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ABSTRACT: Current interests in structural genomics, and the associated need for high through-put structure
determination methods, offer an opportunity to examine new nuclear magnetic resonance (NMR)
methodology and the impact this methodology can have on structure determination of proteins. The time
required for structure determination by traditional NMR methods is currently long, but improved hardware,
automation of analysis, and new sources of data such as residual dipolar couplings promise to change
this. Greatly improved efficiency, coupled with an ability to characterize proteins that may not produce
crystals suitable for investigation by X-ray diffraction, suggests that NMR will play an important role in
structural genomics programs.

The enormous progress that has been made in the
sequencing of DNA over the past few years is forcing much
of the biochemistry and molecular biology community to
reassess its approach to scientific investigation and discovery.
Rather than focus on a single system with dogged testing of
hypotheses related to mechanisms of action, there is a sense
that new insight, or at least new hypotheses, can be generated
by taking a broader view and systematically analyzing vast
sets of data that have been accumulated in the absence of
highly focused objectives. The human genome alone is
expected to encode on the order of 30 000 proteins; add to
this the genomes of agriculturally important plants and the
genomes of pathogenic organisms, and the amount of
information to be tapped is staggering (1). Most fruits of
this new mode of investigation will not come, however,
without additional effort, both in analysis and in information
gathering. It is estimated that current analysis techniques can
assign a function to no more than half of the proteins encoded
by newly sequenced genes (2, 3). To improve this situation,
new efforts in functional genomics and proteomics have been
initiated. Among the proteomics efforts are ones in structural
genomics. It is the objective of this paper to discuss new
ways that nuclear magnetic resonance (NMR) can contribute
to the structural genomics effort. NMR has to date contrib-
uted just 17% of the structures currently deposited in the
Protein Data Bank (PDB),1 compared to 82% by X-ray
crystallography (4), but broad applicability to proteins which
fail to provide diffraction quality crystals promises to increase
the importance of contributions by NMR in the future.

Structural Genomics

Structural genomics, more properly structural proteomics,
refers to the attempt to provide three-dimensional structural

information about a significant fraction of the proteins
encoded by the genes sequenced in various genome projects.
The attempt is driven in part by a belief that three-
dimensional structure will provide a better basis for recogni-
tion of function than sequence similarity (5-8). This belief
is, in fact, supported by numerous examples of proteins of
similar function that have little sequence homology but
recognizable geometric similarities once functionally im-
portant residues are attached to specific points in a backbone
fold (9, 10). Given the possible utility of folds in these
applications, as well as their use as a basis for homology
modeling, most structural genomics efforts will not target
all proteins in a genome, but will attempt to produce
representative structures in each protein fold family. With
fold families estimated to number from several thousand to
ten thousand, this is still a daunting task, but one that may
allow emerging computational methods to produce structures
on a more global basis (11).

Meeting the challenge of structural genomics is now a
worldwide effort with a large program underway in Japan
(12) and new programs starting in Europe (13). Recently,
the National Institute of General Medical Sciences (NIGMS),
a part of the National Institutes of Health, announced the
establishment of seven pilot centers in the United States for
testing and establishing protocols for the large-scale produc-
tion of protein structures (14). These new centers will build
on a number of preexisting structural genomics projects in
North America (15) and mesh with efforts to standardize
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procedures for capturing and storing both X-ray and NMR
data (16-18).

Most of the new NIH centers will rely heavily on X-ray
crystallography to produce structures. This is not surprising
given the large percentage of the structures currently in the
PDB that have been produced by X-ray crystallography. The
advances in data collection efficiency at X-ray producing
synchrotron sources will also ensure that X-ray crystal-
lography will continue to be the major contributor to this
database; however, one of the new centers does have NMR
as a major component, and NMR is well represented in
several others. NMR is also a major component in the
Japanese and European efforts. As we discuss below, there
is reason to believe that investment in this second contributor
to protein structure determination will be productive.

