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Preface

The structure and function of proteins and nucleic acids are a long estab-
lished, central theme of biological sciences, which has gained added interest
by the fact that these biopolymers can now be modified efficiently to search
for improved or new biological activities. Considering that the number of
different variations for polynucleotide and polypeptide chains with n build-
ing blocks are, respectively, 4” and 20", systematic screening of biopolymer
sequences must be discarded as a practicable strategy for using genetic
engineering or chemical synthesis in the design of new, improved com-
pounds. More promising approaches are guided by basic knowledge of cor-
relations of structure, conformation, and function of nucleic acids and pro-
teins. This book treats the use of nuclear magnetic resonance for obtaining
such information.

The potentialities and practice of NMR studies with proteins and nucleic
acids were decisively changed during the past few years, so that perhaps the
time has come to give a comprehensive introduction to the underiying princi-
ples and experimental procedures. It is the purpose of this volume to furnish
such an account. In writing this book I have had in mind practicing scientists
and students of biochemistry, chemistry, biophysics, and molecular biology
who are concerned in their daily work with the structure and function of
proteins and nucleic acids. This group can be expected to represent the
primary users of the results of NMR studies on biopolymers. It is my hope
that this text will provide a useful guide into the field, enabling NMR spec-
troscopists and nonspecialists alike to evaluate critically the potentialities
and limitations of the method, and its applications in the primary literature.

KURT WUTHRICH

Ziirich, Switzerland
March 1986
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Symbols and Abbreviations

Expressions, symbols, and units commonly used in nuclear magnetic reso-
nance are introduced in Section 1.4 and at the outset of Chapter 5 [compre-
hensive listings may be found, e.g., in Ernst et al. (1986) and Jardetzky and
Roberts (1981)]. The following are less common abbreviations:

NOE
TOE

2D NMR

COSY

SECSY

FOCSY

NOESY

2D-J spectroscopy

MQ. ZQ. 2Q

MQF, 2QF

Nuclear Overhauser enhancement or nuclear Over-
hauser effect

Truncated driven NOE (a one-dimensional NMR ex-
periment for measurement of NOE’s)

Two-dimensional nuclear magnetic resonance

2D correlated spectroscopy

2D spin echo correlated spectroscopy

2D foldover-corrected spectroscopy

2D nuclear Overhauser and exchange spectroscopy
2D J-resolved spectroscopy

Multiple quantum, zero quantum, two quantum
(e.g., MQ spectroscopy)

Multiple quantum filter, two quantum filter (e.g.,
2QF-COSY)

All word combinations ending with COSY describe experiments for studies
of scalar (through-bond) spin—spin couplings, for example,

RELAYED-COSY

Relayed coherence transfer spectroscopy

xiii



xiv SYMBOLS AND ABBREVIATIONS

All word combinations ending with NOESY describe experiments for stud-
ies of dipolar (through-space) couplings manifested in nuclear Overhauser
effects (or for studies of exchange phenomena), for example,

wi-decoupled NOESY NOESY with homonuclear broadband decou-
pling along the w, frequency axis

For the amino acids the IUPAC-IUB one-letter or three-letter symbols
are used (Table 2.2). Individual atoms are identified using a prefix (e.g., NH
is a backbone amide proton, 2H a hydrogen atom bound to the aromatic
carbon atom 2, moreover aH, BH, BCH,, yCH;, INH, 8NH,). For the
interpretation of certain NMR measurements, pseudostructures for amino
acids are used, which contain the pseudoatoms K, L, M, P, Q, and QR as
specified in Table 10.2. Polypeptide conformations are described by the
torsion angles ¢, ¥, w, and x! (Fig. 7.2). The following abbreviations are used
for proteins:

BPTI Basic pancreatic trypsin inhibitor from bovine
organs

cBPTI Cyclic analog of BPTI

Inhibitor K Trypsin inhibitor homologue K from the venom
of Dendroaspis polylepis polylepis

BUSI Proteinase inhibitor IIA from bull seminal
plasma

Tendamistat aAmylase polypeptide inhibitor from Strepto-
myces tendae

lac headpiece DNA-binding domain 1-51 of the lac repressor
from E. coli

metallothionein-2 Metallothionein isoprotein 2 from rabbit liver

micelle-bound glucagon Glucagon bound to perdeuterated dodecylphos-
phocholine micelles.

