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Abstract This ‘Perspective’ bears on the present state of

protein structure determination by NMR in solution. The

focus is on a comparison of the infrastructure available for

NMR structure determination when compared to protein

crystal structure determination by X-ray diffraction. The

main conclusion emerges that the unique potential of NMR

to generate high resolution data also on dynamics, inter-

actions and conformational equilibria has contributed to a

lack of standard procedures for structure determination

which would be readily amenable to improved efficiency

by automation. To spark renewed discussion on the topic of

NMR structure determination of proteins, procedural steps

with high potential for improvement are identified.
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During the past decades, NMR spectroscopy of biological

macromolecules in solution has demonstrated its potential

with a wide range of applications for studies of structure

and function (Wüthrich 2003). Solution NMR has also

firmly established its role for de novo structure determi-

nation of protein-, RNA- and DNA-constructs with

molecular weights up to about 30 kDa. However, although

the Protein Data Bank (PDB; Berman et al. 2000) contains

over 6000 NMR structures, no standard procedures have

evolved for NMR structure determination of proteins, and

different laboratories use a variety of different approaches.

Quite generally, this presents barriers for efficient NMR

structure determination, and start-up NMR groups or bio-

chemists and biologists with structural biology projects

cannot readily find guidance for the use of NMR tech-

niques without collaboration with ‘‘experts’’. In spite of

this rather special situation, the NMR field has flourished

and generated a wealth of important new insights in the

molecular biological sciences, which extend the charac-

terization of proteins from atomic resolution three-

dimensional structure models, obtained by NMR or by

X-ray diffraction, to dynamic and binding properties.

Because the NMR-derived information is often unique and

could not be obtained by other available methods, high

efficiency of NMR data collection is usually not a priority

in ‘‘hypothesis-driven’’ projects. An obvious illustration is

the situation where a protein cannot be crystallized, and

NMR is then the only technique capable of yielding a

three-dimensional structure at atomic resolution.

Starting in the year 2000, the advent of ‘‘structural

genomics’’ (SG) resulted in a new challenge, since high-

throughput protein structure determination is an important

element in the attempt to reach the stated Protein Structure

Initiative (PSI) goal of a representative sampling of protein

fold space (Chandonia and Brenner 2006; Levitt 2007;
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Stuart et al. 2006). In recent reviews, the response of X-ray

crystallography to this challenge has been lauded as being

highly successful, with technical advances that now more

and more also benefit discovery- and hypothesis-driven

research in the entire crystallography community. In con-

trast, the response of NMR-based structure determination

to the SG-challenge has been judged to be less impressive.1

In part this is due to the fact that NMR structure

determination of proteins has to a lesser degree been sup-

ported by robotics and other automation than protein

crystal structure determination. In an upcoming ‘Perspec-

tive’ in this Journal, Michael Williamson and Jeremy

Craven will investigate the present state and likely future

developments of the automation of NMR structure

determination.

The standard data processing in NMR structure deter-

mination of proteins consists of a sequence of successive

steps, starting with Fourier transformation of the time-

domain data to obtain the frequency-domain spectra,

identifying the NMR signals in the frequency-domain

spectra, assigning the NMR signals to individual atoms in

the polypeptide chain, collecting three-dimensional struc-

ture information in the form of restraints on interatomic

distances, torsion angles about chemical bonds and the

relative directions of chemical bonds linking different atom

pairs of the polypeptide chain, and using the experimental

data thus obtained as input for the structure calculation.

Automation of this procedure will foreseeably include

going through part or all of these steps in multiple cycles,

in order to enable feedback mechanisms such as the use of

preliminary protein structures obtained in early cycles to

supplement the initial resonance assignments and the initial

collection of conformational constraints.

