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Shining a light on structural genomics
Sung-Hou Kim

Determining a ‘basis set’ of protein folds that represent a majority of protein structures — making use of
synchrotron radiation facilities — may be possible in the near future.

M. A. Photoactive yellow protein from the purple
phototrophic bacterium, Ectothiorhodospira
halophila. Quantum yield of photobleaching and
effects of temperature, alcohols, glycerol, and
sucrose on kinetics of photobleaching and
recovery. Biophys. J. 56, 559–564 (1989).

19. Hoff, W. D. et al. Measurement and global analysis
of the absorbance changes in the photocycle of the
photoactive yellow protein Ectothiorhodospira
halophila. Biophys. J. 67, 1691–1705 (1994).

20. Baltuska, A. et al. The primary events in the
photoactivation of yellow protein. Chem. Phys.
Lett. 270, 263–266 (1997).

21. Chosrowjan, H., Mataga, N., Nakashima, N.,
Imamoto, Y. & Tokunaga, F. Femtosecond-
picosecond fluorescence studies on excited state
dynamics of photoactive yellow protein from
Ectothiorhodospira halophila. Chem. Phys. Lett.
270, 267–272 (1997).

22. Imamoto, Y., Kataoka, M. & Tokunaga, F.
Photoreaction cycle of photoactive yellow
protein from Ectothiorhodospira halophila studied
by low-temperature spectroscopy. Biochemistry 35,
14047–14053 (1996).

23. Schlichting, I. & Berendzen, J. Out of the blue : the
photocycle of the photoactive yellow protein.
Structure 5, 735–739 (1997).

24. Martin, J. L. & Vos, M. H. Femtosecond biology.
Annu. Rev. Biophys. Biomol. Struct. 21, 199–222
(1992).

25. Wulff, M. et al. Time-resolved structures of
macromolecules at the ESRF: Single-pulse Laue
diffraction, stroboscopic data collection and
femtosecond flash photolysis. Nucl. Instrum. &
Meth. A398, 69–84 (1997).

26. Neutze, R. & Hajdu, J. Femtosecond time resolution
in X-ray diffraction experiments. Proc. Natl.
Acad. Sci. USA 94, 5651–5655 (1997).

27. Doniach, S.  Studies of the structure of matter with
photons from a X-ray free-electron laser. J.
Synch. Rad. 3, 260–267 (1996).

28. Moffat K., & Henderson, R. Freeze trapping of
reaction intermediates. Curr. Opin.Struct. Biol. 5,
656–663 (1995).

29. Stoddard, B. L. Caught in a chemical trap. Nature.
Struct. Biol. 3, 907–909 (1996).

30. Mozzarelli A., & Rossi, G. L. Protein function in the
crystal. Annu. Rev. Biophy. Biomol. Struct. 25,
343–365 (1996).

31. Genick, U. K. Soltis, S. M., Kuhn, P., Canestrelli, I. L.
& Getzoff, E. D.: Structure at 0.85 Å resolution of an
early protein photocycle intermediate. Nature 392,
206–209 (1998).

32. Parkhurst, L. J. & Gibson, Q. H. The reaction of
carbon monoxide with horse hemoglobin in
solution , in erythrocytes and in crystals. J. Biol.
Chem. 242, 5762–5770 (1967).

Crystallography using synchrotron radi-
ation is poised to play a critical role in
research to determine the biochemical
functions of  proteins encoded by novel
sequenced genes. High throughput
sequencing has recently resulted in the
determination of the complete DNA
sequences of several genomes, and the
pace of genome data accumulation is
increasing. Each gene codes for a mole-
cule with one or more biochemical func-
tions. Many molecules — each with a
specific  biochemical function — partici-
pate in a pathway (often defined bio-
chemically and/or genetically), such as
synthesis, degradation or transport of
amino acids, proteins or DNA; cell
growth, death, or adaptation and so
forth. However, analysis of several
genomes indicates that a large fraction of
the encoded proteins cannot be assigned
to particular biochemical functions or to
participation in particular pathways, and
thus, no assays can be easily devised to
investigate their exact roles. 

Using the power of synchrotron radia-
tion to facilitate structure determina-
tions, structural biology can play an
important role in the search for the func-
tions of these novel genes. Since the
function of a gene product is tightly cou-
pled to its three-dimensional structure,
determining the structure, or its folding
pattern, may provide important insight

into its biochemical function, which, in
turn, may help to place it in a particular
cellular pathway. Thus, the structural
study of the proteins encoded by an
entire genome — an approach often
called ‘structural genomics’ — may be an
important foundation for the under-
standing of the biological pathways of
the whole organism.