NMR in Structural Genomics

There are several reasons to suggest that NMR will play
a role in structural genomics activities. NMR can provide
an important technique for selecting well-behaved proteins
and optimizing conditions for structure determination, whether
it be by NMR or X-ray crystallography. NMR can provide
a means of identifying small ligands as well as macro-
molecular associations that may be essential for proper
folding and function. And, NMR can provide an inherently
complementary structure determination methodology. With
respect to its complementarity, NMR structures are produced
in solution, and there are a few documented cases where
structural differences exist between solution and crystal forms
of proteins (19-21). However, these cases are small in
number, and differences are not likely to be significant at
the level of structures for a protein fold database. A more
important aspect is the possibility that NMR can provide
structures for proteins that may be difficult to crystallize.
For example, producing crystals of membrane proteins is still
a challenge. Integral membrane proteins of the helical bundle
class are estimated to represent 20-25% of most genomes
(22). Yet, only∼1% of the structures deposited in the current
PDB are classified as membrane proteins (4). There are NMR
structures of several small proteins with transmembrane
helical segments, some produced in micelle media by high-
resolution techniques and some produced in more extended
membrane mimetics using solids NMR techniques (23, 24).
Also, there are new techniques on the horizon that promise
to make membrane proteins in micelles more accessible to
high-resolution NMR (25). Several of the structural genomics
pilot centers plan to initially exclude membrane proteins from
consideration because of the difficulties in structure produc-
tion by either NMR or X-ray crystallography. But membrane
proteins will eventually have to be tackled, and they may
not be the only class of proteins that prove to be difficult to
crystallize.

It is widely recognized that heterogeneity in protein
preparations (due to aggregation, for example) is detrimental
to crystallization, and screening using light scattering is often
used to avoid conditions that contribute to heterogeneous
aggregation; both NMR and X-ray approaches suffer limita-
tions due to aggregation. However, other factors are more
detrimental to crystal-based approaches than NMR-based
approaches to structure. For example, posttranslational modi-
fications such as glycosylation seem to limit crystallizability,
and disordered regions that may be integral parts of the

protein structure seem to limit crystallizability (26). These
latter factors do not normally prevent NMR-based structure
determination of at least the well-structured regions.

It is possible to support an argument for the applicability
of NMR in cases where crystallization has proved to be
difficult by an examination of current versions of the PDB
(4). There are now (January 2001) approximately 14 000
structures in the PDB; approximately 2200 have been
determined by NMR methods. Most of these are deposited,
not as a single structure, but as a set of 20 or more structures
determined using random starting conditions in the structure
determination protocol. Regions along the polypeptide
backbone that are poorly defined can be located by calculat-
ing a root-mean-square deviation (rmsd) from the mean of
the positions of backbone atoms residue by residue. We take
an arbitrary limit of 4.0 Å as an indicator of poor structural
definition. Poor definition can come simply from the absence
of adequate NMR constraints, but the absence of constraints
frequently correlates with motion or disorder in a region of
the protein. Making this correlation, we can use large rmsds
as an indicator of disordered regions in a protein.

Entries based on NMR (1504 from the July 1999 PDB)
were filtered to produce a nonredundant set of proteins
having more than 50 residues and adequate numbers of
deposited structures (918). These entries were then evaluated
on the basis of the fraction of residues showing an rmsd of
>4.0 Å. The structures represented by these entries were
divided into two sets on the basis of whether a corresponding
X-ray structure existed. A search of all X-ray structures was
conducted using a sequence identity search algorithm that
allowed modest levels of amino acid substitution, deletion,
or insertions (fewer than 12 residues different in size and
fewer than 4 unmatched residues). On this basis, 182 were
found to have a corresponding structure determined by X-ray
crystallography. A search of the remaining NMR structures
was conducted to select a set of comparable size having the
least similarity to existing X-ray structures. A 163-member
set having a BLAST (27) alignment homology score of less
than 43 when compared to any X-ray structure was selected.
The two subsets, NMR_ONLY and NMR_XRAY, were
examined separately for the extent of disorder as given by
the rmsd criterion applied to the NMR structure.

The analysis is presented graphically in Figure 1. For
proteins with a low percentage of disorder, related X-ray
structures are abundant, but for proteins with a higher
percentage of disorder (more than 10%), the number of
related X-ray structures drops off dramatically. NMR-based
structures persist to a much higher percentage of disorder.

FIGURE 1: Influence of unstructured regions in proteins on the
choice of structure determination approach. Data were taken from
the July 1999 version of the Protein Data Bank.
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Such observations clearly support the suggestion that NMR-
based structure determination is more applicable to proteins
with disordered regions, possibly because these proteins may
be difficult to crystallize.

