
binding in myoglobin and hemoglobin (Shulman,
Ogawa, Wiithrich, Yamane, Peisach & Blumberg,
1969). (iii) In the crystal structure of cytochrome ¢ the
second axial ligand of the heme Fe atom could initially
not be identified from the X-ray data (Dickerson & Geis,
1969). Within the framework of the global polypeptide
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fold available from the crystallographic study, this
missing structural detail was unambiguously determined
by NMR (McDonald, Phillips & Vinograde, 1969;
Wiithrich, 1969). (iv) 3C NMR relaxation studies
provided a qualitative picture of variable segmental
mobility on the nanosecond time scale in different areas
of globular protein molecules (Allethand, Doddrell,
Glushko, Cochran, Wenkert, Lawson & Gurd, 1971).
(v) The proton-exchange reaction (1),

NH + *H,0—N?H + H?HO, (1)

could be studied for individual backbone amide protons
after dissolving the protein in 2H,0, providing informa-
tion on hydrogen bonding and solvent accessibility of
core regions of the protein. The basic pancreatic trypsin
inhibitor (BPTI), which was one of the first proteins for
which a high-resolution X-ray crystal structure became
available (Deisenhofer & Steigemann, 1975), had a key
role in the development of these studies (Karplus, Snyder
& Sykes, 1973; Masson & Wiithrich, 1973). It is
remarkable that corresponding NMR information on
hydrogen bonding in tRNA was obtained in the early
1970’s (Kearns, Patel & Shulman, 1971), years before an
X-ray crystal structure determination of a tRNA was
completed. (vi) The NMR observation of ring flips of
phenylalanine and tyrosine provided precise data on
concerted large-amplitude internal mobility in the protein
core (Fig. 2). The observation of these ring-flipping
motions on the millisecond to microsecond time scale
(Wiithrich & Wagner, 1975) was a genuine surprise for
the following reasons. In the refined X-ray crystal
structure of BPTI (Deisenhofer & Steigemann, 1975)
the aromatic rings of phenylalanine and tyrosine are
among the side chains with the smallest temperature
factors. For each ring the relative values of the B factors
increase toward the periphery, so that the largest
positional uncertainty is indicated for the C atom 4 on
the symmetry axis through the C#—C! bond rather than

C
B

Fig. 2. 180° ring flips of tyrosine and phenylalanine about the C# —C'
bond. On the left the atom numeration is given and the x rotation
axis is identified with an arrow. The drawing on the right represents a
view along the C# —C' bond of a flipping ring in the interior of a
protein, where the broken lines indicate a transient orientation of the
ring plane during the flip. The circles represent atom groups near the
ring and arrows indicate movements of atom groups during the ring
flip. (From Wiithrich, 1986.)
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for the C atoms 2, 3, 5 and 6 (Fig. 2), which undergo
extensive movements during the ring flips. Theoretical
studies performed in a collaboration of my group with
Robert Huber’s laboratory (Hetzel, Wiithrich, Deisenho-
fer & Huber, 1976) and independently by Gelin &
Karplus (1975) then showed that the crystallographic B
factors sample multiple-rotation states about the C* —C#
bond, whereas the ring flips about the C¥—C' bond seen
by NMR are very rapid 1807 rotations connecting two
indistinguishable equilibrium orientations of the ring.
The B factors do not manifest these rotational motions
because the populations of all non-equilibrium rotational
states about the CF—C' bond are vanishingly small.
Indications of aromatic ring mobility were also observed
in other proteins (Campbell, Dobson & Williams, 1975;
Hull & Sykes, 1975). Eventually the ring-flip phenom-
enon turned out to be a general feature of globular
proteins, manifesting ubiquitous low-frequency internal
motions in protein molecules, which have activation
energies of 60—100kJ mol™', amplitudes of >1.0A and
activation volumes of about 50 A* (Wagner, 1980), and

Fig. 3. Comparison of the structure of the protein Tendamistat derived
by NMR in solution with that derived by X-ray crystallography. The
NMR structure is represented by a bundle of nine conformers (blue),
and the crystal structure by a red line (white in those regions where it
overlaps the blue lines) representing the average atom coordinates
and by yellow circles indicating the size of the B factors for the C*
atoms. Only the backbone is shown, that is, the blue and red lines
represent virtual bonds connecting the C% positions. (Drawing
prepared with the atomic coordinates from Kline, Braun & Wiithrich,
1986; Pflugrath, Wiegand, Huber & Vértesy, 1986.)
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involve concerted displacement of numerous groups of
atoms (Fig. 2). In summary, during the period 1967-
1976 the NMR spectroscopists used X-ray crystal data as
a source of information on three-dimensional protein
structures, which were, on the one hand, needed to
rationalize the NMR spectral data and could, on the other
hand, be complemented with genuinely novel informa-
tion on transient conformational states present within the
framework of the average molecular structure. In hind-
sight it is also clear that in spite of numerous premature
claims made at the time, the NMR approaches used
during these years were not of the kind that could lead to
de novo three-dimensional protein structure determina-
tion, not to speak of the fact that the instrumentation
available then would not have been suitable for this
purpose.

A third decade of subjecting protein solutions to
magnetic fields was needed from 1977 to 1986, to
achieve complete de novo NMR structure determinations
of biological macromolecules. In a first phase until 1981,
the key two-dimensional (2D) NMR experiments were
adapted for use with macromolecules (Nagayama,
Wiithrich, Bachmann & Ernst, 1977; Nagayama,
Wiithrich & Emst, 1979; Nagayama, Anil-Kumar,
Wiithrich & Emst, 1980; Anil-Kumar, Emst & Wiithrich,
1980; Anil-Kumar, Wagner, Ernst &Wiithrich, 1981),
and in parallel the method of sequential resonance
assignments was developed (Billeter, Braun & Wiithrich,

Fig. 4. Three-dimensional structure of the a-domain from human
metallothionein-2 determined by NMR in solution. The blue line
represents the polypeptide backbone from residues 31 to 61, the
dotted spheres the four metal ions, yellow lines the 11 cysteinyl side
chains, and red lines the coordinative bonds between the Cys S atoms
and the metal ions. (Drawing prepared with the atom coordinates of
Messerle, Schiffer, Vasak, Kagi & Wiithrich, 1990.)
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1982; Dubs, Wagner & Wiithrich, 1979; Wagner &
Wiithrich, 1982; Wider, Lee & Wiithrich, 1982). The
aforementioned dynamic phenomena could now be
attributed to unique locations along the polypeptide
chain of BPTI, and with the assumption that the crystal
structure was preserved in solution this also afforded a
three-dimensional map of internal mobility. Obtaining
sequence-specific resonance assignments also opened the
door for three-dimensional structure determination by
NMR (Wiithrich, Wider, Wagner & Braun, 1982) (see
section 5 below). By 1984 the computational tools for
protein structure calculation from NMR data had been
developed (Braun, Bosch, Brown, Go & Wiithrich, 1981;
Havel & Wiithrich, 1984, 1985) and the structure
determination of a globular protein, the bull seminal
protease inhibitor IIA (BUSI IIA), was completed
(Williamson, Havel & Wiithrich, 1985). When I
presented the NMR structure of BUSI (Fig. 1) in some
lectures in the spring of 1984, the reaction was one of
disbelief and suggestions that our structure must have
been modelled after the crystal structure of a homologous
protein. Apparently the structural biology community
had thoroughly adjusted to the role of NMR as a provider
of some exotic supplementary data, although not being a
suitable approach for de novo structure determination at
atomic resolution. In the discussion following a seminar
in Munich on May 14, 1984, Robert Huber proposed to
settle the matter by independently solving a new protein
structure in his laboratory by X-ray crystallography and
in my laboratory by NMR. Each of us received 100 g (!)
of the pure a-amylase inhibitor Tendamistat from
Hoechst AG and, as is well documented in the literature
(Billeter, Kline, Braun, Huber & Wiithrich, 1989; Braun,
Epp, Wiithrich & Huber, 1989; Kline & Wiithrich, 1985;
Kline, Braun & Wiithrich, 1986, 1988; Pflugrath,
Wiegand, Huber & Vértesy, 1986), this project was
started. Complete NMR assignments and the secondary-
structure determination in solution were obtained by the
end of the summer of 1984 (Kline & Wiithrich, 1985),
and eventually virtually identical three-dimensional
structures were obtained in solution (Kline, Braun &
Wiithrich, 1986) and in crystals (Pflugrath, Wiegand,
Huber & Vértesy, 1986) (Fig. 3). Some editorials then
caused many to believe that Tendamistat rather than the
earlier work by Tim Havel and Michael Williamson with
BUSI (Williamson, Havel & Wiithrich, 1985) was the
first complete de novo NMR structure determination of a
globular protein. The fact that a genuinely novel type of
polypeptide fold had been determined in the NMR
structure of Tendamistat apparently convinced many of
the critics that NMR could actually do the job. The
Tendamistat experience was comforting when we came
out with the next structure determination, rabbit
metallothionein, in the spring of 1985 (Braun, Wagner,
Worgotter, Vasdk, Kidgi & Wiithrich, 1986). In response
to the first public presentations of this structure at Yale
University on June 10 and at the University of Pittsburgh
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on June 12, 1 was confronted with a crystal structure of
rat metallothionein that was very different from our
NMR structure (Furey, Robinson, Clancy, Winge, Wang
& Stout, 1986). We subsequently found that the NMR
structures of three homologous metallothioneins from
rabbit, rat and man (Fig. 4) are virtually identical, and
several years later the crystal structure of rat metallothio-
nein was redetermined and found to actually coincide
very closely with our NMR structure (Braun, Va$ik,
Robbins, Stout, Wagner, Kigi & Wiithrich, 1992).
Clearly, establishing credibility for NMR structures of
proteins did involve close encounters with the crystal-
lography community!

