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The discovery of biochemical and cellular functions of un-
annotated gene products begins with a database search of
proteins with structure/sequence homologues based on
known genes. Very recently, a number of frontier groups in
structural biology proposed a new paradigm to predict
biological functions of an unknown protein on the basis of
its three-dimensional structure on a genomic scale.
Structural proteomics (genomics), a research area for
structure-based functional discovery, aims to complete the
protein-folding universe of all gene products in a cell. It
would lead us to a complete understanding of a living
organism from protein structure. Two major
complementary experimental techniques, X-ray
crystallography and NMR spectroscopy, combined with
recently developed high throughput methods have played a
central role in structural proteomics research; however, an
integration of these methodologies together with
comparative modeling and electron microscopy would
speed up the goal for completing a full dictionary of
protein folding space in the near future.
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Introduction

The success of genome projects has given us vast amounts of
sequence information of whole genes for some species;
however, the biological functions of most gene products are
still unknown. In order to gain a functional understanding of
unannotated genes, a number of frontiers in structural biology
proposed a new paradigm for the structural determination of
proteins (Kim, 1998; Zarembinski et al., 1998; Hwang et al.,
1999; Yee et al., 2002; Schmid, 2002). Structural biologists

believe that the whole characters of living cells possess their
own molecular and cellular functions, which could be tightly
regulated by three-dimensional structures of proteins encoded
in a cell (Fig. 1). For this reason, the structural genomics
effort, which aims for a structure-based functional discovery
of all unannotated gene products, has become a challenging
and ambitious research topic. Based on the statistics of
Targetdb (http://targetdb.rcsb.org), a total of 635 protein
structures were currently determined from structural genomics
consortium during the last three years. Among them, 500
structures were determined from X-ray crystallography and
135 from NMR spectroscopy. The Protein Data Bank (PDB;
http://www.rcsb.org/pdb) currently contains 332 proteins that
are deposited with a structural genomics keyword. Since there
is no doubt that the three-dimensional structure of a protein
could provide an essential clue for the fundamental questions
about its biological functions, structural proteomics projects
could fill up the universe of protein folding space provided an
accurate prediction of the structure-function relationship. For
structural proteomics research, two major experimental
techniques (X-ray crystallography and nuclear magnetic
resonance (NMR) spectroscopy) with newly developed high
throughput techniques (Staunton et al., 2003; Terwilliger,
2003; Yee et al., 2003) have played a central role in
determining the protein structures on a genomic scale. Other
approaches, homology modeling (Sanchez et al., 2000) and
electron microscopy (Henderson, 1995) will also become
important tools in the near future since these methods could
be complementary to NMR and X-ray crystallography in
structural proteomics research. This review will summarize
recent progress and perspectives in structural proteomics
research.

Function Discovery from Protein Structure

The database search to predict biochemical and cellular
function of unannotated gene products begins with structural
homologues based on sequence information. Even though it is
still not straightforward to derive biological functions of a
hypothetical protein directly from its spatial arrangement of
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atoms, several pilot projects from pioneer groups in structural
biology demonstrated successfully that the molecular
functions of hypothetical proteins could be predicted from
their three-dimensional structures (Boggon et al., 1999;
Hwang et al., 1999; Lee et al., 2004). For instance, a
hypothetical protein, MTH1880 from Methanobacterium
thermoautotrophicum (MTH), shows no sequence homology
with other known proteins; however, the solution structure
suggests that it is a calcium buffering protein (Lee et al.,
2004). The molecular surface of MTH1880 comprises a
highly acidic pocket that is anchored by two loops, which is

indicative that the protein would have a cation-binding site. As
a result, MTH1880 is determined as a novel fold with a
unique structural motif for calcium-specific binding and
calcium-buffering function (Fig. 2). Another excellent
example is a MJ0882, a hypothetical protein from
Methanococcus jannaschii (MJ) that was determined by X-ray
crystallography (Huang et al., 2003). Even though MJ0882
has no sequence similarity with any of the known
methyltransferases, the methyltransferase activity of MJ0882
was predicted from a three-dimensional structure. It was
confirmed by a biochemical assay. One of major objectives in
structural proteomics is to provide new functional insight for
proteins with unknown functions. It is essential to categorize
the determined structures into several groups together with
annotated proteins for a structure-based functional prediction.
Recently, Yee et al. (2003) demonstrated a total of 27
hypothetical proteins from MTH that could be categorized to
deduce their functional annotation from a structure that was
determined by NMR spectroscopy or X-ray crystallography.