NMR as a Screening Tool

Whether NMR is able to produce structures for disordered
proteins, a simple ability to identify these proteins, or proteins
that are heterogeneous because of aggregation or other
conformational effects, would be a valuable contribution.
Screening of expressed and purified proteins for sample
conditions that are apt to promote crystallization or give good
NMR samples is therefore a major activity of many of the
pilot centers. We present in Figure 2 an illustration of the
type of experiment that might be carried out on a very small
amount of protein in a highly automated way. The experi-
ment incorporates a simple test for rapidly exchanging amide
protons. At pH 7, amide protons of unstructured regions of
polypeptide chains undergo exchange with protons of water
on time scales of tenths of seconds or less (28). In structured
regions, amide protons are either buried in the hydrophobic
interior of the protein or involved in hydrogen bonding.
These amides exchange much more slowly (minutes to
hours). A simple magnetization transfer experiment that uses
magnetization associated with protons of water to provide
detectable protein signal when they exchange into rapidly
exchanging sites will selectively show amides in disordered
regions. [In actual fact, a more sophisticated experiment that
eliminates artifacts due to transfers fromR-protons underly-
ing the water resonance, CLEANEX, is used (29).]

In Figure 2, we show the amide proton regions of one-
dimensional proton NMR spectra of a 20 kDa protein, obelin.
Obelin is a photoprotein that emits light on addition of Ca2+

in a manner similar to that of its close relative, aquorin. The
crystal structure of obelin has recently been determined, but
only in the pre-emission form (30); it has not so far been

possible to produce diffraction quality crystals of obelin in
its reacted form, a form also known as blue fluorescent
protein (BFP). Figure 2A shows the amide region of a simple
1D spectrum of BFP in the presence of Ca2+; signals from
all amides as well as a few aromatic protons are present. In
Figure 2B, we show a spectrum of the same region produced
using the CLEANEX experiment. As only signals that derive
magnetization from protons on water can be detected in this
experiment, those seen are from amide protons in moderately
rapid exchange (exchange times of fewer than a few seconds)
with water. The intensity in the 7.0-7.8 ppm region is seen
for most proteins and includes intensity from side chain
amide protons such as those on glutamine and asparagine.
The few signals in the 8.1-8.9 ppm region are typical of a
well-folded protein with few unstructured or surface-exposed
amides. The spectrum suggests that at least in the presence
of Ca2+ production of quality crystals may be possible.
Spectra C and D of Figure 2 show a similar pair, but from
the protein with Ca2+ removed. The intensity in the 8.1-
8.9 ppm region is now abnormally high and indicative of
partial unfolding of the backbone. The data suggest that the
protein would be difficult to crystallize in the absence of
Ca2+, but the protein may be sufficiently folded for an
NMR study. Screening based on experiments such as the
CLEANEX experiment can be made quite efficient, and even
automated, using NMR flow probes and micro manipulator
robots. The spectra that are shown were acquired in ap-
proximately 15 min each on 0.5 mM protein samples using
a standard 600 MHz spectrometer.

There is of course more to be gained from screens based
on NMR spectra. Chemical shifts contain information. The
appearance of the transfer intensity near 8 ppm is an example.
This is a region characteristic of amides in random coil
configuration.R-Proton chemical shifts in the 4-5 ppm
region can provide equally valuable indicators ofR-helix or
â-strand structures, as can chemical shifts of the backbone
R-carbons (31). Screening based on various types of NMR
experiments has been adopted by several structural genomics
projects (32, 33). Screening is often based on 2D15N-1H
NMR, rather than the simple one-dimensional proton experi-
ments described above. Resolution is greatly improved in
2D experiments but requires15N-labeled protein (this can
be accomplished by growingEscherichia coliin minimal
medium supplemented with [15N]ammonium chloride at
modest additional cost). The experiment employed is a
workhorse 2D experiment called a heteronuclear single-
quantum coherence (HSQC) experiment. The resulting
spectrum shows cross-peaks, approximately one for each
residue, that correlate chemical shifts of an amide proton
with that of the directly bonded nitrogen. The experiment is
efficient, requiring on the order of 15 min on a 1 mMprotein
sample using a modern 600 MHz NMR spectrometer.
Positions of peaks can suggest disordered regions, and once
the peaks are assigned to sequential positions, the information
could actually be used to engineer proteins with the unfavor-
able segments removed. Also, given the normal count of
approximately one cross-peak per residue, the detection of
a surplus of peaks can indicate conformational heterogeneity
that may adversely affect structure determination. The
efficiency of the experiment also allows its use along with
variation of pH or ionic strength or addition of cofactors in
identification of conditions that produce minimal heterogene-