Today, nearly 40 years after the initial recording of a
protein 'H NMR spectrum, it has become more
customary than ever before to subject solutions of
proteins and nucleic acids to strong magnetic fields.
New advances during the fourth decade of this activity
include the widespread use of *C and "N isotope
labelling, the introduction of 3D and 4D NMR experi-
ments for studies of isotope-labelled compounds (for a
recent review see Bax & Grzesiek, 1993), and the
development of heteronuclear filters for investigation of
partially labelled macromolecules or multimolecular
complexes (for a recent review see Otting & Wiithrich,
1990). The results of this evolution of the NMR
methodology for biomolecular structure determination
are in part also reflected in the numbers of new structures
listed in Table 1.

3. NMR spectra of proteins and nucleic acids

The following isotopes in natural biological macro-
molecules give NMR signals of practical interest: 'H,
13C, !N and 3'P, and 2H and '’F may also be used after
introduction of these isotopes by suitable chemical
modification. The resonance positions of the different
isotopes are widely different; they are not observed
within the same NMR spectrum, and one actually needs
different equipment for observation of the resonances
from different nuclei. Thus, for example, the exchange
reaction (1) can be followed by the disappearance from
the '"H NMR spectrum of the resonance lines correspond-
ing to protons that were replaced with deuterons. Within
the spectrum of a given isotope, individual nuclei in a
complex molecular structure can generally be observed
as separate lines. A one-dimensional (1D) 'H NMR
spectrum of the protein BPTI is shown in Fig. 5(a),
where the resonance positions of different H atoms are
given by the chemical shift, 3, in parts per million
(p.p.m.) relative to a reference substance [usually a
water-soluble derivative of Si(CH3), at O p.p.m.]. The
chemical shift is determined primarily by the chemical
structure. Thus, in a 'H NMR spectrum of a protein (Fig.
5a) the resonance lines of all methyl groups appear on
the extreme right at around 1 p.p.m., those of the
potentially exchangeable amide protons [(1)] on the
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extreme left from about 7 to 11 p.p.m., and in-between
one observes methylene groups at 2-3 p.p.m., the a-
protons at 4-5 p.p.m., and the protons of the aromatic
rings at 6-7.5 p.p.m. The 'H chemical shifts are further
affected by the solvent milieu, so that a given chemical
structure is observed in slightly different resonance
positions when in aqueous solution or in a less polar
environment. As to the resonance line widths, these may
be as narrow as 0.1 Hz for small molecules, of the order
10Hz in small proteins with molecular weights around
10000, and broader in larger molecules. These few basic
facts suffice to rationalize the salient features of 'H NMR
spectra of proteins and nucleic acids (Jardetzky &
Roberts, 1981; Wiithrich, 1976, 1986).

In an extended, flexible polypeptide chain (Fig. 6a) all
amino-acid side chains are exposed to the same solvent
environment, so that multiple copies of a specified amino
acid in the sequence have nearly identical '"H chemical
shifts. Therefore, the 'H NMR lines of denatured
‘random-coil’ polypeptide chains correspond closely to
the sum of the resonances in the constituent amino-acid
residues, provided the increased macromolecular line
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Fig. 5. (a) One-dimensional '"H NMR spectrum of a freshly prepared
“H;0 solution of the protein BPTI (protein concentration = 5 mM,
p’H = 45, T =318K; 'H NMR frequency = 360MHz). (h)
Computed random-coil ' H NMR spectrum of BPTI in 2H,0 solution,
where all the labile protons in N—H and O—H groups are replaced
by ZH [()]. All resonance lines in these spectra have been assigned
to distinct H atoms of BPTI. Stick diagrams indicate the positions and
intensities of the yCHj; resonances of the threonyl residues in the
sequence positions 11, 32 and 54, and the aromatic protons of the
tyrosyl residues 10, 21, 23 and 35. In (@), HDO identifies the solvent
water resonance. (From Wiithrich, 1986.)
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widths are taken into account. In Fig. 5(b) a random-coil
spectrum of BPTI was computed as the sum of the
resonances of the amino-acid residues in the sequence of
this protein. The increased complexity of the NMR
spectrum of globular BPTI (Fig. 5a) results primarily
from conformation-dependent 'H chemical-shift disper-
sion, which is a consequence of a generalized solvent
effect: interior peptide segments in globular proteins are
shielded from the solvent and are surrounded by other
peptide segments (Fig. 6b). Considering that the interior
of a globular protein is highly aperiodic, each amino-acid
residue is thus subjected to a unique microenvironment.
In Fig. 5 these effects are shown in detail for the threonyl
and tyrosyl residues in BPTL For example, in the
unfolded polypeptide chain the methyl groups of the
three threonyl residues give rise to a single line
corresponding in intensity to nine protons, whereas in
the folded BPTI the chemical shifts of the three methyl
groups are dispersed so that three separate lines of
intensity three protons each, are observed. The NMR
lines between 7.5 and 11 p.p.m. in the globular protein
correspond to slowly exchanging amide protons. They
have no counterpart in the unfolded protein because the
spectrum of Fig. 5(b) was calculated with the assumption
that these protons had been completely exchanged with
*H [(1)].

At the origin of the 'H chemical-shift dispersion in
globular proteins are anisotropic diamagnetic suscept-
ibilities of molecular fragments in the polypeptide chain.
Dominant effects are due to the local ring-current fields
near aromatic amino-acid residues (Fig. 7) and to the
formation of intramolecular hydrogen bonds. Ring-
current shifts arise because spins above or below the
ring plane experience a local field that opposes the

®)
(a)

Fig. 6. Scheme depicting the surroundings of amino-acid side chains in
an extended, ‘random-coil’ polypeptide chain (a) and in a globular
protein (b). (From Wiithrich, 1986.)
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external polarizing magnetic field B, (Fig. 7), and
therefore the corresponding resonance lines are displaced
to higher field (i.e. to the right in the spectrum).
Conversely, spins located in the ring plane outside of
the confines of the ring are shifted to lower field. In BPTI
the conformation-dependent shifts of the three threonyl
yCHj lines at —0.64, 0.16 and 0.38 p.p.m. (Fig. 5) can be
explained nearly quantitatively by the ring-current effects
predicted from the crystal structure, and the same holds
for methyl groups in general. Similar but usually much
smaller anisotropic local magnetic fields are induced by
other atom groups, for example, carbonyl groups. Very
large shifts may also result near prosthetic groups, in
particular the heme groups in hemoproteins (Wiithrich,
1970).

Fig. 5 clearly illustrates the importance of conforma-
tion-dependent chemical-shift dispersion for obtaining
the spectral resolution needed for structural studies by
NMR. In the unfolded polypeptide chain, multiple copies
of the same amino-acid type could not be distinguished
(Fig. Sb), whereas in the folded protein each residue can
be individually observed (Fig. 5a). These observations
dictate an essential requirement for NMR structure
determinations: NMR techniques will be required that
enable work with the complex spectrum of the intact
folded protein (Fig. Sa), since the desired data cannot be
obtained by adding up information from studies of small,
constituent oligopeptide fragments.

Some pertinent conclusions on the use of 'H chemical
shifts for structural studies can also be drawn from these
qualitative considerations on conformation-dependent
chemical-shift dispersion in globular proteins: (i) when
concentrating on resonance lines with sizeable ring-
current shifts, in particular side-chain methyl groups, one
can check on the compatibility of the observed 'H shifts

P(x,y,z)
o

Fig. 7. Local ring-current field, By, of a phenylalanine ring. Bg is
induced by the exlernal polarizing field B,. For simplicity only a
single field line through the ring centre to the left along the y axis is
drawn, but Bg is of course circularly symmetrical relative to the Z
axis. In a three-dimensional molecular structure, protons located at
the position P(x,y, z) relative to the ring centre experience Bgr in
addition to the external field B,,, and the resulting ‘ring-current shifts’
are dependent on the relative coordinates of the ring and of P(x, y, z).
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with the crystal structure of the protein. (ii) Ring-current-
shifted lines can be used as highly sensitive indicators of
conformation changes. (iii) Because of the high sym-
metry of the local magnetic fields, conformation-
dependent 'H shifts are not a useful parameter for de
novo three-dimensional structure determination. This is
readily apparent from Fig. 7, since atoms located in
corresponding positions above or below the plane of the
aromatic ring experience identical ring-current shifts, and
the ring-current field is further circularly symmetrical
with respect to the z axis. (iv) The 'H NMR spectrum
cannot be predicted from the crystal structure of the
protein, both because the effects of weaker local fields on
the chemical shifts cannot be quantitatively accounted
for, and in regions near aromatic rings the crystal-
lographic atom coordinates are not sufficiently precise to
enable quantitative shift calculations.