An overview of the published NMR structure determi-

nations of proteins reveals that nearly all of these results

were obtained using computer-supported interactive pro-

cedures rather than automation of at least some of the steps

involved. The limited extent of automation is primarily due

to the fact that NMR spectroscopy with biological macro-

molecules is typically at the limit of a workable signal-to-

noise ratio. As a consequence, automated distinction

between NMR signals, artifacts and noise peaks in the

experimental data sets is a challenge, as will be discussed

in more detail in the ‘Perspective’ by Williamson and

Craven. Here we want to focus on factors other than

automation of the NMR data handling that may

affect protein NMR structure determination in a ‘‘high-

throughput environment’’. Considering the impressive

achievements of protein crystallography (Chandonia and

Brenner 2006; Levitt 2007), we start with a glance at the

crystal structure determination approach.

For the purpose of this presentation, we divide protein

crystallography into two sub-projects, which are in typical

SG-consortia performed by different groups of scientists.

The first sub-project covers all the steps involved in

obtaining diffracting protein crystals for structure deter-

mination, including the annotation of complete genomes,

the selection of target proteins, the cloning of multiple

constructs for a given target, the expression, purification

and physico-chemical characterization of the protein

preparations, crystallization trials with a wide range of

solution conditions, and finally the screening of the

resulting crystals for high resolution diffraction. The role of

automation and robotics in this subproject of protein

crystallography and the implications for NMR structure

determination of proteins are the subject of the remainder

of the present text. The second subproject is the actual

crystal structure determination, starting from crystals that

yield high-resolution diffraction for the native protein and,

in as far as needed, suitably derivatized forms of the pro-

tein. Software for automated processing of the diffraction

data for routine protein structure determinations is highly

developed, and once a structure has been automatically

‘‘solved’’, standardized procedures are available for inter-

active structure refinement, which also includes quality

control mechanisms for checking on the intermediate and

final results.

Important factors for the success of protein crystal

structure determination in ‘‘high-throughput’’ environ-

ments include: (i) As the dominant player in protein

structure determination, crystallography has succeeded to

attract massive investments. This enabled the installation

of efficient, method-focused target selection, heavily

robot-supported protein preparation laboratories that

ensure a steady protein supply, and ample access to high-

intensity X-ray beamlines. (ii) The foundations of the

target selection by informatics specialists include a wealth

of statistical data on both the crystal structures deposited

in the PDB and on structure determination attempts that

failed when using the standard protocols of individual PSI

centers (for example, Slabinski et al. 2007a, b). This

significantly contributes to the probability that the chosen

targets are indeed amenable to X-ray structure determi-

nation. (iii) The protein production pipelines are designed

to generate extensive optimization of protein constructs,

and they routinely screen the protein preparations for their

suitability for crystallization trials, using chemical and

1 Quotation from the ‘‘Report of the Protein Structure Initiative

Assessment Panel’’ (http://www.nigms.nih.gov/News/Reports/PSI

AssessmentPanel2007.htm). ‘‘A.3.2C NMR. NMR technology from

the PSI is not seen as having the general impact described above for

crystallography. Many of the NMR advances (G-matrix Fourier-

transform NMR, automated data analysis and structure determination)

are not readily applicable to complex systems with higher molecular

weight. Thus, these have not changed the practices of the NMR

community in the way PSI-supported technologies have changed the

crystallographic community.’’
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physico-chemical techniques. (iv) Highly developed ded-

icated robotics are available for exhaustive automated

crystallization trials, using nanoliter volumes of protein

solution for each assay. (v) The screening of thousands of

crystals for their suitability for structure determination is

fully automated in dedicated synchrotron beamlines. (vi)

Access to synchrotrons is streamlined and user-friendly,

and ever smaller crystals can be used for structure

determination. (vii) Quality assessment is well-established

at all stages of the high-throughput process.