NMR Spectroscopy and Structural Proteomics

A pilot project for the Methanobacterium thermoautotrophicum
genome analysis revealed that the proteins under 30 kDa
molecular weight occupy 65% of the whole genome. Also,
45% (424 proteins) out of randomly collected 900 proteins
were under 20 kDa, except the membrane proteins and
proteins with a known structure (Christendat et al., 2000). The
Montelione group reported that 25% of the yeast genome is
feasible for NMR structure determination (Montelione et al.,

Fig. 1. The overall scope of the protein structure-function relationship. Small circles represent a basic research area from protein
structure; big circles are applied areas based on structural information. The big circle is often overlapped with small circles.
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2000). The data from a gene sequence database suggested that
proteins greater than 30 kDa usually consist of modules that
have an independent folding module of about 175 amino
acids. This implies that a NMR structure determination is
useful for practical NMR-based structural proteomics
research. For large proteins, a newly developed TROSY-based
NMR technique (Pervushin et al., 1997) could be used to
determine the structures of up to 100 kDa molecular weight.
TROSY experiments promise NMR spectroscopy the
possibility to determine the structure of membrane proteins
with a protein-micelle complex as well as multimeric proteins.
In addition, the NMR-based structural proteomics would be
successful combined with “high-throughput” techniques that
are based on newly developed novel NMR methods.

Using conventional NMR equipments, it will take about 6
months for a NMR measurement to determine a high-
resolution structure of a protein with 25 kDa (Garrett et al.,
1999). This is due to the intrinsic low sensitivity of NMR
spectroscopy. To overcome the low sensitivity problem, a
protein sample of relatively high concentration (about 1 mM)
is frequently used; however, it often creates protein
aggregation. Recently, the NMR magnets with ultra-high field
strength (>600 MHz) were developed, providing sensitivity as
well as high-resolution. For example, the signal sensitivity of
a 900 MHz magnet is expected to be 4~5 times higher than
that of a 500 MHz magnet. The resolving power is also twice
as high. Therefore, shortening the experimental time and
increasing the resolution are very useful in the NMR-based
structural proteomics study. The current state-of-the-art, cryo-
probe, (chilly probe) is designed to decrease heat resistance of
the probe circuit, hence it dramatically improves the signal
sensitivity by a factor of 4-5 over that of conventional ones
(Service, 1998). This technology is especially powerful in
screening a massive number of protein samples, which is
prerequisite in structural proteomics for both NMR and X-ray
crystallography (Yee et al., 2002).

Conventional NMR techniques could not be readily applied
to proteins with molecular weights over 25 kDa, due to the
transverse relaxation mechanism that occurred by a slow
molecular tumbling motion. It results in a significant loss of
NMR signal and line broadening (Wagner, 1993). Recently,
the TROSY (Transverse Relaxation Optimization
Spectroscopy) technique developed by the Wüthrich group
reduces transverse nuclear spin relaxation during chemical
shift evolution, which provides much better sensitivity and
narrow line width for large proteins (Pervushin et al., 1997).
The application of the TROSY method could be particularly
useful in determining the structure of membrane proteins in
membrane mimicking environments (Fernandez et al., 2001),
because the micelle condition would create a very slow
tumbling motion of the protein. Even though it needed to be
optimized in many different systems, it offered a great
opportunity in NMR-based structural genomics by
overcoming the size limitation of the protein.