FIGURE 2: Screening for structured proteins using 1D amide proton
exchange spectra. The sample is blue fluorescent protein at 0.5
mM: (A) 1D spectrum with Ca2+, (B) CLEANEX spectrum with
Ca2+, (C) 1D spectrum without Ca2+, and (D) CLEANEX spectrum
without Ca2+.

Current Topics Biochemistry, Vol. 40, No. 30, 20018679



ity as well as optimum resolution for subsequent NMR
experiments.

3D Structures by NMR

With the seeming advantages of NMR, why stop at
screening; why not routinely continue on to complete
structures? Obviously, there must be reasons if only 15-
20% of the deposited structures in the PDB are NMR-
derived. One reason that NMR has not played a larger role
in structure determination is the limitation on sizes of proteins
to which NMR methods can be applied. The limit on size
stems from the need to resolve and assign resonances to
particular proton sites in the protein sequence. Cross-peaks
between assigned resonances in nuclear Overhauser effect
spectroscopy (NOESY) ultimately give rise to the pairwise
distance constraints used in most NMR structure determina-
tions (34). Resolution depends inversely on resonance line
widths, and the widths depend in turn on effective molecular
weight. Limits imposed by resolution have been pushed back
over the years, first by use of isotope enrichment (13C, 15N,
and 2H) (35) and extension of spectra to three and four
dimensions and more recently by transverse relaxation
optimization techniques (TROSY) in combination with high
magnetic fields (25). However, complete structure determi-
nation of monomeric proteins still has not pushed beyond a
molecular mass limit of 50 kDa, and determinations not
requiring deuteration of the protein still seem to be limited
to 25-30 kDa (33). While this is a severe limitation, it is
mitigated by the fact that the average domain size of encoded
proteins appears to be only slightly greater than 150 amino
acids, or 17 kDa (3).

A more severe limitation is that the time required for data
acquisition and analysis is long, and sample preparation
requires the use of isotopically labeled media (15N- and13C-
labeled proteins). There have been enormous strides made
in the efficient production of proteins through expression in
E. coli (32), and new cell-free production techniques
pioneered in Japan promise more latitude in produced
proteins and incorporated labels (12). However, the 4-6
weeks of acquisition and subsequent months-long periods
required for assignment and structure determination is still
a major obstacle (33). This time scale is not compatible with
structural genomics objectives that would require 100-200
structures per year from each of the seven NIH-sponsored
pilot centers (14).

Automation of NOE-Based Methods

One approach to reducing the time requirements relies on
extensive automation to reduce the analysis time and
improved instrument hardware to reduce data acquisition
time. Isotopic labeling of proteins with both13C and15N has
led to a very reliable and automatable assignment strategy.
Primary experiments use one bond scalar coupling connec-
tivities to walk along the peptide backbone. Extending
connectivities out to theâ carbons of the amino acid side
chains allows assignment of many sequentially connected
residues to amino acid types based on chemical shift corre-
lations. Inclusion of experiments such as HCCH TOCSY that
use isotropic mixing sequences to make multiple bond
connectivities through the amino acid side chains allows
assignment of most carbon and proton resonances. The

program AUTOASSIGN developed by the Rutgers group is
representative of programs that provide a very efficient
automation of much of this general strategy (36). While
AUTOASSIGN and most other automated assignment pro-
grams rely on13C and15N isotopic labeling (37), some can
be used to aid assignment even in the absence of13C labeling
(38-40). These alternate strategies may become important
for proteins that are difficult to express in bacterial systems
or cell-free systems.

Assignment of resonances, however, still falls short of
assignment of peaks in NOESY spectra. This is a particularly
challenging task because of the severe overlap and resulting
ambiguities in assignment. Automated methods for this step
fortunately also exist (41, 42). They mesh with commonly
used simulated annealing protocols for structure determina-
tion and allow iterative determinations for elimination of
ambiguities in assignment. All of these automated assignment
tools are still very much in the development stage. The
number of structures produced with the aid of automation is
at this point small, but structural genomics efforts will
certainly require implementation of these techniques. In a
recent example that used some of the automated tools that
are mentioned, time from receipt of a plasmid containing a
90-residue soluble (2-3 mM) protein to production of a
tertiary fold was reduced to<1 month (43).

