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new centers established (21). 
Building consensus among the public, inter- 

national organizations, academics, industry, 
governments, nongovernmental organizations, 
and the media will be difficult but essential to 
address different value orientations and develop 
wise public policy. It is possible that a commis- 
sion on genomics and global health could serve 
as a vlatform to raise awareness, mobilize re- 
sources, and bring stakeholders together to focus 
on their common interest in the health of people 
in developing countries and close gaps in health 
equity. Commissions can occasionally be effec- 
tive. The Commission on Health Research for 
Development (the Evans Commission) galva- 
nized the health research community (22) with 
the concept of the "10190 gap": that 90% of 
research expenditure is dedicated to the health 
problems of 10% of the world's population. An 
early consensus-building effort is now under- 
way on a regional basis. On 8 August 2001 in 
Nairobi, Kenya, the First Roundtable on Ahca, 
Science, and Technology in the Age of Global- 
ization (Fig. 1) resolved to establish a regional 
process to develop science and technology strat- 
egies aimed at closing the digital and genome- 
related biotechnology gaps with the rest of the 
world. The Roundtable appointed John Mugabe, 
Director of the Ahcan Centre for Techtiology 
Studies, as interim secretary. Participants in- 
cluded 38 leading policy-makers and scientists, 
including permanent secretaries and directors of 
science and technology policy bodies, from 11 
Ahcan countries. This process provides an op- 
portunity to pursue biotechnological advances in 
the context of the New African Initiative, whch 
is on the G8 agenda next year. 

The voices of those m developing countries 

must be heard as the health biotechnology rev- 
olution unfolds. Those protestmg in Genoa are 
not the ones who are sick in Africa. We need to 
develop a mechanism to tap the views of opin- 
ion leaders in developing countries on important 
policy questions and in real time. 

Finally, it will be necessary to create inno- 

vative fmancing mechanisms to channel large 
investments into promising scientific ideas tar-
geted on health problems of developing coun- 
tries. One major project established this year by 
the United Nations, the Global Health Fund, set 
a goal of raising $7 billion to $10 billion, but 
only about $1.4 billion had been pledged by 
early August 2001 (23). The fund is an impor- 
tant development, but this result may indicate 
fatigue on the part of developed-country gov- 
ernments for donations. A possible investment 
model is the one developed by Globalegacy 
(24), a United Kingdom-based organization 
workmg to create long-term social and econom- 
ic growth through commercial ventures with 
deprived urban communities. An investment 
fund based on similar principles but focusing on 
health genomics and biotechnology in develop- 
ing countries could channel needed investment 
to undercapitalized scientific ideas. The busi- 
ness model would optimize health improvement 
in developing countries but would also provide 
economic return on investment. If one or more 
developed-country government invested just 
10% of the 0.7% of gross domestic product 
target for official development assistance to 
such a fund for only 1 year, and this investment 
was matched by the private sector, the fund 
would have sufficient capital to pursue its work. 

We will know that these efforts are suc- 
cessful when the G8 take up this challenge in 
Kananaskis, when we see more examples like 
the Cuban meningitis vaccine, and when we 
ultimately see decreased inequities in life ex- 
pectancy and other indicators of global health 
equity. Perhaps the best indicator of success 
will be if there is no World Bank report in 
2010 on the health genomics divide! 
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Global Efforts in Structural Genomics 
Raymond C. Stevens,' Shigeyuki Yokoyama,' Ian A. Wilson' 

A worldwide initiative in structural genomics aims to capitalize on the 
recent successes of the genome projects. Substantial new investments in 
structural genomics in the past 2 years indicate the high level of support 
for these international efforts. Already, enormous progress has been made 
on high-throughput methodologies and technologies that will speed up 
macromolecular structure determinations. Recent international meetings 
have resulted in the formation of an lnternational Structural Cenomics 
Organization to formulate policy and foster cooperation between the 
public and private efforts. 

additional public and private funds have been 
invested worldwide in structural genomics 
projects. Most of this effort is focused on 
protein structure determinations that will fi-
nally delineate the total repertoire of protein 
folds and provide representative structures 
for each of the individual protein families (1). 