In many cases, proteins with multi-domains experience a

conformational change in response to biological stimuli.
Previously, it was nearly impossible to determine the inter-
domain orientation for multi-domain protein by NMR
techniques. A recent method has demonstrated that a very
weak magnetic alignment, achieved with either phage or
bicelle media, could be used to measure the residual dipolar
couplings (RDC) of the protein (Tjandra et al., 1997). These
couplings can be analyzed to determine molecular alignment
tensors for individual protein domains, which provide the
relative domain orientations of the protein by an examination
of the principal axes of the tensors. In addition, RDC
information could serve as conformational constraints to
refine the low-resolution structure for rapid determination of
protein folds, which is very useful in structural proteomics
(Fowler et al., 2000).

One of the major bottlenecks would be an extraction of
because it is the most time-consuming job. An integrated
structural restraints from NOESY spectrum platform for
automatic data analysis would be important to overcoming
this problem. Recently, the Autoassign (Moseley and
Montelione, 1999), GARANT (O’Connell et al., 1999),
MAPPER (Güntert et al., 2000) programs were developed for
automated resonance assignment. They successfully
demonstrated about 80~90% of the backbone atoms with a set
of high quality triple-resonance spectrum. However, NOESY
spectrum normally showed greater ambiguity to assign,
therefore, it takes extra time to resolve ambiguity by the
iterative structure calculation. The ARIA (Nilges et al., 1997)
and (Herrmann et al., 2002) programs are designed to solve
CYANA this problem by combining the structure calculation
and assignment procedure. Recently, the Montelione group
developed a program AutoStructure that is a combined
package of Autoassign and DYANA (Greenfield et al., 2001).
As a pilot project, our laboratory successfully demonstrated a
semi-automatic structure calculation based on the automation
platform for the BCCP domain of HP0371 that is derived
from Helicobactor pyroli (Jung and Lee, unpublished result)
(Fig. 3). Therefore, the development of the automation
platform could contribute to the rapid determination of protein
folds by NMR.

The large-scale production of the protein normally requires
the optimization of expression condition, solubilization and
stability after protein expression. A newly developed cell-free
expression system enables one to overcome many problems
that are associated with the cell-based expression system,
which are low-solubility, aggregation and toxicity of the gene
product (Kigawa et al., 1999). This method could be directly
used for isotope labeling and Se-Met labeling for both NMR
and X-ray crystallography in structural proteomics.

The Roles of X-ray Crystallography

X-ray crystallography has been considered the most powerful
technique for the determination of the protein structure as well
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as protein complexes during the last decade. In addition, the
molecular sizes of proteins determined by X-ray
crystallography with modern synchrotron facility range from a
small protein up to the large 70S ribosomal complex
(~2,500 kDa), which could cover a whole protein universe in a
cell (Sali et al., 2003). X-ray crystallography is particularly
useful in determining the protein structure with post-
translational modifications, which is frequently found in a
living organism. However, even though X-ray crystallography
is a powerful method for structural genomics study, it still has
a number of hurdles to overcome. For example, the
crystallization procedure of the protein solution, which is an
essential step for structure determination, is not
straightforward and remains a bottleneck. There are many
unpredictable variables and multiple conditions that should be
tried to get an optimum crystal for each protein.

A major concern of the high-throughput structure
determination is robotics for the automation of the
crystallization step. This procedure begins with obtaining
milligram quantities of soluble proteins with high purity
criteria (>95%). There are many commercially available
crystallization-screening kits for high-quality protein crystals
(Hui and Edwards, 2003). These kits are comprised of at least
480 conditions (5 plates of 96 well format kits) and dispensing
of the protein solution to each of the 480 wells will be
routinely very slow. Another major technical achievement of
robotics for crystallization is nano-screening by handling a
small solution quantity (Abola et al., 2000). The dispensing
robotics can handle a few nano-liters of solution, which

enables one to greatly reduce the amount of protein that is
necessary for screening a wide range of conditions with the
same amount of proteins (Rupp, 2003). The newly designed
robots perform nano screening of about 10,000-100,000 trials
a day for various crystallization conditions. Especially, the
nano-screening technique provides great benefit to proteins
and protein complexes with low expression. Usually,
conventional crystallization of protein required relative high
protein concentrations in solution (about 10 mg/ml).
Therefore, the ability to handle a small amount of solution
such as the nano-screening technique, greatly speeds up the
crystallization procedure. Once the crystallization step is
completed, the crystals are prepared for the data collection.
Since the multi-wave length anomalous dispersion (MAD)
data collection induces a radiation decay to create a serious
impact to protein, freezing the protein crystals at the cryogenic
temperature needs to be performed before the data collection.