Very recently, the promise of reducing actual data col-
lection time has come from the introduction of NMR
cryoprobes in which the receiver coil and associated elec-
tronic components are cooled to very low temperatures (33).
Sensitivity improvements on protein samples of a factor of
∼3 can be achieved. This translates to a savings in time of
a factor of 9 when substantial signal averaging is required.
A recent example on a protein of 180 residues shows a
reduction to 1.5 days for experiments required for backbone
assignments (44).

Substantial savings can also be achieved in acquisition and
analysis of experiments needed for side chain assignments
and NOE cross-peak analysis by selective protonation of
groups in otherwise fully deuterated proteins. The object is
to reduce the NOE peaks to a set very rich in useful distance
constraints, often a set containing peaks from side chains of
residues concentrated at the hydrophobic core of proteins.
This strategy was first well-illustrated in the work of Gardner
and Kay where methyl groups were selectively protonated
(45). The strategy has recently been extended by Fesik and
co-workers and combined with the use of a cryoprobe to
acquire sufficient data for the determination of the fold of a
180-residue protein in just 4 days (44). The procedure does,
however, require preparation of several samples with dif-
ferent distributions of isotopic labels, and it does require the
use of amino acids synthesized to have13C and/or protons
in specific places.

Applications of NOE-Based Methods

It is useful to examine at least one recent example of using
the triple-resonance assignment, NOE-based structure de-
termination, approach in a structural genomics application.
We choose an application to MHT538, a protein of ap-
proximately 110 amino acids from the thermophilic archaeon
Methanobacterium thermoautotrophicum(46). Aside from
efficiency issues, which are not discussed in detail, this
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application includes a nice illustration of additional ways
that NMR might contribute in pushing past structure, to the
point of functional characterization. The protein target was
chosen without hypothesis as to function in an attempt to
see what could be learned from the structure itself. A PSI-
BLAST search (27) using the MHT538 sequence suggested
a weak similarity (18-23% for a 95-residue segment) to
members of a family of proteins annotated as putative
ATPases or kinases (COG1618). As this level of similarity
would normally be inadequate for prediction of any structural
homology, an NMR-based structure determination proceeded
using13C- and15N-labeled protein and a battery of experi-
ments similar to that described above. A structure falling
into the fold family (R/â)5 (minus the helix between strands
2 and 3) was determined with a 0.88 Å rmsd for backbone
atoms of residues 4-108. This structure does not, in fact,
bear a relationship to structures found for other members of
the sequence family of putative ATPases or kinases. Using
tools for finding structural homologies [SCOP (47) and DALI
(48)], a relationship to either flavodoxins, or a receiver
domain of two-component response regulator systems such
as that of CheY, was found.

At this point, NMR screening methodology was used to
draw a distinction between these two functional classification
choices. As described previously, the simple two-dimensional
15N-1H heteronuclear single-quantum coherence (HSQC)
spectrum provides a map of the protein backbone with
approximately one cross-peak for each amino acid (each
H-N amide pair). Movement of specific cross-peaks on
binding of ligands to proteins is now used extensively in
the pharmaceutical industry to identify binding sites on the
protein surface (49). In the MTH538 study, this technique
was used to explore possible flavin interactions, as expected
if the protein were a flavodoxin, and possible Mg2+ binding,
as expected for receiver domains; no flavin binding was
detected, but Mg2+ binding to a site homologous to one in
CheY was found. Although some other characteristics of
receiver domains were missing, the close structural homol-
ogy, along with the specific Mg2+ site, was used to suggest
a possible receiver domain function.