4. NMR studies of dynamic processes on the

chemical-shift time scale

The aforementioned ring-flip phenomenon is manifested
in the 'H NMR spectra because chemical-shift dispersion
in the spatial protein structure can also arise for protons
within the same residue. This is schematically illustrated
in Fig. 8 for a phenylalanine ring. In the covalent
structure the two proton pairs 2,6 and 3,5 (Fig. 2) are in
symmetry-related equivalent positions. In an isotropic
solvent this chemical-shift equivalence is preserved. A
‘symmetrical’ three-line spectrum is then observed, with
identical shifts for positions 2 and 6, and 3 and 5,
respectively. In the interior of a protein the twofold
symmetry of the covalent structure is masked by different
non-bonding shielding effects on the individual ring
protons, so that an ‘asymmetric’ five-line spectrum is
obtained. These effects from the protein environment can
be averaged out by rotational motions of the aromatic
ring. With increasing frequency of the ring flips, which

{L SOLUTION @ PROTEIN

A

6 T2 o
6 3 54 6 2

Fig. 8. ‘Solvent effects’ on the "H NMR spectrum of a phenylalanine
ring in solution and in a globular protein. The size of the umbrellas
reflects the shielding of the individual aromatic H atoms from the
external polarizing magnetic field B, (arrow). The resonance
assignments at the bottom refer to the atom numbering indicated in
the rings (From Wiithrich, 1986.)
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can be achieved by raising the temperature within the
stability range of the globular protein conformation (Fig.
9), the asymmetric two-line spectra of the 2,6- or 3,5-
protons first broaden, then merge into a very broad
two-proton line, and eventually give rise to a sharp two-
proton resonance. Thereby the extent of the conforma-
tion-dependent dispersion of the chemical shifts
determines the NMR time scale for observation of these
exchange processes, i.e. the larger the chemical-shift
difference between the two lines representing the
asymmetric state, the higher the ring-flip frequencies
that are accessible for quantitative measurement. These
correlations are readily apparent from the spectral
simulations in Fig. 9, which also show that the
frequencies covered by these experiments extend from
about 157! to 2 x 10* s~!. Since chemical-shift differ-
ences are proportional to the applied magnetic field B,
the accessible frequency range is also dependent on the
spectrometer frequency. Thus, higher ring-flipping
frequencies could be measured at a 'H resonance
frequency of 600 MHz than in the 360 MHz spectrum
of Fig. 9.

A similar situation to the one where two chemically
equivalent ring protons exchange positions between two
different environments (size of the umbrellas in Fig. 8)
prevails when a single group of protons undergoes
exchange between two different environments that are
characterized by different chemical shifts. Examples of
dynamic processes in proteins that would thus be
accessible to NMR observation are motions of amino-
acid side chains in and out of the local ring-current field
of an aromatic side chain (Fig. 7), or exchange of an
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amide proton between two or multiple hydrogen-bonding
partners.

5. The nuclear Overhauser effect (NOE) and the
pivotal role of sequence-specific NMR assignments

Nuclear Overhauser effects are due to dipolar (through-
space) interactions between different nuclei and are
correlated with the inverse sixth power of the inter-
nuclear distance. The possibility of measuring intera-
tomic distances between pairs of H atoms (or, in practice,
of establishing upper boundaries on '"H—'H distances
over the range of about 2.0-5.0 A) via observation of
NOE’s represents the physical basis for macromolecular
structure determination by NMR. NOE’s can be observed
in double-irradiation 1D NMR experiments as the
fractional change in intensity of one NMR line when
another resonance is irradiated, or as cross peaks in 2D
NOE spectroscopy (2D ['H,'H)-NOESY) Fig. 10) or
higher dimensional spectra (see below). The physical
processes leading to NOE’s are quite slow so that the
NOE build-up can be followed over a time range of
milliseconds to seconds. '"H—'H distance measurements
in macromolecules are based on the analysis of NOE
build-up curves recorded typically over a pertod of up to
about 300ms, which is needed to prevent possible
pitfalls due to ‘spin diffusion’ (Gordon & Wiithrich,
1978; Wagner & Wiithrich, 1979; Anil-Kumar, Wagner,
Ernst & Wiithrich, 1981).

The 2D ['H, 'H]-NOESY spectrum of Fig. 10 contains
resonance lines on the diagonal from the upper right to
the lower left which correspond to the 1D '"H NMR

Tyr-35
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Fig. 9. NMR observation of aromatic
ring flips. The experiment consists
of a series of one-dimensional 'H
NMR spectra of BPTI in 2H,0
(protein concentration = 10mM,
p°H = 7.8, '"H NMR frequency =
360 MHz) recorded alt the different
temperatures indicated on the left
of each trace. The spectral region
from 6.0 to 8.5 p.p.m. is shown.

62 The resonances of the aromatic

rings of Phe45 (o) and Tyr35 (A)
are identified in the spectra at 277
and 345K and were simulated in

37 . ene the centre and on the right, respec-

tively, using the ring-flip frequen-
cies indicated with the individual
simulations. The resonance assign-
we ments in the simulated spectra at
277 and 345K refer to the atom

2780 ¢
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0025

numeration in Fig. 2. (From
Wiithrich, 1986.)
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spectrum. The cross peaks in the plane outside of the
diagonal manifest NOE’s between pairs of diagonal
peaks, as indicated for one cross peak by a horizontal and
a vertical line in the lower left of the figure. In a
qualitative approach which is sufficient for obtaining a
low-quality three-dimensional protein structure (Havel &
Wiithrich, 1985), each NOESY cross peak of observable
intensity (Fig. 10) can be attributed the same upper
boundary on the distance betweeno a pair of H atoms, i
and j, of, for example, U; < 4.0 A. A large number of
NOE’s are typically observed in globular proteins (Fig.
10) or in double-helical nucleic acids, indicating that
these molecular structures contain numerous pairs of
closely spaced H atoms. The structural information thus
obtained from a NOESY spectrum is schematically
represented by the upper part of Fig. 11. Clearly, on this
level of detail the NOE distance constraints are not a
viable basis for a-three-dimensional structure determina-
tion, although they may be the result of a beautiful, well
resolved NOESY experiment. The situation is analogous
to that of a crystallographer who has obtained beautiful
X-ray diffractions of a native protein crystal.

The crucial link between the NOE distance constraints
and the molecular structure is provided by sequence-
specific resonance assignments (Wiithrich, Wider,
Wagner & Braun, 1982). Based on the assignments the
distance constraints can be attributed to specific sites
along the polymer chain, and hence the NOE experi-

(.0
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- 8.0}

~10.0

I
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Fig. 10. Two-dimensional ['H,'H]-NOESY (nuclear Overhauser
enhancement spectroscopy) of the protein toxin K (protein
concentration = 10 mM, solvent = 90% H,0/10% *H,0, pH = 4.6,
T = 309K. 'H frequency = 600 MHz, mixing time = 40 ms). The
horizontal line and the vertical line through a cross peak in the lower
left indicate how the cross peaks correlate pairs of H atoms
(represented by the chemical shift on the diagonal) which are related
by an NOE.
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ments define the formation of loops by chain segments of
variable lengths (lower part of Fig. 11). Considering that
the overall length of the extended polypeptide chain of a
protein with 100 residues is about 350 A. the NOE's
with Uj; < 4.0A impose stringent constraints on the
polypepude conformation. With the use of suitable
mathematical procedures, notably distance geometry,
the conformation space can then be searched for spatial
arrangements of the polymer chain that are compatible
with the uniquely assigned experimental distance con-
straints. Alhough the problems to be solved in using the
two methods are technically very different, obtaining
sequence-specific resonance assignments in protein
structure determinations by NMR thus has a similar
impact to that of solving the phase problem in protein
crystallography.

6. The practice of macromolecular structure
determination by NMR

Fig. 12 presents an overview of the course of a NMR
structure determination. Individual steps are the sample
preparation, the NMR measurements, the assignments of
the NMR lines to individual atoms in the polymer chain,
the collection of conformational constraints, the structure
calculation and structure refinements. Although the entire
structure determination might conceivably at some future
stage be handled as a single computer-supported process,
in present practice the sequence of steps does correspond
largely to the flow diagram of Fig. 12. As is also
indicated in Fig. 12, it is a special feature of protein
structure determination by NMR that the secondary
polypeptide structure, including the connections between
individual segments of regular secondary structure, may
be known early-on from the data used for obtaining the
resonance assignments, actually before the structure
calculation is even started.
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Fig. 11. Information content of '"H-'"H NOE's in a polypeptide chain
without (upper part) and with (lower part) sequence-specific
resonance assignments. Open circles represent H atoms of the
polypeptide. Dotted lines between pairs of circles indicate NOE
distance constraints. The polypeptide chain is represented by the
horizontal linc in the centre, and the solid line in the lower drawing.
(From Wiithrich, 1986.)
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6.1. Sample preparation

As even minor macromolecular impurities may be
detrimental to the outcome of a structure determination,
the samples used must be highly homogeneous. The
material is dissolved in 0.5 ml of water, and the ionic
strength, pH and temperature may be adjusted so as to
ensure near-physiological conditions (for proteins it is
advantageous to work in the slightly acidic pH range
from 3 to 5). The concentration should be about 1 mM,
ideally 2-5mM, so that, for example, 5-25mg of a
protein with molecular weight 10 000 should be available
for a structure determination. Although this concentration
is high relative to that of most proteins in their
physiological milieu, it is not far from the total protein
concentration in typical body fluids. For molecular sizes
above approximately 10000, quite often also for smaller
sizes, the NMR study will have to include the preparation
of compounds enriched with '*N and/or '3C. Uniformly
isotope-labelled recombinant proteins are obtained with
commonly available techniques; nonetheless, preparation
of a suitable protein sample is often the bottleneck in a
project. For RNA and DNA, selective or uniform
labelling has been introduced more recently; it is still
used only by a few groups and labelling techniques are
still in the process of development.