For nucleosides or nucleotides the IUPAC-IUB one-letter symbols are
used (Table 2.5). Individual atoms are identified using a prefix (Table 2.5,
e.g., I'H, 2H, 3NH, 6NH,). Polynucleotide conformations are described by
the torsion angles a—{, vy—v4, and x (Fig. 11.2).

Spin systems of the protons in amino acid residues and nucleotides are
described by upper case letters (e.g., AX, AMX, A;B;MX; see Tables 2.2
and 2.5, Sections 2.1 and 2.2). The following symbols are used to identify
types of spin systems representing different groups of amino acids:

AMX of aCH-BCHj; in Cys, Ser, Asp, Asn, Phe, Tyr, His, Trp
Pro, Met, Glu, Gin, Arg, Lys

Cys, Asp, Asn

Met, Glu, GIn

Arg, Lys

LN %N NN



SYMBOLS AND ABBREVIATIONS Xv

Proton—proton distances have an important role in the analysis of the
NMR data. In proteins, dag(i,j) is the distance from proton A in amino acid
residue i to proton B in residue j [e.g., dun(4,18), dug(i,i+3); dan(i,i+1) =
d.n; see Section 7.1]. In nucleic acids the distances di(A;B), d(A;B),
dyi(A;B), and d,,(A;B) are used as specified in Section 11.1.

The expressions CONFOR, DISGEO, and DISMAN indicate computer
programs for the structural analysis of NMR data. The RMSD is the root
mean square distance between different conformers.
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CHAPTER 1
Introduction and Survey

The first nuclear magnetic resonance (NMR) experiments with biopolymers
were described over 30 years ago, and the potentialities of the method for
studies of structure and dynamics of proteins and nucleic acids were long
anticipated. However, in practice, initial progress was slow because of limi-
tations imposed both by the available instrumentation and by the lack of
suitable samples of biological macromolecules. Nuclear magnetic resonance
of proteins and nucleic acids is represented in the literature by less than 30
papers during the years up to 1965, approximately 200 papers up to 1970,
4000 papers up to 1980, and of the order 500 to 1000 papers a year from 1981
onward. The work up to 1980 was covered in several textbooks (Dwek, 1973;
Govil and Hosur, 1982; James, 1975; Jardetzky and Roberts, 1981;
Wiithrich, 1976) and collections of review articles (e.g., Dwek et al., 1977;
Opella and Lu, 1979; Shulman, 1979), and most papers published during the
early 1980s used experimental procedures that are covered in these texts.
This monograph describes a new approach for NMR studies of structure,
dynamics, and intermolecular interactions of proteins and nucleic acids,
which was developed since approximately 1977. It relies on sequence-spe-
cific resonance assignments obtained entirely from NMR experiments and
knowledge of the chemical structure. The practicability of this approach was
greatly aided by the fact that adaptation of two-dimensional (2D) NMR
experiments for studies of biomacromolecules was started very shortly after
the initial publications on 2D NMR (Aue et al., 1976a,b: Nagayama et al.,
1977).



2 1 INTRODUCTION AND SURVEY

1.1. CONFORMATIONAL STUDIES BY NMR AND
BY DIFFRACTION METHODS

Since the pioneering work of Perutz and Kendrew in the late 1950s, single
crystal X-ray studies have set standards for protein and nucleic acid spatial
structure determination and provided data on over 200 proteins, several
tRNA’s, and a selection of synthetic oligonucleotides (Richardson, 1981;
Saenger, 1984; Schulz and Schirmer, 1979). The NMR approach described in
this book is complimentary to X-ray crystallography in different ways:

1. The NMR studies use noncrystalline samples (e.g., solutions in aque-
ous or nonaqueous solvents, or detergent-solubilized biopolymers in mixed
micelles). If NMR assignments and spatial structure determination by NMR
can be obtained without reference to a corresponding crystal structure, a
meaningful comparison of the conformations in single crystals and in non-
crystalline states can be obtained.