Fold Determination Methods

Despite the advances in the efficiency of traditional NMR
approaches to structure determination, and the successful
illustrations of the contributions that these NMR approaches
can make to structural genomics, the rate of data production
still pales in comparison to that of synchrotron-based X-ray
crystallography. This observation suggests that some recon-
sideration of both the objectives and approaches used in
NMR applications to structural genomics projects might
prove to be useful. First, in terms of an objective, is the
traditional complete high-resolution structure appropriate for
structural genomics applications? High-resolution structures
will always be an important part of detailed mechanistic
investigations, but functional classification of proteins may
be a different matter. One of the principal hopes of structural
genomics is that representative structures in each of a few
thousand fold families will provide a basis upon which
computational biologists can produce structures of related
proteins and draw conclusions about function. When homol-
ogy modeling is used on systems that have sequences that
are as little as 25% identical, one clearly does not use the

precise placement of either backbone or side chain atoms of
representative structures in a fold library. Also, functional
identification algorithms have been devised that work on the
basis of approximate placement of backbone atoms as
opposed to precise placement of side chain atoms (6). In
the future, new computational methods for placing side
chains into backbone structures promise to make backbone
structures even more useful (50, 51). In these cases,
placement of backbone atoms with accuracy that is better
than that which can be achieved by homology modeling
appears to be necessary, and new experimental methods
directed at accurate backbone structure determination will
be useful.

If backbone structures become a primary objective, the
traditional NOE-based NMR approach to structure can also
be questioned. This approach is not optimal for direct
investigation of backbone structures because the short-range
character of the NOE, from which distance constraints are
derived, dictates that side chain-side chain contacts in the
hydrophobic core play an important part in determining a
protein fold. However, a source of structural data that can
constrain more directly backbone atom positions has come
on the scene recently, residual dipolar couplings (52, 53).
The same dipolar interaction that gives rise to the NOE
actually contains both angle- and distance-dependent terms.
In the NOE, the angle-dependent part is responsible for
modulation of the interaction as a protein tumbles in solution
and is essential for making the distance dependence of NOEs
measurable as a spin relaxation phenomenon. However, it
normally makes no direct contribution to spin state energy
differences that might be efficiently measured through
variations in resonance positions. This is because the angular
term rigorously averages to zero over the time course of
molecular tumbling in isotropic solutions. Measurements of
residual dipolar couplings depend on restoring small levels
of directional order to proteins as they tumble in solution
(of order one part in a thousand). This was first done for
NMR observations on proteins using the inherent tendency
of paramagnetic proteins to orient in high magnetic fields
(54), but since that time, the use of aqueous liquid crystal
media such as bicelles (53), phage (55, 56), or cellulose
microcrystals (57) has become standard practice.

The introduction of order leads to a residual contribution
to the splitting of resonance multiplets,Dres

ij. In the case of
a directly bonded pair of spin1/2 nuclei (1H-15N, 1H-13C,
etc.), where the internuclear distance is known, the contribu-
tion to splitting becomes a simple function of order and
orientation adopted by the system. The effect of order is in
turn conveniently expressed in terms of elements of an order
tensor (Sij) and direction cosines relating the internuclear
vector to a principal order frame [cos(Rk)] (58):

Despite the apparent complexity of the equation, it has only
five independent parameters; these can alternately be de-
scribed in terms of three Euler angles relating the orientation
of a molecular fragment to a principle alignment frame and
principal and rhombic alignment parameters (53). The latter
two apply to all parts of a rigid protein molecule. The first

Dres
ij ) -(µ0

4π) γiγjh

2π2rij
3
∑
kl

Skl cos(Rk) cos(Rl) (1)
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three can be determined independently for any semirigid
fragment in a protein, and can serve to relate orientations of
identifiable structural elements.

Part of the appeal of residual dipolar couplings measure-
ments for structural genomics applications is the efficiency
with which these data can be acquired. Measurement of15N-
1H dipolar couplings of directly bonded amide pairs is based
on the very efficient HSQC experiment described above.
Modifications necessary for the measurement of residual
dipolar couplings can be as simple as removing the normal
180 pulse used for refocusing proton scalar coupling during
the indirect detection period. When this is done, the single
cross-peak for each amide turns into a doublet with a splitting
at the sum of one-bond scalar and dipolar contributions. The
dipolar part is usually extracted by acquiring spectra under
both isotropic and oriented conditions. As illustrated in Figure
3 for an 15N-labeled sample of a 20 kDa protein, ADP
ribosylating factor, this can be simply done using bicelle
systems in which isotropic and ordered states can be
produced by changing the temperature from 25 to 35°C. At
25 °C, only scalar couplings contribute, and splittings are
all of a similar magnitude. At 35°C, the bicelles, which are
simply discoidal pieces of lipid bilayer, order with normals
perpendicular to the magnetic field. Occasional collisions
of proteins with the ordered surfaces impart a small degree
of order; the dipolar contributions to couplings between1H
and15N nuclei fail to average to zero, and splittings increase
or decrease depending on the angles that a particular
internuclear vector make with the axes of the order frame.
There are of course a number of more sophisticated pulse
sequences that allow measurement of1H-15N and1H-13C
couplings from either intensity variation or frequency varia-
tion of cross-peaks (59, 60). A primary advantage of the
intensity-based sequences is that they encode couplings in
single cross-peaks that can have the same positions as the
cross-peaks in standard HSQC and triple-resonance experi-
ments. There have also been 3D experiments devised that
allow measurement of several couplings at once (61). For