I could imagine that most readers of this journal would
readily agree that being able to work with solutions is a
great asset of the NMR method. However, working with
solutions also has its inherent potential difficulties. Most
of all, many biological macromolecules tend to self-
aggregate at the concentrations needed for NMR spectro-
scopy, which has slowed down many projects. Further-
more, in the course of an investigation it may be non-
trivial to achieve identical solution conditions in different
NMR samples of the same compound, which typically

Sample preparation
0.5ml / mM concentration / '3C,'5N-labeling
NMR spectroscopy
homonuclear / heteronuclear / 2D / 3D / 4D

L]

’/—I Sequence-specific resonance assignments]
L]

| Collection of conformational constraints |

~ )

3D structure
distance geometry

Structure refinement
energy minimization

Regular
secondary
structures

Fig. 12. Diagram outlining the course of a macromolecular structure
determination by NMR in solution (see text).
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results in small chemical-shift differences that slow down
the combined analysis of different NMR spectra.

6.2. NMR spectroscopy with biological macromolecules

The selection of NMR experiments for macromole-
cular structure determination is dictated mainly by two
requirements: (i) hundreds or even thousands of
resonance lines in the 'H NMR spectrum of a biological
macromolecule must be observed as separate peaks, and
selective correlations between pairs of spins (or groups of
equivalent spins, for example, the three protons in a
methyl group) need to be established. (ii) The maximum
possible number of 'H-'H NOE’s must be identified,
since the information needed for three-dimensional
structure determination comes primarily from NOE
distance constraints. In present practice these demands
are met by multidimensional NMR (Ernst, Bodenhausen
& Wokaun, 1987; Wiithrich, 1986).

Figs. 5a and 10 may serve to illustrate the problems to
be solved. In a 1D 'H NMR spectrum of a protein (Fig.
Sa) only a small percentage of the resonance lines are
well separated, and there is extensive overlap of multiple
resonances in most spectral regions. In the 2D '"H NMR
spectrum the corresponding peaks on the diagonal from
the upper right to the lower left are similarly overlapped,
but the additional cross peaks in the 2D frequency plane
outside of the diagonal, which manifest correlations
between pairs of diagonal peaks, are much better
resolved than the resonance lines in the 1D NMR
spectrum. The 2D '"H NMR experiment can thus yield
selective 'H-'H correlations also in crowded spectral
regions. Depending on the type of experiment performed,
different kinds of spin—spin correlations are manifested
by the cross peaks (see below).

With increasing size of the molecule studied and
concomitant increase of the number of NMR peaks, it
becomes more and more difficult to resolve and assign
individual resonances in homonuclear 2D 'H NMR
spectra. In heteronuclear 3D or 4D spectra recorded with
recombinant proteins that are uniformly labelled with °N
and/or '*C, the peaks are spread out in a third and
possibly fourth dimension along the "N and '*C
chemical-shift axes (for a recent review, see Bax &
Grzesiek, 1993). As an illustration, Fig. 13 shows a 3D
BN-correlated {'H,'H]-NOESY spectrum, where the
NMR peaks are spread out along a third axis which
corresponds to the NMR frequencies of the >N spins in
the '*N-labelled protein. As a result, the same number of
NMR peaks that would be observed in a 2D ['H,'H]-
NOESY spectrum (Fig. 10) are distributed among
multiple '"H-'H planes, typically 64 or 128 (Fig. 14).
The ensuing further improved separation of the peaks in
the individual planes is indispensable for work with
larger proteins, and the preparation of isotope-labelled
proteins as well as the use of higher-dimensional
heteronuclear NMR experiments are now general
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practice. In addition to the '"H NMR data, this approach
provides '3C and '’N NMR information, which may be
used to support the structure determination (e.g. Wishart,
Sykes & Richards, 1991) and to provide supplementary
information on dynamic features of the molecule studied.
Nonetheless, the key purpose of the heteronuclear NMR
experiments is to obtain the maximum possible number
of individually assigned '"H-'H NOE's in the system
studied.

6.3. Resonance assignments

Obtaining resonance assignments in biopolymers is
non-trivial for reasons that may best be rationalized by
comparison with NMR applications in other fields. For
example, in studies of organic chemical compounds,
resonance assignments are typically based on the
identification of unique spin systems, which are char-
acteristic for the covalent molecular structure. In homo-
nuclear 'H NMR, each spin system includes all those H
atoms that are related by scalar spin—spin couplings (e.g.
Wiithrich, 1986). In macromolecules this encompasses
those groups of H atoms that are separated in the
chemical structure by steps of, at most, three covalent
bonds. For most amino-acid residues the ensemble of all
H atoms thus forms one spin system. For example, as is
indicated by the dotted lines in Fig. 15, the three
equivalent methyl protons of alanine are separated by
three bonds from the a-proton, which in turn relates to
the amide proton via three bonds, so that a continuous
network of scalar couplings can be established. Excep-

Fig. 13. 3D ""N-correlated ['H,'H]-NOESY spectrum of oxidized E.
coli glutaredoxin (protein concentration = 1.5mM, solvent = 90Y%
H,0/10% *H,0, pH = 7.0, T = 301K, 'H frequency = 500 mHz,
mixing time = 100 ms). The protein was uniformly labelled with '*N
to the extent of > 95%. (From Sodano, Chary, Bjérmberg. Holmgren,
Kren, Fuchs & Wiithrich, 1991.)
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tions are the four aromatic amino-acid side chains and
some peripheral labile sidechain protons, where the
connection to the aliphatic H atoms of the same side
chain must be established via '"H—'H NOE’s (Wiithrich,
1986). Fig. 15 also shows that alanine and valine can
readily be distinguished, since their 'H spin systems
consist of three lines, and five lines, respectively. In a
typical NMR application in organic chemistry, the
assignment problem would be solved at this stage. In
contrast, since proteins invariably contain more than one
residue of most of the 20 common amino acids, the
identification of the groups of scalar-coupled spins
belonging to individual amino-acid residues is in general
not sufficient to define a unique sequence location.

The aforementioned situation is illustrated in Fig. 16
with the lac repressor DNA-binding domain, which is
one of the early proteins that were assigned in my
laboratory in Ziirich (Zuiderweg, Kaptein & Wiithrich,
1983a). This polypeptide contains eight valyl residues in
the positions 4, 9, 15, 20, 23, 24, 30 and 38. Although the
eight valyl spin systems could be identified, there was no
way to assign individual sequence positions from this
information alone. This intrinsic problem was solved
with the sequential assignment strategy (Dubs, Wagner
& Wiithrich, 1979; Billeter, Braun & Wiithrich, 1982;
Wagner & Wiithrich, 1982): Unique segments of two or
several sequentially adjoining amino-acid residues are
identified by NMR experiments, and then by comparison
with the chemically determined amino-acid sequence
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Fig. 14. Scheme illustrating the improved peak separation in a 3D
heteronuclear-resolved ['H,'H]-NMR experiment (@) when com-
pared with the corresponding 2D ['H,'H]-NMR experiment (b). The
two spectra contain the same number of peaks. In the 3D spectrum
(Fig. 13) these are distributed among multiplc w (' H)—w:(' H) planes
that are separated along the heteronuclear chemical-shift axis, w»(X).
The 2D spectrum corresponds to a projection of all the peaks in (a)
onto a single plane, causing overlap among some of the peaks
[w2("H) in the 2D spectrum corresponds to wy('H)y in the 3D
spectrum]. (From Otting & Wiithrich, 1990.)
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attributed to discrete positions in the polypeptide chain.
The desired relations between protons in sequentially
neighbouring amino-acid residues i and i+ 1 can be
established by NOE’s manifesting close approach
between «CH; and NH;,; (dy~), NH; and NH;+; (dwn)
(Fig. 15), and possibly BCH; and NH,, | (dgy) (Wiithrich,
1986). For Xxx-Pro dipeptide segments, corresponding
connectivities are observed to §CH; of Pro in the place of
the amide proton. In Fig. 15, for example, observation of
a NOESY cross peak corresponding to d,y or dww tells
us that the protein studied contains a dipeptide segment
Val-Ala. This dipeptide is then matched against the
independently known amino-acid sequence. If the latter
contains Val-Ala only once, the assignment problem is
solved. In the lac repressor DNA-binding domain, the
Val-Ala resonances could thus unambiguously be
assigned to the residues in positions 9 and 10 (Fig. 16).
Otherwise, to distinguish between multiple Val-Ala sites,
tri- or tetrapeptide segments including Val-Ala must be
identified by NMR and matched against the amino-acid
sequence. Since in globular proteins with up to 200
amino-acid residues the probability is small that identical
tri- or tetrapeptide segments occur more than once, the
procedure is generally applicable (Wiithrich, 1986). For
small proteins with up to about 100 amino-acid residues,
NOE-based sequential assignments can rely entirely on
homonuclear 'H NMR experiments, and for somewhat
bigger proteins with up to about 200 residues they can be
established based on the improved resolution of 3D
NMR experiments with I135N-labelled proteins (Fig. 13).
No prior knowledge of the polypeptide conformation is
needed, since at least one of the two distances dv or dyy
(Fig. 15) is always sufficiently short to be observed by
NOE'’s (Billeter, Braun & Wiithrich, 1982). A further
attractive feature of this approach is that the identification
of the sequential NOE’s forms an integral part of the data
collection for the protein structure determination (see
below).