How many different gene products are
there in an organism, and what fraction
of them have no known biochemical
functions or genetically defined roles?
Currently 13 microbial genomes have
been sequenced and over 60 more are
being sequenced1. The sizes of the
genomes vary widely: Mycoplasma geni-
talium has ~700 genes, and the human
genome is estimated to have >80,000
genes. At the present time, there is no
convenient way of inferring the function
of a gene from its DNA sequence unless
the gene product has a significant
sequence similarity or predicted motif
similarity to those whose functions are
already known. The current estimate of
genes that encode products with ‘known’
biochemical and biological (that is, the
pathway is known) function(s) varies
from approximately 30–60%, depending
on the organism and the methods used:
this may be an over-estimate because of
the uncertainty of the ‘cut-off ’ values of
sequence similarities used to count the

genes with ‘known’ functions. An even
smaller fraction of the novel genes can be
inferred to have roles in particular
defined pathways. 

Even in the absence of sequence simi-
larities, proteins can have three-dimen-
sional structures that are similar to the
structures of other proteins (hopefully
some with known functions). Thus,
information about the three-dimension-
al structure of a given protein — without
a known function or with only an
implied function based on sequence
analysis alone — may provide important
clues about its biochemical function or
role in a pathway. However, determining
the structures of all of the gene products
of a genome, especially the human
genome, is an overwhelming task.
Nevertheless, an examination of the
Brookhaven Protein Data Bank2 (PDB)
structure database reveals three impor-
tant facts: (i) a smaller number of new
folds are discovered each year despite the
fact that the number of structures deter-
mined annually increase exponentially;
(ii) many proteins are composed of two
or more folding domains that have been
observed in other proteins; and (iii),
some folds are found among proteins
from all three kingdoms: bacteria,
archaea and eukarya. Such observations
suggest strongly that the total number of
protein folds is much smaller than the
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number of genes, and all or a majority of
proteins may belong to a set of a finite
number of folds (Fig. 1a) — termed a
‘fold basis set’. Each protein consists of a
linear array of amino acids, and one pro-
tein may contain two or more domains of
families in the basis set, with the members
of each fold family having one of a rela-
tively small number of biochemical func-
tions. Furthermore, it is a reasonable
guess (based on observation (iii) above)
that the fold basis set of a simple organ-
ism will account for a large fraction of a
fold basis set of higher organisms.

Once the biochemical functions of each
fold family of the fold basis set are
assigned, the biological functions, such as
participating in a biosynthetic pathway of
an amino acid (illustrated schematically
by, for example, Fi in Fig. 1b) or nucleic
acid (such as Fj in Fig. 1b), in a signal
transduction pathway for growth (such as
Fn in Fig. 1b), or in assembly of the ribo-
some (such as Fk in Fig. 1b), can then be
represented as various networks of the
members of the basis set in a manner sim-
ilar to an electronic wiring diagram.

Various outputs of a wiring diagram cor-
respond to ‘biological functions’ — par-
ticular functional pathways — and the
functions of electronic components in
the diagram correspond to ‘biochemcial
functions’.

What is the size of the fold basis set and
what fraction of the set is represented in
the current version of the PDB structure
database? Several studies revealed that
about 20–35% of open reading frames of
known genomic sequences may be repre-
sented in the current protein structure
base3,4. An almost negligible fraction of
membrane proteins are represented5, and
for the proteins with ‘unknown func-
tions’, no estimate is possible. Assessing
the fold representation also depends
heavily on protein fold classifications for
which there is yet no standard6–12.
Assuming that the PDB collection
presently represents about one third of all
protein folds, 700–10,000 new folds need
to be experimentally discovered depend-
ing on the classification methods and cri-
teria. Such an endeavor clearly calls for a
well coordinated international effort

similar to the human genome sequencing
project.

The complete sequences of several
microbial genomes are providing a com-
pletely new outlook for how we will study
biology in years to come, that is, using a
systems approach, in which each mole-
cule is studied in conjunction with others
in the network for a given biological
function. Structural genomics can pro-
vide a foundation for such an approach
because it will facilitate the association of
biochemical functions with all or most of
the proteins. Following the lessons
learned from the value of choosing the
small microbial genomes as model sys-
tems for the genome sequencing project,
one model system (to be decided after
careful considerations by a properly cho-
sen group of scientists) from each of the
three kingdoms may serve as a good
starting point for structural genomics
studies. The structure determination of
gene products from these microbes by
crystallographic and NMR methods will
need to be coordinated internationally.
To estimate the time, cost and details for