When turning to NMR, one notes in most ‘‘high-

throughput’’ environments that, as a consequence of the

impressive performance of X-ray crystallography, a trend

has evolved to consider NMR an option for structure

determination only when repeated crystallization attempts

have failed. With this philosophy, unique information is

again requested from NMR, and high efficiency is not of

overriding importance. Given this situation, it is not sur-

prising that, in contrast to X-ray crystallography (Slabinski

et al. 2007a, b), there are no commonly known and

accepted criteria for the use of bioinformatics tools to

evaluate target protein sequences for the probability of

success in NMR structure determination. Regarding protein

production, the historical development of protein X-ray

crystallography confirms in impressive ways that a highly

productive protein expression laboratory is the key to

efficient protein structural biology. In the NMR field,

efficient protein production should ensure that optimization

of protein constructs, as well as solution conditions, is not a

bottleneck for NMR structure determination (Acton et al.

2005; Yee et al. 2002). Finally, there is a need for a

quantifiable quality assessment of the protein solutions

used for NMR structure determination, which would be the

equivalent to protein crystal screening for high-resolution

diffraction. So far, no generally accepted systematic pro-

cedure for such evaluation of protein solutions is in place,

in spite of early work on this key step in NMR structure

determination (Bagby et al. 1997, 2001). The absence of

generally accepted, streamlined procedures extends further

from the sample preparation to the actual NMR method-

ology, where the use of a wide array of different

combinations of experiments and different pulse sequences

(Cavanagh et al. 2007) makes it difficult to compare

achievements in different laboratories. Overall, notwith-

standing the structural genomics centers that had from the

start a special focus on solution NMR (Liu et al. 2005; Pan

et al. 2007; Yee et al. 2002; Yokoyama et al. 2002), success

stories about biomolecular NMR structure determinations

include as many accounts of heroics by graduate students

and postdoctoral fellows combined with well-deserved

good luck, as achievements based on rational sample

optimization.

The limited role of NMR structure determination in

high-throughput environments has well-recognizable fun-

damental roots. First, as mentioned in the introduction to

the present text, de novo protein structure determination is

only one of many uses of solution NMR spectroscopy in

structural and functional biology, and there is an upper size

limit of about 25 kDa for efficient use of the method. NMR

investigation of molecular dynamics, conformational

equilibria, ligand binding, characterization of ‘‘unstruc-

tured functional polypeptides’’ and their structural

transitions in active complexes are just a few examples of

highly attractive, alternative NMR applications. Second, a

wide arsenal of different NMR experiments is available for

different applications (Cavanagh et al. 2007). The out-

standing flexibility of the method is then quite naturally

reflected in variations of the protein structure determination

protocols used in different laboratories, and also in exten-

sive investment of resources for intellectually stimulating

attempts to use minimal sets of NMR data for ‘‘protein

structure predictions’’. Third, few NMR spectroscopists

have been under pressure to pursue protein structure

determination in a high-throughput fashion.

In view of all that has been mentioned so far, one might

question the wisdom of working toward protocols for

‘‘high-throughput’’ NMR determination of high-resolution

protein structures in solution. With this ‘‘Perspective’’, we

want to strongly advocate to resume and intensify discus-

sions of this intellectual and organizational challenge

(Bhattacharya et al 2007; Yee et al. 2002; Yokoyama et al.

2002). Major progress toward NMR structure determina-

tion in a high-throughput context will depend on new

methods development, which will at the very least lead to

higher-output technology and thus benefit the entire bio-

molecular NMR community. X-ray crystallography has

made commendable use of this opportunity and, as a

consequence, the entire field of crystal structure determi-

nation has evolved in important ways during the last

5 years. NMR runs the risk of being left out of this ongoing

evolution of structural biology. If an effort is made, then

the standards for NMR structure determination will have to

be in line with the high standards established by the use of

X-ray crystallography in structural genomics (Bhattacharya

et al. 2007; Brown and Ramaswamy 2007). In addition to

progress required for the actual structure determination

protocol (see the forthcoming ‘Perspective’ by Williamson

and Craven), optimization with robotics and automation of

the procedures used to select, prepare and evaluate the

protein constructs for structure determination is needed

also in the NMR field.
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