Valine(V)
CHs

Alanine(A)
CHs

Fig. 15. Sequential resonance assignment based on sequential '"H-'H
NOE's. In the dipeptide segment -Val-Ala- the dotted lines indicate
"H-H relations which can be established by scalar through-bond
spin—spin couplings. The broken arrows indicate relations between
protons in sequentially neighbouring residues, which can be
established by NOESY cross peaks manifesting short sequential
distances dgx (between CH and the amide proton of the following
residue) and dnx (between the amide protons of neighbouring
residues).
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Sequential assignments can alternatively be obtained
entirely via heteronuclear scalar couplings. Although this
intuitively straightforward approach was applied already
in 1979 to obtain assignments for the polypeptide toxin
apamin, using the unlabelled peptide and multiple-
irradiation 1D NMR experiments (Okhanov, Afanas’ev
& Bystrov, 1980), it became a practical technique only a
decade later with the availability of recombinant isotope-
labelled proteins. For a polypeptide chain that is
uniformly labelled with "N and '*C, the entire
macromolecular structure can be represented as a single
heteronuclear spin system, since there are observably
large scalar couplings also between atoms in neighbour-
ing amino-acid residues (Fig. 17). Using 3D and 4D
heteronuclear triple-resonance experiments (Montelione
& Wagner, 1989, 1990; Ikura, Kay & Bax, 1990; Bax &
Grzesiek, 1993; Szyperski, Wider, Bushweller &
Wiithrich, 1993), the resonance lines of sufficiently large
fragments of the polypeptide structure are grouped
together to enable sequence-specific resonance assign-
ments (e.g. Clore & Gronenborn, 1991). The largest
proteins for which the polypeptide backbone has been
assigned using '*C/'>N-double-labelling and triple-reso-
nance experiments to correlate groups of atoms via the
spin—spin couplings of Fig. 17 are in the range 250-300
residues.
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Fig. 16. Amino-acid sequence of the DNA-binding domain of residues
1-51 of the E. coli lac repressor with identification of unique residues
(arrows), and indication of selected unique dipeptide segments that
are useful for obtaining sequence-specific resonance assignments.
(From Wiithrich, 1986.)
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Fig. 17. Segment of a polypeptide chain with indication (by double-
headed arrows, the numbers are the spin—spin coupling constanis in
Hz) of the scalar spin—spin couplings that provide the basis for
obtaining sequential assignments by triple-resonance experiments
with uniformly '>C/'*N doubly labelled proteins. i and i + 1 identify
backbone atoms of two sequentially neighbouring residues.
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For nucleic acids, assignment procedures were largely
patterned after those for proteins. In contrast to the
situation with polypeptide chains, assignments using
intranucleotide, sequential and interstrand 'H-'H NOE’s
are necessarily based on the assumption of a particular
conformation type for the compound studied (Wiithrich,
1986). For B-type DNA., this approach is highly efficient
for duplexes with up to about 20 base pairs. A
conformation-independent approach is also available,
which uses heteronuclear scalar 'H-*'P couplings to
establish sequential assignments. In unlabelled com-
pounds these assignments cannot readily be extended to
include the resonances of the bases, which limits their
usefulness (Wiithrich, 1986). With suitably 'N- and '3C-
labelled compounds, base—backbone connections can be
established via heteronuclear scalar couplings, which
may in the future enable complete assignments for
oligonucleotide segments with non-regular conforma-
tions.

6.4. Collection of conformational constraints and struc-
ture calculation from NMR data

As was explained in section 5 above, NOE upper
distance constraints contain the crucial information
needed for macromolecular structure determination
(Fig. 11), although supplementary constraints may be
derived from other NMR measurements (Wiithrich,
1986; 1989a). For a high-quality structure determination,
the maximum possible number of NOE conformational
constraints must be collected as input for the calculation
of the complete three-dimensional protein structure. This
is accomplished by using the chemical-shift lists obtained
as a result of the sequence-specific resonance assign-
ments to attribute the cross peaks in 2D (Fig. 10), 3D
(Fig. 13) or 4D |'H,'H]-NOESY spectra to distinct pairs
of H atoms. It is clear from section 3 that one has to
anticipate some accidental chemical-shift degeneracies
even in the NMR spectra of folded proteins. Therefore,
as indicated in Fig. 12, the data collection is achieved in
several cycles, where ambiguities in the NOESY cross-
peak assignments can usually be resolved by reference to
preliminary structures calculated from incomplete input
data sets (Giintert, Berndt & Wiithrich, 1993).

In present practice the NOE input data have the format
of allowed distance ranges, which circumvents intrinsic
difficulties that might arise from attempts at quantitative
distance measurements. The lower limit is usually taken
to correspond to the sum of two H-atom radii, i.e. 2.0 A.
For short-range connectivities between protons separated
by not more than three single bonds in the chemical
structure, that is, intraresidual and sequential distances
(Wiithrich, 1986), the NOE intensities are translated into
corresponding upper boundaries, typically in steps of 2.5,
3.0 and 4.0A. For longer-range connectivities, a
predetermined upper limit, usually 4.0 or 5.0 A depend-
ing on the protein and the experimental conditions used,
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is applied. Unless stereospecific, individual assignments
for pairs of diastereotopic substituents were obtained, in
particular for the B-methylene groups in amino-acid side
chains and the isopropyl groups of valine and leucine,
correction factors for the use of pseudoatoms must be
added to the observed upper limits on distances to H
atoms of prochiral centres (Wiithrich, Billeter & Braun,
1983). The resulting allowed distance ranges may then be
as large as from 2.0 to about 10A. Supplementary
conformational constraints, for example, from spin—spin
coupling constants, are represented in the input by
similar allowed ranges, which account for the limited
accuracy of the measurements, and implicitly for
uncertainties in the definition of the measured parameters
because of internal mobility. In computer-supported
collection of the input data, the stepwise classification
is preferably replaced by a smoothed fit of upper distance
boundaries versus NOE intensity, and the calibration
may be updated in successive cycles of the structure
calculation.

Distance geometry algorithms can be used to obtain
the Cartesian coordinates of spatial molecular structures
that are consistent with a predetermined set of intramo-
lecular interatomic distances (Crippen & Havel, 1988).
To this end, such algorithms identify the conformations

{ri=(iyiz) i=1,2,...N}, (2)
which are consistent with the inequality
Ly <|ri—rj| < Uy, (3)

where L; and U; are lower and upper boundaries,
respectively, on the Euclidian distance |r; — r;| between
the points r; and r;, and N is the number of points (or
atoms) in the system studied. The problem described by
the inequality (3) may alternatively be expressed in the
form of an error function, which can then be minimized.
In the process of this conversion of distance information
into Cartesian coordinates, one inevitably encounters the
problem of local minima (Némethy & Scheraga, 1977).
Metric matrix methods (Havel & Wiithrich, 1984) and
variable target functions in dihedral angle space (Braun
& Go, 1985; Giintert, Braun & Wiithrich, 1991) have
been implemented for the search for protein conforma-
tions obeying inequality (3), and the energy functions in
molecular dynamics programs have been supplemented
with terms representing the constraints expressed by
inequality (3) (Briinger, Clore, Gronenborn & Karplus,
1986; Kaptein, Zuiderweg, Scheek, Boelens & van
Gunsteren, 1985). Overall, corresponding results are
obtained with these different computational approaches,
although details may be subject to further analysis.
Model calculations performed in conjunction with the
first protein structure determination (Fig. 1) had shown
that the quality of an NMR structure determination
depends critically on the density of NOE distance
constraints, while the procedure is remarkably robust
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with regard to low precision of the individual distance
constraints (Havel & Wiithrich, 1985). As mentioned
earlier, multiple rounds of data collection and structure

Fig. 18. Polypeptide backbone of 19 energy-refined conformers selected
to represent the NMR solution structure of the Antennapedia
homeodomain. Conformers 2-19 were superimposed for pairwise
minimum r.m.s.d. of the backbone atoms N, C* and C’ of residues 7-
59 with conformer 1, From residues 7-59 (identified in the figure) the
structure is well defined by the NMR data, but the chain-terminal
segments -6 and 60-67 are (flexibly) disordered. (Drawing
prepared with the atomic coordinates from Qian, Billeter, Otting,
Miiller, Gehring & Wiithrich, 1989.)
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calculation (Fig. 12) are usually needed to obtain the
desired high-density input.

The result of a single distance geometry calculation
(Fig. 1) represents one molecular geometry that is
compatible with the NMR data, but one cannot tell
whether this solution is unique. Thus, the calculation is
repeated with different initial conditions. For each
calculation, convergence is judged by the residual
constraint violations, and all satisfactory solutions are
included in a group of conformers used to represent the
NMR structure of the protein. The final result of a
structure detrmination is then commonly presented as a
superposition of a group of conformers for pairwise
minimum root-mean-square deviation (r.m.s.d.) relative
to a predetermined conformer, or relative to the mean
atom coordinates. Fig. 18 shows a superposition of the
polypeptide backbone in 19 conformers of the Antenna-
pedia homeodomain that were selected to represent the
solution structure (Qian, Billeter, Otting, Miiller, Gehring
& Wiithrich, 1989). The precision of the structure
determination, as reflected by the dispersion among this
group of conformers, varies along the polypeptide chain.
From residues 7 to 59, all conformers are similar, have
nearly the same overall dimensions and contain the same
secondary structure, showing that this part of the
structure is well defined by the NMR data. In contrast,
both chain ends are (dynamically) disordered, as is
manifested by the large dispersion among the 19
conformers. Large variations are typically observed also
in the precision of the structure determination of the
amino-acid side chains, with well defined interior side
chains representing the protein core and flexibly
disordered side chains located predominantly near the
protein surface (Fig. 19).