2. Nuclear magnetic resonance can be applied to molecules for which no
single crystals are available. Thus new structures can be obtained, which are
not available from X-ray studies.

3. The solution conditions for NMR studies (e.g., pH, temperature, ionic
strength, buffers) can usually be varied over a wide range. This opens the
possibility for comparative studies under native and denaturing solution con-
ditions, or for investigations of intermolecular interactions with other solute
molecules.

4. For a characterization of the internal dynamics of biomacromolecular
structures, NMR provides direct, quantitative measurements of the fre-
quencies of certain high activation energy motional processes and at least
semiquantitative information on additional high frequency processes. In
comparison, X-ray structure determinations may include an outline of the
conformation space covered by high frequency structural fluctuations. Fur-
thermore, neutron diffraction in single crystals and NMR in solution can
both be employed for studies of the exchange of labile protons, thus poten-
tially enabling direct comparison of the molecular dynamics in the different
states.

1.2. THE PIVOTAL ROLE OF SEQUENCE-SPECIFIC NMR ASSIGNMENTS

Since approximately 1981 methods have become available for obtaining
nearly complete, sequence-specific resonance assignments in biopolymers.
'H NMR assignments have been described to date for more than 10 small
proteins, a selection of synthetic DNA fragments and, to a more limited
extent, for tRNA’s and fragments of rRNA and mRNA. Only a fraction of
the NMR data are needed for obtaining the resonance assignments, and once



1 INTRODUCTION AND SURVEY 3

these are available the information content of the remaining data is deci-
sively increased.

As a first illustration we consider the structural analysis of intramolecular
nuclear Overhauser effects (NOE) in a biopolymer chain. A NOE between
two hydrogen atoms (or groups of hydrogen atoms) is observed if these
hydrogens are located at a shorter distance than approximately 5.0 A from
each other in the molecular structure. Typically, a large number of NOE’s
are observed in globular proteins or in double-helical nucleic acids, indicat-
ing that these molecular structures contain numerous pairs of closely spaced
hydrogen atoms (upper part of Fig. 1.1). Combined with resonance assign-
ments these distance constraints can be attributed to specified sites along the
polymer chain and hence the NOE experiments define the formation of loops
by chain segments of variable lengths (Fig. 1.1). With model building or the
use of suitable mathematical procedures, notably distance geometry (Blu-
menthal, 1970), the conformation space can then be searched for spatial
arrangements of the polymer chain that are compatible with the experimen-
tal distance constraints. Sequence-specific resonance assignments thus pro-
vide a basis for systematic procedures toward spatial structure determina-
tion of noncrystalline biopolymers (Wiithrich et al., 1982).

As a second example we consider investigations of intermolecular inter-
actions with biopolymers. Nuclear Overhauser effects can manifest short
distances between nuclear spins located in the different, interacting mole-
cules, and additional data on close intermolecular contacts in the complexes
formed may be obtained from other experiments. Without sequence-specific
resonance assignments such data can merely indicate that complex forma-
tion has occurred, but when combined with resonance assignments they
identify the sites of intermolecular contacts in the polymer chain. As is

OmeO dp O\)
NO ASSIGNMENTS Je) o0 7P
d OresO

ROEQ‘OJOO'“O

OweeO

WITH ASSIGNMENTS

Figure 1.1. Information content of '"H-'"H NOE's in a polypeptide chain with and
without sequence-specific resonance assignments. Open circles represent hydrogen
atoms of the polypeptide. The polypeptide chain is represented by the horizontal line in
the center.



