Chapter 1

The Importance of Target Selection
Strategies in Structural Biology

Enrique E. Abola and Raymond C. Stevens*

Introduction

The industrialization of biology — the large-scale acquisition of
biological data — has been pioneered by the sequencing of entire
genomes and is being applied to the characterization of other impor-
tant biological molecules such as the proteome, the interactome
(arguably a subset of the proteome), the glycome, and the metabolome.
As of October 2007, the complete genomic sequences of 676 organ-
isms have been published and more projects are underway. The DNA
sequence data alone is insufficient to generate the level of under-
standing of biological systems that most biologists seek. Understanding
how biological systems operate from the level of single proteins and
enzymes, to the level of protein-protein interactions, and finally at the
level of intact cellular physiological pathways, a goal of systems biol-
ogy, will require detailed, quantitative characterization of cellular pro-
teins and their interactions, which is facilitated by access to protein
structural information. Thus, the number and types of questions that
can now be addressed by structural biologists has increased dramati-
cally. The scope of protein structure space is still too immense for a
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2 Structural Proteomics

completely unfocused approach to data acquisition. Therefore, target
selection is still a critical step in establishing an industrial-scale protein
structure project.

About 50 years after the publication of the first 3-dimensional
structure of a protein, that of sperm whale myoglobin completed in
John Kendrew’s laboratory' (a structural proteomics (SP) project in
itself as myoglobin from multiple species were pursued), structural
biologists have started to explore the possibility of conducting high-
throughput (HT) structural studies to permit the structural character-
ization of proteomes. HT approaches, such as parallel studies of
multiple protein targets, are expected to revolutionize the way struc-
tures are determined by moving away from one-by-one structural
studies. These new approaches are expected to produce important sci-
entific results at reduced costs by using economy of scales and by gen-
erating standardized and more generalizable protocols and evaluation
metrics for protein expression, purification and structural characteri-
zation. Over the past 10 years, the results of successtul pilot studies
have been reported by the various SP programs. This leads to the
important question of what target selection strategies should then be
used in the future by both SP and non-SP laboratories in the light of
what has been learned from these pilot studies.

This chapter summarizes the strategies in target selection and pri-
oritization used by various SP groups and provides a briet summary of
their recent results. We explore the potential of small and medium
sized laboratories as well as larger collaborative efforts to make use of
the new technologies, protocols and approaches developed by these
initial SP initiatives, with a special emphasis on studying biological sys-
tems through class-directed target selection approaches.

Global Structural Efforts and their Target
Selection Strategies

By 2000, several groups, both academic and for-profit companies,
were being setup to establish HT structure determination production
lines. Initial efforts were focused on developing new technologies and
protocols for each step in the process, from initial cloning to final
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The Importance of Target Selection Strategies in Structural Biology 3

deposition of coordinate data sets to public databases. The immediate
aim was to convert the one-by-one structure determination process,
using both single-crystal X-ray diffraction and solution NMR tech-
niques, to work in a HT mode. Although the initial mandate was
technology development, there was also a requirement to solve a rel-
atively large number of protein structures to serve both as proof of
concept and as a justification of the approach adopted by each center.
Major government-sponsored consortium efforts were formed: the
Protein Structure Initiative (PSI-1) in the USA, the Structural
Proteomics (SPINE) integrated project in Europe, and Project 3000
in Japan, and smaller efforts in other countries. Another major effort
was a joint venture between government and industry. The Structural
Genomics Consortium, an international project funded by Canada,
Sweden, the Wellcome Trust in the UK and industry, with labora-
tories in Oxford, Stockholm and Toronto. For-profit companies,
such as SYRRX, SGX, and ASTEX, were setup with the goal of
improving the drug discovery and development process by reducing
the risks and cost of getting at the structures of drug targets and their
complexes.