Fig. 19. Stereoview of the NMR
solution structure of the protein
BPTI represented as a superposi-
tion of 20 conformers. All heavy
atoms are displayed. Colour code:
green, polypeptide backbone; blue,
core side chains; red, surface side
chains. A close fit among the 20
conformers indicates regions of the
molecule where the structure is
well defined, whereas a large
dispersion implicates (dynamic)
disorder. (Drawing prepared using
the atom coordinates from Berndt,
Giintert, Orbons & Wiithrich,
1992.)
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Structure determination with nucleic acids is pursued  duplexes, triplexes, quadruplexes or loops can be well
along similar lines as described here for proteins. As a  defined by NMR data. On the other hand, because of the
general guide to an evaluation of the results obtained, one  short range and the low precision of individual NOE
can assume that ‘global folds’, for example, formation of  distance measurements, information on details in a given
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Fig. 20. Standard presentation of the data for regular secondary-structure identification in proteins. The 40-residue protein pheromone Er-2 is used
as an illustration. Below the amino-acid sequence, open and filled circles identify residues with 3Jyn, > 8.0Hz, and *Jyne < 6.0Hz,
respectively. For the sequential NOE connectivities dyy . dxy and dgy (dvs, dys and dgs for Xxx-Pro dipeptides, dsy for Pro-Xxx), thick and thin
bars indicate strong and weak NOE intensities (hatched bars indicate connectivities that were observed only at 303 K, whereas all the other data
were measured at 283 K). The observed medium-range NOE's don (i, i + 3), dopl(i, i + 3), don (i, i +4), dun(i, i+ 2), and dun(i, i + 2), are
indicated by lines connecting the two residues that are related by the NOE. '*C® chemical shifts relative to the random coil values, A8('>C*), are
plotted at the bottom of the figure, where positive values are shifts to lower field and the largest shift is about 5.8 p.p.m. Downfield shifts of the
size observed here are indicative of helical secondary structure. The identification of the sequence of three helices indicated at the bottom was
based on the patterns of continuous strong dyy connectivities, small coupling constants *Jyyq and A8('*C*)-values > 2 p.p-m., the presence of
medium-range NOE's, and slowed exchange for the hydrogen-bonded amide protons [(1); not shown in the figure]. The identification of helix 2
from these data is uncertain; the subsequent determination of the complete three-dimensional structure showed that this polypeptide segment
forms a distorted 3,-helix. (From Ottiger, Szyperski, Luginbiihl, Ortenzi, Luporini, Bradshaw & Wiithrich, 1994.)

Fig. 21. (a) B-sheet indentified in
recombinant human cyclophilin.
All backbone atoms are shown,
and except for Pro the amino-acid
side chains have been omitted. The
individual residues are identified
near the C* position by the one-
letter amino-acid symbol and the
sequence number. (Black circles at
the amide N-atom position identify
those residues which were labelled
with ’N in residue-specific label-
ling experiments.) Arrows repre-
sent the experimentally observed
interstrand 'H-'H NOE's. Slowly
exchanging amide protons are
printed in bold. Hydrogen bonds
that were unambiguously identified
on the basis of interstrand NOE’s
and slowed exchange of the amide
proton are identified with dashed
lines. (b) Scheme of the B-sheet,
which has a global (+1, -3, —1,
=2, +1, =2, -3) topology,
(Adapted from Wiithrich, Spitz-
faden, Memmert, Widmer &
Wider, 1991.)
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nucleic acid structure type, for example bending of DNA
duplexes or non-regular base stacking, may be more
difficult to characterize.

6.5. Stucture refinement

The individual conformers obtained as the solutions of
distance geometry calculations generally contain some
close interatomic contacts and correspondingly high
conformational energies. These are routinely removed
in a separate final refinement step (Fig. 12). Alterna-
tively, in typical molecular dynamics calculations the
energy minimization may be performed in concert with
the fitting to the distance constraints. Methods for direct
refinement against the NOESY spectra by complete
relaxation matrix calculations are in principle available
(e.g. Boelens, Koning, van der Marel, van Boom &
Kaptein, 1989; Borgias, Gochin, Kerwood & James,
1990; Mertz, Giintert, Wiithrich & Braun, 1991; Yip &
Case, 1989), but because of a variety of fundamental and
technical difficulties they have only rarely been used in
actual structure determinations so far.

7. Identification of regular polypeptide secondary
structures in proteins

The fact that regular secondary structures can be
identified at an early stage of a protein structure
determination by NMR (Fig. 12) is based on the
following. The sequential NOE’s (Fig. 15) are dependent
on the local backbone conformation and thus indicative
of regular secondary-structure elements (Billeter, Braun
& Wiithrich, 1982). Corresponding information on the
local backbone conformation comes from >Jyy, coupling
constants (Pardi, Bileter & Wiithrich, 1984). Further-
more, when identifying sequential NOE’s, all other
NOE’s between amide protons, H* and H? must also be
analyzed, which includes medium-range NOE’s that are
unique for helices and tight turns (Wiithrich, Billeter &
Braun, 1984). This information is usually collected in a
presentation of the type of Fig. 20, where patterns of
successive small 3/yy, constants and strong dyy NOE’s
combined with the presence of medium-range NOE's
provide reliable identification of helical secondary
structure. Using additional long-range d,.(i,j) NOE
connectivities and amide proton-exchange data, f-sheet
structures can similarily be identified (Fig. 21). *C*
chemical shifts have recently been added as yet another
indicator of regular secondary structure (Spera & Bax,
1991; Wishart, Sykes & Richards, 1991), as is illustrated
at the bottom of Fig. 20 and explained in the figure
caption.

Early identification of regular secondary structure is
not a necessary step in a protein structure determination
(Fig. 12), since the conformational constraints of Fig. 20
are in any case part of the input for the structure
calculation. However, it may be a valuable result in itself
in situations where a structure determination cannot
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immediately be completed. This situation prevailed in all
early NMR structure determinations (e.g. Williamson,
Marion & Wiithrich, 1984; Kline & Wiithrich, 1985;
Zuiderweg, Kaptein & Wiithrich, 1983b), and today it is
typical for projects where uniform or residue-selective
I5N-labelling enables complete sequence-specific poly-
peptide backbone assignments via sequential NOE’s
(Fig. 15) but the extent of the side-chain assignments in
the absence of '*C-labelling is insufficient as a basis for a
complete structure determination. In many instances,
reports on backbone assignments and secondary-struc-
ture identification are, therefore, published long before a
complete three-dimensional NMR structure is available.

8. Combined use of X-ray diffraction in single
crystals and NMR in protein solutions

As was discussed in some detail in section 3 above, the
chemical shifts in proteins or nucleic acids cannot be
calculated with sufficiently high precision from the X-ray
crystal structures to reliably predict the NMR spectra.
Therefore, knowledge of the X-ray structure is of very
limited use in a NMR structure determination. For the
resonance assignments with sequential NOE’s one may
at some stage be able to derive information on what type
of connectivity to look for. More useful support from
knowledge of the X-ray structure may be obtained for the
collection of conformational constraints. If there is
evidence that the crystal and solution structures have
the same architecture, the X-ray structure may be used as
a starting reference to resolve ambiguities in the assign-
ment of NOE distance constraints (Giintert, Berndt &
Wiithrich, 1993), which may help to reduce the number
of cycles needed to collect the input data for a high-
quality structure determination (Fig. 12).

An attractive possibility for combined use of X-ray
and NMR data arises when both a low-resolution
electron-density map and a secondary-structure determi-
nation by NMR are available. In NMR secondary-
structure determinations, the covalent connections
between regular secondary-structure elements can un-
ambiguously be determined (Figs. 20 and 21), so that this
NMR information may be helpful in tracing the electron-
density map for the determination of the corresponding
X-ray crystal structure. In our experience this approach
can be more efficient than either unassisted chain tracing
or complete NMR structure determination (Kallen,
Spilzfaden, Zurini, Wider, Widmer, Wiithrich &
Walkinshaw, 1991). Furthermore, since identical global
architectures are usually found for corresponding crystal
and solution structures of globular proteins (see below), a
high-quality NMR solution structure can, in principle, be
used to solve the corresponding crystal structure by
molecular replacement. This process was carried
through, for example, with the «-amylase inhibitor
Tendamistat mentioned previously (Braun, Epp,
Wiithrich & Huber, 1989).
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9. Complementary information from X-ray diffrac-
tion in crystals and NMR in solution

Since X-ray diffraction in crystals and NMR in solution
can both be used independently to determine ihe
complete three-dimensional structure of proteins, appli-
cation of the two methods with the same proteins
provides a basis for meaningful comparisons of corre-
sponding structures in single crystals and in non-
crystalline states. This is highly relevant, since the
solution conditions for NMR studies may concide closely
with the natural physiological environment of the
protein, or they may be varied over a wide range for
studies of structural transitions with pH, temperature or
ionic strength (Wiithrich, 1986). Further complementar-
ity of the two methods results from the fact that the time
scales of the two measurements are widely different.
Extensive similarities between corresponding crystal and
solution in structures as well as major differences in
conformational features of the two states have been
documented, and are briefly surveyed in this section.