backbone couplings (1H-15N amide,1H-13CR, 1HN-13CO,
13CR-15N, 13CO-15N, etc.), it is important to realize that
these involve atoms that are among the most easily assigned
using standard triple-resonance experiments and automated
assignment programs. Moreover, orientational relationships
of fragments containing these atoms can be defined without
close approach of the fragments. Hence, definition of a
backbone structure without simultaneous placement of side
chains is possible.

There has been a wide range of applications of residual
dipolar couplings to protein structure determination, including
their use to refine structures that have been produced using
substantial amounts of data from NOE distance restraints
(62). However, the appeal in structural genomics results from
the possibility of more direct use in structure recognition or
structure determination. The fact that1H-15N dipolar
couplings could be used in properly classifying a structure
using a fold library was clearly illustrated in work by Annila
et al. (63). Here a protein called calerythrin (∼180 residues)
was labeled with15N and13C to assign backbone resonances,
and 15N-1H dipolar couplings for amide bonds were
measured. Experimental couplings were then compared to
couplings predicted for a small set of known structures. The
measured sequence was threaded into each structure using
secondary structure information from backbone carbon
chemical shifts to improve threading, and coupling sets were
generated for a grid of possible order frame alignments. The
set of structures included two sarcoplasmic calcium binding
proteins, one from sandworm and one from an amphioxus,
whose sequences were 27 and 15% identical, respectively.
These proved to be the only structures giving a good match
to measured dipolar coupling patterns. Hence, a strong
argument for an ability to place new proteins into existing
fold classes strictly on the basis of easily acquired residual
dipolar coupling data resulted. Procedures for searching
databases for homologous folds based on dipolar data,
secondary structure information, and pseudocontact shifts
accessible for paramagnetic proteins have been efficiently

FIGURE 3: Measurement of15N-1H residual dipolar couplings in amide groups using coupled HSQC spectra. The sample is 0.3 mM ADP
ribosylating factor (ARF) in a 7% bicelle preparation (2.8:1 DMPC/DHPC or 15:1 DMPC/DMPG) at pH 6.5 (100 mM NaCl, 1 mM MgCl2,
and 10 mM NaH2PO4). The sample is isotropic at 25°C and ordered at 35°C.
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programmed by other groups. The Griesinger group reports
success with three test proteins using a more extended, but
still small, fold database having 125 members (64).

A variation of the above procedure that can extend
structure prediction to proteins representing new folds has
also been described (65). The method, termed molecular
fragment replacement, does not require that an entire fold
be represented in a database, but only short segments of
structure (approximately seven residues in the application
described). Residual dipolar data on the small protein
ubiquitin (76 residues) that included1H-15N amide,1H-
13CR,13CO-15N1, and1HN-13CO couplings obtained in two
different aligned media were used. Seven-residue segments
were threaded trough structures in a reduced PDB (1560
proteins), back calculating couplings from optimized align-
ment parameters at each step. Matching couplings produced
local structures that could be assembled, and the resulting
complete structure could be refined against the residual
dipolar and chemical shift data. A backbone model, excluding
a flexible C-terminus, matches the crystal structure of
ubiquitin to within 0.88 Å. Again, this procedure employs
only data that can be easily and efficiently acquired.