Recently, the data collection system, including the crystal-
mounting robot, has improved tremendously for high-through-
put and high performance (Karain et al., 2002). Especially, the
proper handling of the micro-crystals was achieved by micro-
crystal diffractometers, allowing for diffraction from localized
areas of twinned crystals. After the beam lines are automated,
the primary data could be obtained within one to several
hours. By a combination of advanced instrumentation and
integration software for data collection and analysis, the
structure determination step is nearly automated from crystal
mounting to structure refinement (Abola et al., 2000;
Terwilliger, 2003), yielding a preliminary structure within

Fig. 3. A schematic drawing of automation platform to calculate solution structure from NMR data. During the structure calculation and
NMR data analysis, there is no human-interpreted structural information used. All of the structure calculations will be done with
program CYANA (Herrmann et al., 2002).
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hours after crystallization of the protein. Therefore, the protein
structure could be solved within a day for a good quality of
crystal because the data analysis pipelines became fully
automated at high-level control.

Homology Modeling and Electron Microscopy in 
Structural Proteomics

Homology modeling, which builds a three-dimensional
structure of protein with unknown functions from template
structures, has been considered as an important tool to predict
information about the structure and function of a large number
of unannotated gene products (Goldsmith-Fischman and
Honig, 2003). A recent development in modeling methods
enables one to generate a reasonable protein structure from a
template structure with about a 30% sequence identity
(Sanchez et al., 2000). By combining the biochemical data,
the cutoff range of the sequence identity could be even lower
(Jung et al., 2000). After the pilot projects of structural
genomics initiatives provide a large number of new structures
as well as new folds, the structural database could be directly
used in generating the structure-function relationship of non-
homologous protein with unknown functions by structural
bioinformatics tool.

About 30% of the proteins that are embedded in the
membrane are found insoluble. These structures are barely
determined by NMR and X-ray crystallography. Electron
microscopy uses images of single molecules of 2D crystals for
protein structure determination (Henderson et al., 1990;
Nogales et al., 1998). This works well for small amount of
insoluble membrane proteins with less purity than that of X-
ray crystallography. Recently, the single-particle EM
technique was successfully applied to determine the structure
of large complexes of Drosophila melanogaster tripeptidyl
peptidase II from 3D construction of asymmetric assembly of
the proteins (Rockel et al., 2002). However, even though
electron microscopy is powerful for determining the structure
of large biomolecular complexes, the resolving power is
relatively low (~1 nm). In addition, since the procedure to
obtain the structure still remains slow, it needs technical
development for high-throughput structure determination
(Zhang et al., 2001).

Concluding Remarks

In the post-structural genomics era, a functional analysis of
the unknown gene products would be one of most important
issues in understanding the basic mechanism of living cells.
The structural proteomics is a new research area to provide us
a complete understanding of organisms based on structural
information of a single protein or the assembly of protein
complexes. From a practical viewpoint, the structural
information derived from structural genomics will be directly

used for drug development in the pharmaceutical industry.
Especially, NMR would play an important role because it is a
very sensitive method to detect the molecular interaction
between the protein and other associated molecules.
Therefore, NMR could be used for characterizing the
molecular interaction between proteins and the protein-drug in
order to gain insight about molecular functions. However,
although the advantages of the individual methodology (NMR
spectroscopy, X-ray crystallography, bioinformatics and
electron microscopy) are very useful in structural proteomics
research, a combination or integration of these methods would
be mandatory to fill up a complete dictionary of protein
folding space on a genomic scale. In conclusion, structural
proteomics will give us a comprehensive picture of structural
mechanism to govern basic cellular and biochemical functions
of proteins in a living cell.
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