'Joint Center for Structural Genomics, Scripps Re- 

A major international structural genomics ef- structures on an equivalent scale to the ge- search Institute, North Torrey pines La
Jolla. CA 92037. USA. 'RlKEN Genomic Sciences Cen- 

fort is now in progress, with the goal of nome sequencing projects. During the past 2 ter, 1-7-22 Suehiro-cho, ~ ~yokohama 230- ~~ ~ 
obtaining three-dimensional (3D) protein years alone, more than half a billion dollars of 0045, Japan. 

www.sciencemag.org SCIENCE VOL 294 5 OCTOBER 2001 	 89 

http://dbtindia.nic.in/
mailto:pangt@who.int)
http:l/allafrica.com/stories/200107310376.html
http:www.globalegacy.com


cG E N O M E :  U N L O C K I N G  B I O L O G Y ' S  S T O R E H O U S E  

These new structures can then be added to the 
existing structural database, which would al- 
low homology modeling to fill in the struc- 
tures for other protein family members, as 
well as to provide active-site geometries for 
drug design. [See (2-6) for some representa- 
tive recent reviews on various aspects of 
structural genomics.] 

New issues have surfaced with the sheer 
scale of proteome-wide structure analysis 
projects. Although the number of genes in the 
genomes sequenced to date is much smaller 
than originally anticipated, the number of 
actual proteins in the various proteomes will 
almost certainly be much larger as a result of 
splice variants, protein modifications, etc. 
This will require structural genomics efforts 
to focus on large-scale structure determina- 
tion projects. In addition, the biophysical 
characteristics of proteins vary widely in 
comparison to the conservative properties 
displayed by nucleic acids, making this pro- 
tein structure determination project orders of 
magnitude more challenging than the various 
genome sequencing projects. Also, in con-
trast to the genome projects, the endpoint is 
not as clear: It is unlikely that even the small- 
est genome will have its complete comple- 
ment of structures detennined. As more gene 
sequences become available, the number of 
protein structures that could be determined 
will obviously increase; however, smaller 
and smaller percentages of new sequences 
would be expected to represent new folds or 
new family members. Hence, once the cur- 
rent structural genomics efforts have gener- 
ated a fruitful number of 3D protein struc- 
tures. future structure determinations should 
become more routine. or unnecessary in light 
of the promise of more reliable homology- 
modeling routines. 

Structural genomics requires a large 
number of process steps to convert se-
quence information into a 3D structure (2). 
A high percentage of proteins coded in the 
genomes sequenced so far have unknown 
function and minimal or undetectable se-
quence homology to proteins of known 
structure. Thus, the majority of new protein 
structure determinations would remain very 
labor-intensive using conventional meth-
ods. However, high-throughput (HT) tech- 
nological advances are now changing this 
facet of structural biology (2).Automation. 
miniaturization, and parallelization of pro- 
cess steps can deliver increasingly higher 
rates of protein structure determinations. 
New technologies, such as cell-free protein 
production and nanovolume crystallization. 
can facilitate HT preparation of protein 
samples. The present goals are to obtain 
targeted structural information reliably 
within a 6- to 12-month time period from 
cDNA to structure and to reduce the cost 
per structure by 9094. Current cost esti-

mates for a protein structure determination 
range widely throughout the world fiom 
$50,000 to $200,000 per novel structure, not 
including membrane proteins, depending on the 
degree of difficulty of producing and process- 
ing the protein under investigation. Currently, 
HT technologies are mainly being developed to 
increase the structure determination throughput 
rate. However, less emphasis has been placed 
so far on decreasing the cost; this issue needs to 
be addressed quickly if we are to tackle HT 
structure determination in a financially ac-
ceptable manner. 

In the beginning, the majority of new 
structures may indeed come from the so-
called "low-lying fruit" in the genome se- 
quences, such as small stable proteins from 
thermophilic bacteria. But more intractable 
protein targets, such as membrane proteins 
and large macromolecular assemblies-and, 
indeed, human proteins in general-could 
also have their structures determined by ap- 
plying a "learning factory" approach to struc- 
tural genomics (2). A learning factory is 
established by collecting, archiving, and an- 
alyzing results for all protein structure deter- 
minations that are attempted, and then feed- 
ing these data back into the process pipelines 
to improve efficiency and reduce the number 
of failures (2). In this approach, correlations 
can be made between favorable and unfavor- 
able process steps, and trends in results (both 
positive and negative outcomes) can be ana- 
lyzed with expert systems-currently using 
manual analysis, but eventually using auto- 
mated learning systems-to expand our 
knowledge base. 