Fig. 1 a, Each encircled region represents schematically one family of proteins with sequence similarities, and each member of the family has one of
a relatively small number of biochemical functions associated with the family. Some of the regions are joined (lower left; upper right) to indicate that
they have the same three-dimensional fold although there are no sequence similarities between the two families. A set of all fold families — a ‘fold
basis set’ — and linear combinations of the members of the set (that is, proteins with multiple domains, each with a distinct fold) are assumed to rep-
resent most of the protein folds in an organism. Asterisks represent those proteins with three-dimensional structures that have been determined
experimentally. b, Each biological function — or role of a particular pathway — is represented by a set of biochemical functions shown as a connect-
ing arrow. A hypothetical biosynthetic function (for example, Fl) for an amino acid may be represented by a network of ordered enzymes synthesiz-
ing the intermediates of the amino acid. A signal transduction pathway (for example, Fn) may be represented by a connecting arrow representing
the proteins in the pathway in the order in which the signal is transmitted. Some pathways may be ‘cross- talking’ to each other as indicated by a
bifurcated arrow (for example, Fj and Fo).
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An edge with XAS
Graham N. George, Britt Hedman and Keith O. Hodgson

X-ray absorption spectroscopy, which relies on synchrotron radiation, can accurately determine aspects of
metalloprotein active site structure, can be applied to solution or crystalline samples and can be used
independently or to supplement crystallographic information.

such an effort, a few pilot projects of lim-
ited scope in number, size and type of
genes for a given organism may be appro-
priate. What are the areas of development
needed for such a project?

On the experimental side, develop-
ment, optimization and automation are
needed for large scale cloning and expres-
sion of chosen genes, and high through-
put purification of the gene products.
Also needed for crystallography are high
throughput crystallization screening
methods and automation of X-ray dif-
fraction data acquisition, structure deter-
mination and structure refinement. For
the data acquisition and structural analy-
sis, synchrotron radiation is essential not
only for the highest quality and through-
put of data but also for working with
microcrystals and for structure determi-
nation using the multiple wavelength
anomalous diffraction (MAD)13 method
(see the article by Craig Ogata in this sup-
plement).

On the computational side, there is a
critical need for developing comprehensive
and automated computer program systems
in at least two areas: (i) for clustering all
protein sequences from an organism into a
set of families with similar folds even when

there are few sequence similarities; and
(ii) for crystallographic data analysis and
structure determination with the ultimate
objective being that of providing an ‘auto-
mated pipeline’ for high throughput
structure determination and refinement,
two essential and critical steps towards
assembling the folding basis set. When
this is accomplished, one crystallographic
expert can supervise many structural pro-
jects in collaboration with several bio-
chemists.

There is a clear and compelling role for
crystallography in providing a foundation
for functional genomics, which is the ulti-
mate objective of sequencing the entire
genome of an organism. The need for the
synchrotron radiation facilities in this pro-
posed scheme is not to be underestimated
— given that the use of synchrotron radia-
tion can dramatically decrease the time
required to solve a novel structure. Thus,
as the field of structural genomics increas-
es in scope, the synchrotron facilities
should continue to experience rapid
growth in the number of life science users.
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The initial availability of synchrotron
radiation and an understanding of the
basic physics underlying X-ray absorp-
tion spectroscopy (XAS) — and hence its
availability as a structural tool — both
came in the early 1970s. XAS of dilute sys-
tems (such as biological molecules) is
only feasible with synchrotron radiation
sources, and thus these developments led
to the application of XAS in structural
molecular biology.

A major goal of this field is the quanti-
tative understanding of structure-func-
tion relationships in biological molecules.
In the case of metalloproteins, accurate

bond lengths and active site geometries
are particularly important in deriving an
understanding of mechanism and can be
investigated using XAS.

X-ray absorption spectroscopy is cen-
tered around absorption of X-rays by core
electrons (for example, 1s electrons). The
spectrum can be divided into two regions:
the edge region which contains transi-
tions to bound state orbitals including
valence levels (for example, 1s→3d or
1s→4p); and, at higher energies where
the core electron is ejected as a photoelec-
tron, the extended X-ray absorption fine
structure (EXAFS) region (Fig. 1a). For

X-ray absorption by an isolated atom, the
final state consists of a photoelectron
wave emerging from the absorbing atom
(Fig. 1b), with a wavelength that decreases
with increasing X-ray energy. When
neighboring atoms are present these can
backscatter some of the emitted photo-
electrons. Interference between outgoing
and backscattered waves (Fig. 1c) causes
the modulation of the X-ray absorption
which is known as EXAFS. Thus, while
edge spectra can provide important infor-
mation on electronic structure (see
below), the EXAFS provides the primary
structural tool. Its major strength is that