9.1. Molecular architecture and core structure of
globular proteins

By now a significant number of globular proteins are
available for which structures have independently been
determined in crystals and in solution (for a recent
review, see Billeter, 1992). For Tendamistat (Fig. 3) and
BPTI (Fig. 19) particularly detailed comparisons of the
two states have been made, which also includes solving
the crystal structure by molecular replacement with the
NMR structure (Braun, Epp, Wiithrich & Huber, 1989).
Some general observations emerged from the analyses of
these two proteins that have been found to be true
generally for globular proteins (Billeter, 1992). The
dominant impression is one of near-identity of the
molecular architecture in solution and in single crystals
(Fig. 3). In addition to the polypeptide backbone, the
core side chains, which have small solvent accessibility,
are well defined in both structures, and coincide very
closely. This is also true for aromatic rings, which are
seen in the same equilibrium orientations in the crystal
structure and the NMR structure. The flipping of the
aromatic rings is not explicitly manifested in NMR
structures determined following the protocol of Fig. 12,
although one has additional direct information on these
dynamic processes (section 4 above). The same holds for
the amide-proton exchange data [(1)]. High-frequency
internal mobility of protein molecules in solution is
allowed for in the calibration for the conformational
constraints used as input for the structure calculation
(Braun, Bosch, Brown, Go & Wiithrich, 1981; Wiithrich,
1986). Largely as a consequence of this conservative
calibration, the result of a structure determination by
NMR spectroscopy consists of an ensemble of similar
but not identical conformers that characterize the solution
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structure, and the spread between these conformers
(usually expressed by the r.m.s.d.) gives an indication
of the precision of the structure determination. The local
r.m.s.d.’s along the polypeptide chain parallel qualita-
tively the variations of the crystallographic B factors
(Fig. 3). [This comparison has been made with NMR
conformers obtained with distance geometry calculations
which, besides the experimental NMR constraints, take
only the van der Waals atomic volumes into considera-
tion, but corresponding observations result when the
NMR conformers are further refined by energy mini-
mization (Billeter, 1992).] Regions of the molecule
showing increased disorder in the crystal structure are
usually also poorly defined by the NMR data and vice
versa. (There is nonetheless an important difference
between the two methods: whereas disordered poly-
peptide segments may be difficult or impossible to see in
electron-density maps, they will usually give outstand-
ingly prominent lines in NMR spectra, enabling addi-
tional NMR measurements to be made that relate directly
to the local mobility.)

Over the years there have been a small number of
reports describing major rearrangements between the
molecular architecture of globular proteins in crystals and
in solution. Although such conformational rearrange-
ments would, in principle, not be unexpected, in most of
these instances there have been reasons to believe that the
apparent structural differences might be attributable to
shortcomings of one or both of the structure determina-
tions (see metallothionein in section 2 above). Overall it
appears that there is no well documented case as yet of a
globular protein showing a global change of the
molecular architecture between single crystals and non-
denaturing solution milieus.

Although the presently available results thus show that
there is usually very close coincidence between the
molecular architecture and the detailed structure of the
molecular core in corresponding X-ray and NMR
structures of globular proteins, there is also extensive
complementarity in the information on the protein core
that is accessible with the two methods: X-ray diffraction
can provide the desired infomation for big molecules and
multimolecular assemblies such as intact viruses,
whereas NMR applications are limited to smaller systems
up to a molecular weight of about 30 000—40 000. On the
other hand, NMR measurements provide additional,
quantitative information on concerted internal mobility
of proteins. Representative rate processes with activation
energies of 50-100kJ mol~! and frequencies at ambient
temperature in the millisecond to microsecond time range
include the ring flips of phenylalanine and tyrosine (see
sections 2 and 4 above), exchange of interior hyration
water molecules with the bulk of solvent (see section 9.3
below), and interconversion of disulfide bonds between
the pro-R and pro-§ chiral forms (Otting, Liepinsh &
Wiithrich, 1993). Furthermore, NMR studies of amide-
proton exchange [(1)] and cis—trans isomerization of
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Xxx-Pro peptide bonds (Wiithrich, 1976) afford insight
into additional conformational equilibria in the protein
core.

9.2. Surface structure of globular proteins

The increase of structural disorder near the surface of a
protein tends to be more pronounced in the NMR
structure than in the crystal structure (Fig. 19).
Furthermore, significant differences between the average
atomic coordinates in the crystal and in solution have in
some instances been observed near the protein surface.
Such differences may include individual amino-acid side
chains, or clusters of solvent-exposed side chains. In
some cases these differences could be attributed
unambiguously to protein—protein contacts in the protein
crystals (e.g. Billeter, 1992).

Surface disorder in structures determined with the
protocol of Fig. 12 is usually directly related to a scarcity
of NOE distance constraints near the protein surface.
[When compared with the protein core there is also a
scarcity of packing constraints, and surface side chains
may be more intimately coupled via non-bonding
contacts to the rapidly fluctuating solvent lattice (see
section 9.3 below) than to the main body of the protein
molecule (Fig. 19).] In turn, however, there are clear-cut
implications that scarcity of NOE constraints is a direct
consequence of dynamic disorder, so that the surface
features seen in Fig. 19 are indeed meaningful and not
simply an artifact of the NMR method. A nice example is
hirudin. Using different NMR techniques, in particular
pH titration of amide-proton chemical shifts (Bundi &
Wiithrich, 1979), the formation of transient hydrogen
bonds on the surface of this protein could be character-
ized in detail (Szyperski, Antuch, Schick, Betz, Stone &
Wiithrich, 1994). Although these local surface structures
are compatible with the protein structure determined with
the approach of Fig. 12, the corresponding NOESY cross
peaks have not been observed, presumably because the
resonance lines are either broadened beyond detection or
the NOE’s are quenched by local conformational
mobility (Wiithrich, 1986). A particularly clear-cut
illustration of scarcity of NOE distance constraints due
to line broadening by intramolecular mobility is afforded
by the aforementioned interconversion of the disulfide
bond Cys14—Cys38 in BPTI. In the otherwise precisely
defined protein core, the pro-R and pro-S forms of this
disulfide bond are both observed among the 20
conformers used to represent the NMR structure, whereas
only the pro-R form is present in the corresponding
crystal structure (Fig. 22) (Berndt, Giintert, Orbons &
Wiithrich, 1992). At the time of the BPTI structure
determination this ambiguity in the NMR structure was
clearly related to scarcity of data near residues 14 and 38
in the input for the structure calculation. Subsequently,
additional NMR studies revealed that there is an
equilibrium between these two local conformational
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isomers, which are indeed both present and interchange
at a frequency corresponding to lifetimes in the two states
in the millisecond range. Because of the ensuing line
broadening due to chemical-shift averaging (see Fig. 9,
section 4), most of the NOE’s involving H atoms of
Cysl4 and Cys38 could not be observed (Otting,
Liepinsh & Wiithrich, 1993). In this way the NMR
structure manifests a minor conformation with a popula-
tion of about 2%, which could not be detected by
diffraction techniques.

Overall, X-ray crystal structures and NMR solution
structures provide qualitatively different information on
the protein surface. In the crystals a sizeable proportion
of surface amino-acid side chains are subject to similar
packing constraints in protein—protein interfaces as the
interior side chains in the protein core, and therefore they
are rather precisely defined by the X-ray diffraction data.
In NMR solution structures determined according to the
protocol of Fig. 12, the surface is largely disordered (Fig.
19), where in addition to amino-acid side chains the
backbone of the chain ends and extended surface loops
may also be poorly defined (see section 9.4 below).
Additional NMR experiments can provide information
needed for more detailed characterization of the
molecular surface (see section 9.3 below), but care must
be exercised in the data analysis because of the presence
of a multitude of equilibria between two or multiple
transient local conformational states, of which the
relative populations are usually not independently
known.

9.3. Protein hydration

A recent major addition to the characterization of
protein structures in solution is based on the ability to
observe individual molecules of hydration water by

Fig. 22. Stereoview of the disulfide bond Cysl4-Cys38 in BPTI
observed in the X-ray crystal structure (bold line) and the NMR
solution structure represented by 20 conformers (thin lines) after
superposition of the backbone atoms N, C* and C’ for minimal
r.m.s.d. (from Berndt, Giintert, Orbous & Wiithrich, 1992).
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NMR. Thereby the location of the hydration waters is
determined by the observation of NOE's between water
protons and H atoms of the polypeptide chain (Otting &
Wiithrich, 1989). Because of the dependence of the NOE
on the inverse sixth power of the 'H-'H distance, only
water molecules in a first hydration layer are observed.
For the hydration studies it is of further crucial
importance that the NOE intensity is also related to a
correlation function describing the stochastic modulation
of the dipole-dipole coupling between the interacting
protons. This correlation function may be governed
either by the Brownian rotational tumbling of the
hydrated protein molecule, or by interruption of the
dipolar interaction through translational diffusion of the
interacting spins, whichever is faster (Otting, Liepinsh &
Wiithrich, 1991a). When comparing hydration data from
X-ray or neutron diffraction in protein crystals with
NMR data in solution, two different situations are
encountered.