The sheer magnitude of this challenge in 
determining proteome-wide structures has 
necessitated the current global initiative in 
the academic and industrial structural 
genomics communities. Over the past 2 
years, structural genomics consortiums 
have sprung up all over the world. The 
RIKEN Structural Genomics/Proteomics 
Initiative (RSGI) has begun a HT analysis 
of protein 3D structures and molecular 
functions, using cell-free protein synthesis 
and a combination of nuclear magnetic res- 
onance (NMR) at the RIKEN Genomic Sci- 
ences Center in Yokohama and x-ray crys- 
tallography at the Harima Institute 
Spring-8 facility (7) .  Another project at the 
Biological Information Research Center in 
Tokyo targets membrane proteins. The Pro- 
tein Structure Factory. located in Berlin. 
was started by the German Human Genome 
Project (DHGP) to enable structural biolo- 
gists from the Berlin area to work on the 
structural characterization of proteins en-
coded by the genes or cDNAs available 
from DHGP ( 8 ) . A nascent consortium is 
developing in the European Union. where 
proposals are being solicited for "high-
throughput structural genomics related to 

human health" (9). The British Medical 
Research Council has funded a Protein Pro- 
duction Facility for Structural and Func- 
tional Genomics in Oxford (10). On the 
other hand, the Wellcome Trust (11) has 
been considering forming an industrial 
rather than academic consortium, similar to 
their highly successful single-nucleotide 
polymorphism consortium. In Canada. 
structural proteomics was initiated at the 
Clinical Genomics Centre in Toronto using 
a combination of NMR and crystallography 
(12). In the United States, the Protein 
Structure Initiative (PSI), sponsored by the 
National Institute of General Medical Sci- 
ences (NIGMS) of the National Institutes of 
Health (NIH), has a primary aim of fully 
populating the protein structure space (13).  
According to program director John Nor- 
vell, the main NIGMS mission is to provide 
structures of unique, nonredundant proteins 
that are representative of all the protein 
sequence families. The NIH effort is com- 
pletely genome-driven and is the only 
project so far that has made it a specific 
goal to provide a large database of struc- 
tures for use by the entire community. In 
October 2000, the seven NIH pilot project 
structural genomics consortiums (14)  were 
awarded 5-year research grants to pursue 
the long-term goal of determining 10.000 
novel protein structures over 10 years: two 
new centers will be supported this year. 
Preliminary structural genomics initiatives 
are also under way in many other countries. 
including Sweden, France. Italy. China, 
and Brazil. 

In the United States, the PSI is based on 
the premise that the goal of fully character- 
izing protein fold space can be achieved. 
First, protein sequences can be organized 
into fold families, and then family repre- 
sentatives not currently present in the Pro- 
tein Data Bank (PDB) (15) can be selected 
as targets. By solving the structure of these 
selected targets using x-ray crystallography 
or NMR spectroscopy. the extent of our 
coverage of protein family and fold space 
can be rapidly increased (Fig. 1). This vast- 
ly enhanced structural database will enable 
more reliable computations of structural 
models using homology modeling for the 
vast number of remaining protein sequenc- 
es. However. from a global perspective, 
there is not yet any organized plan for 
target selection. Targets are being selected 
by completely different criteria-some on 
the basis of protein families, others accord- 
ing to their presence in intact organisms 
(such as thermophiles and infectious micro- 
organisms), and yet others on the basis of 
function or potential as drug targets. How- 
ever, efficient coverage of protein family 
representatives and protein fold space is not 
likely to be optimally achieved unless tar- 
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gets are strategically selected (16). It is 
estimated that reliance on a random selec- 
tion of targets would require up to seven 
times as many structures to be determined 
to achieve 90% coverage of protein fold 
representation (16). As opposed to the ran- 
dom target selection choice, if the target 
selection process were globally coordinated 
to optimize the choice of structures deter- 
mined, it is estimated that as few as 16,000 
carefully selected structures would be a 
sufficient basis for constructing reasonable 
models for almost all proteins (16). Hence, 
the NIH effort by itself could populate 
much of this protein family space in 10 
years. 

In order to achieve sufficient throughput 
within a reasonable time frame, the current 
structuraI genomics consortiums, as well as 
a number of privately funded enterprises 
(Syrrx, Structural Genomix, Astex, Integra- 
tive Proteomics, Plexxikon), have devel- 
oped or are about to complete HT process 
pipelines for determining macromolecular 
3D structures. The technologies developed 
by these structural genomics initiatives will 
usher us into the era of industrial structural 
biology, where the research focus will be 
shifted back to biologists (to understand the 
workings of the cell) or chemists (who will 
prioritize drug discovery programs based 
on a rational process of deciding what tar- 
gets are likely to lead to marketable drugs). 