Each major consortium had an overarching target selection and
prioritization strategy. By and large, all the SP groups mentioned above
pursued targets based on general principles which followed the class-
directed target strategies outlined in papers published as part of the dia-
logue on definition and implementation of structural proteomics.>?
This is exemplified by the paper by Terwilliger ez al. (see Table 1;
Ret. 3), which put forward a list of protein classes and a scientific ration-
ale for selecting them, and also suggested a protocol for implementa-
tion of the target selection strategy. Four classes were suggested: 1) the
construction of a database of structural motifs; 2) the study of proteins
from microorganisms, including pathogens and thermophiles; 3) a large-
scale target class including human targets of biomedical interest, protein
assemblies, proteins from plants or animals; and 4) a small-scale target
class that is the study of important protein families (e.g. protein kinases,
transcription factors). Class 1 attempts to generate structural annota-
tions, while the rest are motivated by the goal of generating functional
annotation. These two goals are somewhat related (i.e. fold may
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4 Structural Proteomics

Table 1 Target Classes for a Protein Structure Initiative!

Class of Proteins Importance
(1) Database of protein structure motifs Prediction of protein structure
(2) Proteins from a microorganism
Proteins from a pathogen Potential drug targets
Proteins from a thermophile Robust enzyme
(3) Large-scale targets
Human proteins Medical applications
Plant or animal proteins Biotechnology
Protein assemblies Protein interactions
(4) Small-scale targets
Groups of structurally-similiar Predicting protein evolution
proteins
Proteins from a metabolic pathway Biocatalysis

T From Terwilleger et al?

provide clues to function), and one can argue that the target lists gen-
erated by some of the PSI-1 centers are more focused on an attempt to
functionally annotate an organism’s proteome (e.g. the Joint Center for
Structural Gemomics (JCSG)’s studies of Thermotoga maritima).
Below, we summarize the activities of the various SP centers, their ini-
tial target selection strategies, and the outcomes. Although the Japanese
effort, Protein 3000, has produced more than 2500 structures, account-
ing for half of the 5000 structures solved in all SP centers worldwide,
we have not included an extensive discussion of their efforts. At this
time, their target selection strategies remain unpublished, although
early descriptions* indicate that their main effort was geared towards
the generation of structural annotations, viz. looking for new folds.
Final statistics indicate that only 34% of their structures have novel
sequences and the list of their solved structures appears to indicate that
secondary target selection criteria were used.

Selecting and Prioritizing Targets

Initially, most target selection processes centered on choosing pro-
teins based on primary and secondary objectives, which were later
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The Importance of Target Selection Strategies in Structural Biology 5

supplemented by additional target prioritization schemes. For exam-
ple, projects that aimed at exploring fold space focused on methodol-
ogy and approaches to find clusters of related sequences for which
3-dimensional structures of any of its members were not available in
the PDB. There was also an interest in developing and using tools for
the identification of domains to facilitate the production of expression
constructs. This was particularly important for proteins anticipated
to be difficult to crystallize and thus more amenable to NMR struc-
ture determination. Targets were further prioritized based on the pre-
dicted novelty of sequences or on the prediction that structures of
new folds would be obtained.

Halfway through the first phase of PSI, it became possible to select
and prioritize targets utilizing databases created from the results of
the large number of SP experiments carried out in the various PSI lab-
oratories that used different target selection strategies on a number of
classes of proteins.”” Data on diverse data sets were, therefore, avail-
able to attempt to understand successes (e.g. produces soluble con-
structs or crystallizes) and failures. Two papers from the JCSG
exemplify what can be done. Canaves et 4l.,° analyzing the JCSG
data for T. maritima proteins, and Slabinski, ez al” analyzing all the
available SP data, developed a number of sequence-based metrics,
which provides a measure of the difficulty/ease of crystallizing protein
(http: //ffas.burnham.org /XtalPred-cgi/xtal.pl). Both studies use 12
parameters to arrive at an index. Once crystals are obtained, statistics
indicate a 32-38% chance of completing the structure (see Table 2).
Interestingly, the Barton laboratory® used PDB entries to develop a
normalized score, OB_SCORE, based on just two parameters, pI and
the Gravy index. This z-score estimates the chances of producing dif-
fraction-quality crystals.® These metrics, along with bioinformatics
resources established by the various SP centers, were then used to
construct prioritized target lists; in the case of the PSI, prioritization
was assigned based primarily on the novelty of the sequence. A more
integrated approach to target selection is now provided by a web-
based system, sgTarget (http://www.ysbl.york.ac.uk/sgTarget/), that
produces homology information that measures the uniqueness of the
sequence, as well as the calculated physiochemical properties that
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The Importance of Target Selection Strategies in Structural Biology 7

may affect expression, solubility, and the likelihood that crystals will be
obtained.” In addition to the target selection activities, statistics
derived from data-mining activities on production databases (e.g.
TargetDB, PepCDB), as well as process and technology evaluation
that measured the performance of the various pipelines, are now able
to provide a robust estimate and a better understanding of the risks
involved in structural studies which had previously been estimated
using anecdotal and ad hoc approaches.*’