Firstly, interior hydration waters which are an integral
part of the protein architecture have by now been
observed in identical locations in the crystal and solution
structures of many different proteins, implicating that
their conservation between the two states is a general
feature of globular proteins. However, as was directly
demonstrated for BPTI and is clearly indicated for all
other interior waters observed so far by NMR, additional
information on molecular mobility is obtained from the
NMR studies. BPTI contains four interior hydration
water molecules, which are inaccessible to the solvent in
a rigid model of the three-dimensional structure in
crystals as well as in solution. Nonetheless, these waters
exchange with the bulk solvent at rates corresponding to
residence times in the protein hydration sites which are
shorter than 20ms (Otting, Liepinsh & Wiithrich,
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1991b). (Using a different NMR approach it was recently
shown that for at least one of the four interior hydration
waters the residence time is actually shorter than 4 ps;
Denisov & Halle, 1995a,b.) The effective correlation
time for NOE's with these water molecules, as
determined by the rotational tumbling of the protein
molecule, is of the order of several nanoseconds. Long-
lived ‘interior-type’ water has also been observed in the
protein—-DNA interface of the solution structure of an
Antennapedia homeodomain—-DNA complex (Qian, Ot-
ting & Wiithrich, 1993). Although hydration of the
protein-DNA interface has previously been reported for
crystal structures of DNA complexes with repressor
proteins, most notably a trp repressor-DNA complex
(Otwinowski, Schevitz, Zhang, Lawson, Joachimiak,
Marmorstein, Luisi & Sigler, 1988), the NMR observa-
tion again provides novel additional information on
dynamic aspects of the intermolecular recognition.
Similar to the aforementioned interior waters in BPTI,
the interfacial water molecules in the homeodomain—
DNA complex exchange with the bulk water with
lifetimes somewhere in the range from milliseconds to
nanoseconds. Molecular dynamics simulations indicate
that at any given moment the intermolecular hydration
cavity contains from one to five water molecules, and
that in concert with several flexibly disordered amino-
acid side chains these waters move around the cavity
(Fig. 23). With these functionally essential amino-acid
side chains as well as water molecules moving between
multiple contact sites on the DNA, the implications are of
specific intermolecular recognition by a continuously
ongoing scanning process on the milisecond to micro-
second time scale.

Secondly, if one includes surface hydration water into
the description of the protein structure, one finds that the

Fig. 23. Stereoview of an
Antennapedia homeodomain com-
plex with a l4-base pair DNA
duplex. An all-heavy presentation
of residues 3-57 of the home-
odomain and the base pairs 3-13
of the DNA duplex is shown.
Colour code: DNA strands, brown
and magenta, polypeptide back-
bone, light blue; amino-acid side
chains, dark blue. Blue dots signify
the surface of a cavity with pos-
sible locations of hydration water
molecules in the protein-DNA
interface. (Drawing prepared using
the atomic coordinates from
Billeter, Qian, Otting, Miiller,
Gehring & Wiithrich, 1993.)
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two methods provide genuinely different, complemen-
tary information. Individual hydration water molecules
continuously exchange in and out of particular hydration
sites on the protein, and NMR measures the average
duration of these ‘visits’. Diffraction experiments, on the
other hand, probe the total fraction of time that a water
molecule spends in a particular hydration site, but they
are insensitive to the residence time at that site on any
particular visit (Saenger, 1987). Typically, hydration
water molecules in protein crystals are observed in
discrete sites covering 30 to 60% of the molecular
surface, depending on the protein and the crystal form,
and although they usually give rise to somewhat bigger B
factors the diffraction data on surface waters are not
qualitatively different from those on the aforementioned
interior water molecules. Considering the high water
concentration in aqueous protein solutions used for NMR
studies, one anticipates intuitively that the entire surface
of the solute is covered with water molecules. In
experiments with the nonapeptide oxytocin, all polypep-
tide H atoms did indeed show NOE’s with the water, and
the residence times for all hydration water molecules
were found to be very short, in the approximate range
20-200ps at 283K (Otting, Liepinsh & Wiithrich,
1991a). Similar, although less complete, data were
obtained with BPTI (Otting, Liepinsh, & Wiithrich,
1991a). Again, all surface hydration water molecules
were found to have lifetimes in the hydration sites shorter
than 300 ps, and these data could be rationalized with a
molecular dynamics simulation extending over 2ns
(Brunne, Liepinsh, Otting, Wiithrich & van Gunsteren,
1993). These studies showed that there is no apparent
correlation between the fact that particular surface
hydration sites are or are not occupied in the crystal
stucture and the length of the residence times of the
hydration waters in these sites in aqueous solution.

The following comments may help to more fully
appreciate the nature of the NMR information on protein
hydration. In contrast to the situation in X-ray crystal-
lography, the information on hydration water is not
included in the input for the structure determination (Fig.
12), so that studies of hydration require additional,
particularly demanding experiments (e.g. Otting,
Liepinsh, Farmer & Wiithrich, 1991). Interior hydration
water molecules with lifetimes exceeding 1ns are
characterized by strong negative NOE’s, surface waters
with lifetimes shorter than about 300 ps are observed by
very weak positive NOE’s [the NOE’s with water
molecules having residence times between about 800
and 300 ps are expected to be too weak to be detected in
laboratory-frame experiments, but they can be observed
as ‘ROE’s’ in rotating-frame ROESY experiments
(Otting, Liepinsh & Wiithrich, 1991a)]. NMR thus
provides a qualitative criterion for distinguishing
between short-lived, ‘non-specific’ surface hydration on
the one hand, and on the other hand longer lived
hydration in the protein core, in intermolecular interfaces
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or in particular solvent-accessible surface-hydration sites
as observed in A-T tracts of DNA duplexes (Kubinec &
Wemmer, 1992; Liepinsh, Otting & Wiithrich, 1992). By
now, long-lived water has been reported in many
different systems. In contrast, because of the low
sensitivity for observation of NOE’s associated with
very short correlation times, surface hydration waters
have so far been identified only in systems where the
peptide, protein or nucleic acid concentration wa- higher
than SmM. For future studies it will be of particular
interest to extend solvation studies of the molecular
surface to non-aqueous solvent components, in particular
chemicals that promote denaturation of proteins and
nucleic acids (Wiithrich, 1994).

9.4. Biopolymers that have not been crystallized

In all instances where a biological macromolecule
cannot be crystallized, NMR is currently the only method
capable of providing a three-dimensional structure.
Examples are already too numerous to warrant individual
citations; they include non-globular polypeptides, pro-
teins containing extensive disordered loops or chain
ends, proteins in strongly denaturing milieus, RNA’s and
DNA’s, nucleic acid-binding proteins etc. In many
instances, only low precision can be achieved for the
NMR stucture determination of such compounds, which
may be unsatisfactory and frustrating for those involved
but highly relevant as it reflects the pronounced structural
mobility that presumably prevented crystallization. From
the technical point of view the reasons opposing structure
determination at high precision are the same as discussed
previously for the surface of globular proteins. For future
applications, NMR studies of non-crystallizable inter-
mediate states in protein and nucleic acid folding (e.g.
Dyson, Merutka, Waltho, Lerner & Wright, 1992) will be
particularly attractive.

Experience has shown that small proteins that cannot
be crystallized are often accessible to diffraction studies
in complexes with other proteins or with nucleic acids,
where the flexible chain segments are stabilized in a
unique conformation by the intermolecular contacts in
the complex. This opens a wide array of possibilities for
obtaining complementary information by X-ray diffrac-
tion and by NMR, since the complexes are often too big
for complete NMR structure determination. Examples
from our laboratory include the hirudin-thrombin system
(Szyperski, Giintert, Stone, Tulinksky, Bode, Huber &
Wiithrich, 1992) and systems involving procarboxypep-
tidases, their activation segments and the corresponding
carboxypeptides (Billeter, Vendrell, Wider, Avilés, Coll,
Guasch, Huber & Wiithrich, 1992).

10. Concluding remarks

A high-quality NMR solution structure is characterized
by the facts that solvent-inaccessible interior regions of
macromolecules, in particular the core of globular
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proteins, are determined with high precision comparable
to that achieved by X-ray crystallography at about 2.0 A
resolution, while solvent-accessible surface regions
appear flexibly disordered. Although technically
feasible, it is, therefore, not meaningful to characterize
the quality of a NMR structure determination with a
single parameter. Furthermore, a detailed comparison of
corresponding crystal and solution structures is war-
ranted only for the solvent-inaccessible interior molecu-
lar regions.

X-ray crystallography and solution NMR provide
complementary information on biomacromolecular struc-
tures. For future practice it is advisable that the two
techniques emphasize applications where they can
provide unique information. Diffraction techniques with
single crystals have the decisive advantages of being
applicable for big systems and of providing high-
precision mean structures. NMR in solution can provide
high-precision data primarily on solvent-inaccessible
molecular regions. Although the limitations on the
precision of NMR structure determinations for molecular
surfaces, or for the entire structure of non-globular
molecules, are often frustrating, the resulting data are
highly relevant and represent meaningful reference states
for rationalizing the structural foundations and ensuing
mechanistic aspects of specific intermolecular recogni-
tion. With the widespread availability of both techniques
it seems attractive to use NMR data on the surface of
small proteins as a basis for rational interpretation of
larger crystal structures with regard to their physical—
chemical and functional behaviour in solution. The
aforementioned studies of surface hydration represent a
step in this direction. While the crystallographic solva-
tion data appear not to be directly relevant for
rationalizing the solution state, molecular-dynamics
simulations with the presently available potentials for
aqueous solutions and using the atomic coordinates of
the non-hydrated crystal structure seem to reproduce the
experimental NMR observations in solution rather
faithfully (Brunne, Liepinsh, Otting, Wiithrich & van
Gunsteren, 1993).

Our research on NMR structure determination has
been supported by the ETH Ziirich, the Schweizerischer
Nationalfonds, and the Kommission fiir wissenschaft-
liche Forschung (KWF) in joint projects with Spectrospin
AG. I thank Mrs R. Hug and Mr R. Marani for the careful
processing of the manuscript.
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