Important collaborations have already 
been initiated within the public and private 
sectors of the structural genomics commu- 
nity. For example, the Genomics Institute 
of the Novartis Research Foundation and 
the La Jolla-based biotech company Syrrx 
are collaborating with the NIH-funded 

Joint Center for Structural Genomics 
(JCSG) to accelerate developments in tech- 
nology and improve efficiencies in the pro- 
cessing steps for gene targets, while still 
allowing these different partners to focus 
on their independent goals. In addition, 
JCS@ is in the process of arranging global 
collaborations with other international 
structural genomics consortiums to advance 
HT technology (e.g., Spring-8, which is 
focusing on beamline automation). 

To avoid some of the problems that de- 
veloped during the public and private genome 
sequencing efforts, several recent intemation- 
a1 meetings in structural genomics have been 
the focus of intense discussions between rep- 
resentatives from the public and private sec- 
tors. In April 2000, the First International 
Structural Genomics Meeting was held in 
Hinxton, U.K., sponsored by NIGMS and the 
Wellcome Trust, to discuss policy for the 
international structural genomics efforts and 
to set up task forces to recommend guide- 
lines. In November 2000, the first full-scale 
international scientific meeting, the Interna- 
tional Conference on Structural Genomics 
2000, was held in Yokohama, Japan, and 
reported progress on various structural 
genomics efforts from an expanding number 
of countries. In April 2001, the Second Inter- 
national Structural Genomics Meeting was 
held in Airlie, Virginia (the "Airlie Center 
meeting"), where delegates from four conti- 
nents met to discuss international policy as 
well as to address current bottlenecks in 
structural genomics (13, 17). 

At the Airlie Center meeting, a general 
consensus was reached that a global effort 
to disseminate data and share technology 
would provide the best opportunity to ac- 

celerate progress in attaining the goals of 
the public and private structural genomics 
efforts. Participants agreed that emphasis 
should be placed on fostering cooperation 
and collaboration between the public and 
private efforts. An International Structural 
Genomics Organization (ISGO) was 
formed to coordinate and promote these 
goals. Three representatives from the glob- 
al community in structural genomics (Tom 
Tenvilliger, United States; Udo Heine- 
mann, Germany; Shigeyuki Yokoyama, Ja- 
pan) were elected to a committee to help 
direct and formulate policy until the next 
International Conference on Structural 
Genomics in Berlin in October 2002. In the 
coming years, it will be imperative for the 
ISGO to coordinate and maintain a bioin- 
formatics infrastructure that will be freely 
accessible to the public, as well as to facil- 
itate the timely transfer of novel methods 
and new results to the research community. 

At Airlie, the ISGO committee on infor- 
mation exchange strongly recommended that 
all structural targets be openly disclosed and 
their current status posted. Currently, the 
NIH-funded consortiuqs are developing and 
maintaining their own Web-based databases 
that list targets and tracking information on 
the status of any structure determinations 
(14). Participants at the Airlie Center meeting 
also considered the need for a central target 
registry; indeed, NlH has since begun devel- 
oping a target registry at the PDB for its own 
research centers. This Web site could serve as 
a template for the international effort. The 
committee also encouraged the PDB to store 
experimental protocols and data as well as 
software, particularly as this information may 
no longer be easily accessible if the new 

Fig. 1. Global structural 
genomics efforts will be major 
players in completing the pro- 
tein family and fold landscape. 
The rectangular panels repre- 
sent our current knowledge of 
the set of protein sequence 
families, showing whether they 
contain any 3D structural ex- 
amples (colored encircled re- 
gions) or not (white encircled 
regions). The amount of color 
increases as more structures 
are determined experimentally. 
Only a small fraction of the 
protein families may not con- 
tain a known 3D structure 
(small circles), but the majority 
of the fold landscape will be 
represented, permitting ho- 
mology modeling of most of 
the remaining and new gene 
sequences. 
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structures are not all published. The commit- 
tee also suggested establishing organized ac- 
cess to protein target-related materials 
(cDNA clones, expression vectors, expres- 
sion constructs, and purified proteins). Again, 
NIH is in the process of developing such a 
central resource for storage of materials for 
its own research centers. The PDB has always 
been the depository of biological macromo- 
lecular structure data (15),  and it has been a 
constant challenge for curators at the PDB to 
keep up with exponential increases in data 
submission. This data curation will become 
an even bigger challenge with the develop- 
ment of structural genomics programs. Per- 
haps the biggest challenge of all will be the 
maintenance of the present high quality and 
reliability of these data. However, there are 
no current plans for triggering automatic 
structure deposition into the PDB, an issue 
that was hotly contested and ultimately re- 
jected at the Airlie Center meeting by the data 
curation task force. 