The Protein Structure Initiative (PSI)

The PSI project was established by the National Institutes of General
Medical Sciences (NIGMS) at the U.S. National Institutes of Health.
PSI phase I (PSI-1) studies, initiated in year 2000 and 2001, were
conducted in nine centers (Table 3), and were completed in 2005,
with over 1100 structures having been deposited in the PDB. Phase 11
(PSI-2) studies were immediately started, and involved four large-
scale production centers, six specialized centers for development, two
homology modeling centers, and a research grants program focusing
on improving the accuracy of the comparative protein structure mod-
eling. Production centers in PSI-2 were required to produce 4000
new structures within five years, while the specialized centers were
given the mission of developing new tools and approaches to handle
challenging targets, including eukaryotic proteins, integral membrane
proteins, and large macromolecular complexes. Within two years of
operation, the four PSI-2 production centers had deposited about
1200 structures in the PDB, thus exceeding the five-year combined
production output of the PSI-1 centers.

The focus of the PSI-1 pilot centers was primarily the development
of new tools, technologies, and methodology to increase the success
rates and lower the costs of structure determination. Each center
was responsible for automating protein sample production and the
structure determination pipelines, and for meeting production goals.
The final production numbers for the PSI-1 centers are presented in
Table 4. As the initial goal of the consortium was to set up the
pipelines and test their scalability, about 40% of the total number of
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8 Structural Proteomics

Table 3 List of Major Structural Genomics Organizatons

Target Selection Criteria

Center/Consortium and Target Organism(s)
1.  Berkeley Structural Genomics Novel sequences
Center (BSGC), USA Minimal organisms — M. genitalinm,
http: //www.strgen.org M. pneuwmonine
2. Center for Eukaryotic Structural Novel sequences
Genomics (CESG), USA Arabidopsis thaliana

http: //www.
uwstructuralgenomics.org

3. Joint Center for Structural Novel sequences
Genomics (JCSG), USA Thermatogn Maritima, mouse
http: //www.jcsg.org
4. Midwest Center for Structural Novel sequences
Genomics (MCSG), USA Proteins from all three kingdoms
http: //www.mcsg.anl.gov of life
5. Mycobacterium Tuberculosis Novel sequences,
Structural Genomics Mycobacterium tuberculosis

Consortium (TBSGC), USA
http: //www.doe-mbi.ucla.edu/TB/

6.  New York Structural Genomics Novel sequences
Consortium (NYSGC), USA Disease-related proteins from
http: //www.nysgrc.org cukaryotes and bacteria
7. Northeast Structural Genomics Novel sequences
Consortium (NESG), USA Eukaryotic domain families from
http: //www.nesg.org D. melanggaster, S. cerevisine,
C. elegans, mouse, human
8.  Southeast Collaboratory for Novel sequences
Structural Genomics P. furiosus, C. elegans, human

(SECSG), USA
http: //www.scsg.org
9.  Structural Genomics of Pathogenic ~ Novel sequences,

Protozoa (SGPP), USA Pathogenic protozoans — Leishmanin
http: //www.sgpp.org major, Trypanosoma brucei,
Medical Structural Genomics of Trypnasoma cruzi, Plasmodium

Pathogenic Protozoa (MSGPP) falciparum, Entemoeba hystolitica,

Gardin, Lamblin, Toxomplasma
gondii, Cryptosporidinm parvum

(Continued )
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The Importance of Target Selection Strategies in Structural Biology 9

Table 3 (Continued)

Target Selection Criteria

Center/Consortium and Target Organism(s)
10 Structural Proteomics in Europe Bacterial and viral pathogens —
(SPINE), UK B. antrbacis, M. tuberculosis,
http: //www.spinecurope.org SARS-CoV, Herpes virus

Cancer-related proteins

Immune defense, neuronal
development and
neurodegenerative diseases

11.  Structural Genomics Centers, Human proteins related to diseases
Canada, Sweden, UK and human pathogens
http: //www.thesgc.com
12 Project 3000, Japan Novel sequences and biologically
http: //www.rsgi.riken.jp important or human health related

structures were determined in the last year of operation. Overall,
these studies now show that, based on the results of PSI-1 activities,
there is a 5-10% probability of success for a given target in the class
of targets included in the PSI-1 list.