Direct calculation of backbone structures, without the use
of a database, and using primarily residual dipolar data can
also be accomplished. In our own work, two small proteins
were used as test cases, acyl carrier protein (ACP) fromE.
coli, a protein of 77 amino acids whose structure had
previously been characterized by traditional NMR methods,
and NodF, a 92-amino acid product of aRhizobium legu-
minosarumgene required for the synthesis of molecules that
stimulate symbiotic root nodule formation (66). The acyl
carrier protein test was carried out without the benefit of
13C isotopic labeling (only15N labeling was used). Because
15N-enriched media can be prepared at a fraction of the cost
of preparing 15N- and 13C-enriched media, this may be
important for gene products that give poor yields when
expressed usingE. coli, or require expression using other
organisms. Elements of secondary structure were identified
from a combination of backbone NOE patterns and three-
bond (3JHN-HA) scalar couplings. These elements, three
R-helices, were modeled as polyalanine helices of ideal
geometry, and the orientation of each helix relative to a
global orienting frame was determined by inverting equations
similar to eq 1. The residual dipolar data came from1H-
15N couplings measured in HSQC-based experiments and
1H-1H couplings measured in a15N-edited constant time
COSY experiment. A very small number of easily assigned
NOEs connecting to backbone nuclei (five) were used to help
restrict translational degrees of freedom for the helices. The
resulting structure agreed with the previously determined
NMR structure to within 3 Å for backbone atoms of the
secondary structure elements (see Figure 4). This level of
resolution is not representative of the precision of the
measurements but is limited by the attempt to fit real helices
with idealized models. Allowing helices to bend greatly
improves the fit to data and presumably the accuracy of the
structures (66). More importantly for structural genomics
applications, the total data acquisition time was estimated
to be <1 week on a conventional 500 MHz spectrometer.
With the benefit of cryoprobes and high-field spectrometers,
this should be reduced to approximately 1 day.

The NodF protein was doubly labeled and, hence, ben-
efited from a more efficient assignment strategy and the
measurement of additional residual dipolar couplings (1H-
13C, 13C′-1HN, and13C′-15N couplings, in addition to the
couplings used in the ACP case). The additional couplings
allowed modeling with helices assembled from several
canonical segments (to allow bending). Data acquisition was
actually shorter than for the15N-labeled ACP sample,
approximately 5 days. No other structure is available for this
protein, so no evaluation of the accuracy of the structure
could be made.

Other procedures for more directly building backbone
structures of protein from residual dipolar data are being
developed by other groups (67, 68). Some of these strategies
are based on an ability to treat peptide planes as independent
fragments and orient them one plane at a time. They use an
extensive set of residual dipolar data from doubly labeled
proteins, but no or little NOE data. Data acquisition time is
again short, and will be further reduced with the aid of
cryogenic probes.

Future of NMR in Structural Genomics

With advances such as the ones described above, we can
remain optimistic about the role NMR will play in structural
genomics. It can provide structures for proteins that may not
easily crystallize, and it can provide these structures rapidly,
especially if specification of backbone atoms in a protein
fold is the primary objective. It is also useful to look beyond
completion of an appropriate fold database to functional
characterization of proteins. NMR will play a role here as
well. We have already mentioned the potential of HSQC
spectra in screens for ligand binding and drug design (49).
It is important to realize that these experiments can also be
used in screens for protein-protein interactions (69, 70). It
is now clear that relatively few proteins act in isolation, and
understanding function may require looking at combinations
of proteins. Going beyond simple detection of interaction,
perturbations of specific peaks in HSQC experiments can
identify regions of contact. The relative orientation of
proteins in contact can also be determined using the residual
dipolar methods mentioned above. Entire proteins of known
structure can be treated as orientable fragments, just as we
did for secondary structure elements or individual peptide

FIGURE 4: Structure of the acyl carrier protein (ACP) determined
from residual dipolar couplings (A) and from NOEs (B).
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planes in the work described above. In fact, there are now
several examples of the determination of the relative orienta-
tion of loosely connected domains in multiple domain
proteins using residual dipole methods (71-73). In one of
these examples, binding of ligands between domains makes
the relative orientations in the presence and absence of ligand
an integral part of understanding the mechanism (72). In a
more hypothetical case, cooperative binding of carbohydrate
ligands on the surfaces of membranes may be modulated by
the relative orientation of subunits in multimeric lectins (74).
In short, prospects for contributions beyond the initial focus
of structural genomics initiatives on domain structures are
bright. We look forward to an ability to report progress in
this direction in a few years.
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