Another ISGO task force is compiling a 
comprehensive list of new data items to be 
collected in the PDB. Final structural infor- 
mation will continue to be deposited in the 
PDB, but the question remains as to what to 
do with the "unfinished" structures that 
either are incomplete or cannot pass the 
stringent analysis conducted on depositions 
to the PDB. Currently, in the United States, 
these "unfinished" structures will be kept in 
the individual NIH-funded PSI structural 
genomics center sites and will be available 
for public access. Although NMR and x-ray 
crystallography-based structure determina- 
tions will provide analogous atomic coor- 
dinate output files, additional data outputs, 
such as B value analysis and local density 
of NMR restraint values, will require dif- 
ferent formats. 

At the Airlie Center meeting, after much 
discussion and debate, a consensus was 
reached that most structure depositions 
should follow completion of refinement in a 
short time, but in some cases a 6-month 
maximum time lag could be allowed before 
public release of structural results. However, 
NIH has decided that the time lag should be 
much less for the PSI pilot centers, allow- 
ing just 4 to 6 weeks from completion of a 
protein structure to deposition in the PDB 
and public release of the coordinates. Thus, 
NIH will require that the PSI consortiums 
quickly publish and rapidly file any patent 
applications, when appropriate, to adhere to 
this time restriction. The patent systems in 
the United States are different from those in 
other countries, and individual policy deci- 
sions on coordinate release will likely vary 
depending on national location. However, 
the Japanese delegation argued strongly 
that 6 months would be necessary to fulfill 
their obligation to the Japanese government 

for securing patent protection, based on 
public funding for their structural genomics 
projects and an expected return on that 
financial investment. 

Airlie Center meeting participants were 
well aware of the financial gains for hold- 
ers of patents on pharmaceutically and ag- 
riculturally important structural targets. 
While recognizing the importance of pro- 
tecting the inherent value of structural in- 
formation and new technological innova-
tions, the ISGO task force recommended a 
policy of open information exchange, en- 
couraging international cooperation in the 
structural genomics community for both the 
public and private efforts, with the caveat 
of limited delay to protect favorable patent 
acquisition. In February 2000, the U.S. 
Patent and Trademark Office started issu- 
ing a number of 3D crystal structure pat- 
ents. One of the main issues concerning 
disclosure stems from the expectation that 
most of the new structures will likely not 
have a known function at the time of struc- 
ture determination. Without functional 
data, it would be difficult to identify the 
"utility" of the protein coordinates by 
themselves, making the validity of any 
patent application questionable. The ISGO 
task force is currently working on these 
issues. 

The ISGO task force has also recom-
mended that short communications of de- 
posited structural results be published in 
peer-reviewed journals, preferably in elec- 
tronic form; publication of full-length 
papers was also encouraged. Clearly, pub- 
lication could become a severe bottleneck 
in the release of structural results as struc- 
tures are more rapidly determined. New 
journals such as the Journal of'Structura1 
and Functional Genomics (Kluwer Aca- 
demic Publishing) have sprung up to meet 
the anticipated need for fast review and 
increased demand for publication space. 
Other existing journals, such as Acta Crys- 
tallographica and Proteins, are also expect- 
ed to cater to the new genre of structural 
genomics papers. Along with structural in- 
formation, the task force also recommend- 
ed a policy of disclosing methods that are 
relevant to the submitted structural data- 
for example, any new technology develop- 
ment and implementation that was critical 
in the HT structure determination process 
pipeline. 

Although the field of structural genom- 
ics is still in its infancy, a quite astonishing 
amount of new technology development 
and progress on worldwide policy issues 
has already emerged. This field is expected 
to continuously evolve as more HT tech- 
nology comes online and as more targets 
are carried through the structure determina- 
tion pipeline. The initial guidelines and 

policies will certainly suffice for now, but 
they will need constant reassessment and 
refinement as the technology advances and 
the database of target structural information 
expands. Global structural genomics efforts 
have gotten off to a very good start, have 
attempted to set reasonable policies that 
can be adhered to, and have identified prob- 
lems and challenges that need resolution in 
the immediate future. The new technology 
developments-whether in protein expres- 
sion, crystallization, robotics at the beam- 
line, or bioinformatics and data manipula- 
tion-will provide invaluable new tools for 
all structural biologists. However, the real 
winners will be the scientific community at 
large, who will be provided with a new and 
expanding database of structures that can 
be more quickly and freely accessed than 
anyone previously thought possible. 
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