Summary of Target Selection and Results from PSI Centers

The overall scientific goal of the PSI effort was to determine enough
structures to completely populate a database which could then be used
to construct homology-based models covering most of protein space.
Thus, the PSI’s primary targets were Class 1 proteins of Table 1.
However, target selection efforts were not centralized in PSI-1. All
that the centers were required to do was to ensure that a significant
number of their targets were unique, i.e. have <30% sequence identity
with structures already deposited in the PDB. Target selection was
also driven by the informal goal of being able to define the complete
fold space of proteins; hence, additional selection criteria were applied
by the centers themselves, with higher priority given to proteins for
which there was a higher expectation of discovering a new fold.
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The Importance of Target Selection Strategies in Structural Biology 11

The centers elected to build their programs around certain organ-
isms and /or classes of organisms, prioritizing their target lists by giving
higher preferences to novel sequences within these organisms. Thus, a
“spread” of protein classes studied was achieved. Table 5 summarizes
the target organisms tackled by the PSI-1 centers. Targets from both
Class 2 and Class 3 were chosen by these centers. Each center comple-
mented their lists of proteins from their target organisms with orthologs,
thereby increasing the chances of obtaining the desired structures.

In the second phase of the PSI (PSI-2), representatives of the four
production centers served as members of a centralized target selection
committee responsible for generating and maintaining a target list.
Prioritization of targets is being carried out within each center, and is
usually based on individual scientific interests and technical capabilities
of the center. Overall, the goal of PSI-2 remains the same as that of
PSI-1, viz. to attempt to characterize protein space completely. This goal
is being approached by coarsely sampling pfam and other large protein
families for clusters of sequence-related proteins which lack structural
representatives in the PDB. Unlike PSI-1, which provided more latitude
to the centers in selecting their targets, a set of clearly defined objectives
have been set in order to attain this overall goal (see Table 6). Each cen-
ter is expected to prioritize the members of a sequence family assigned
to it by applying a number of criteria, including: 1) families containing
representatives from selected model organisms or groups of organ-
isms; 2) families containing representatives with known or postulated
disease associations; 3) families containing representatives with predicted
or known biological /biochemical functions; and 4) families containing
representatives from all the three kingdoms of life.

PSI Targets from Minimal Organisms

The Berkeley Structural Genomics Center (BSGC) has developed its
pipeline to work on minimal organisms (i.e. microbes with the small-
est genomes), studying proteins from M. genitalinm, with 486 ORFs,
and M. pneumonine, with 687 ORFs, in their respective genomes. The
idea was that by studying the proteomes of these minimal organisms,
one might gain insight into the minimal requirements for a viable
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14 Structural Proteomics

Table 6 PSI-2 Objective of Improving Coverage of Protein Structural Space

1. To determine at least one structure for each large, hitherto uncharacterized,
protein sequence family using coarse sampling (BIG families)

2. To determine representative structures for each branch of very large, diverse
protein sequence families (MEGA families) to span the structural and functional
diversity within that family (moderate sampling to increase structural coverage and
to provide structural coverage of selected families with high biomedical relevance)

3. To determine representative structures for families that are over-represented in
the microbiome and metagenome sequence data (moderate sampling of META-
family)

4. To determine the structures of biomedical targets and community-proposed targets.

organisms.'"'? They have been working on 1036 protein targets from
these organisms, determining 87 structures of 61 proteins, 52 of which
turned out to be novel proteins. Upon completion of their PSI-1 effort,
they announced that their efforts had contributed significantly to the
almost complete characterization of the M. genitalium proteome,
which now has fold assignment for 87% of its proteins. The 486 ORFs
in M. genitalium include 82 integral membrane proteins, 44 soluble
globular proteins, and 10 soluble non-globular proteins. Most impor-
tantly, they report that their recent efforts in structural biology and SP
have succeeded in enabling fold assignments for over ~90% of the sol-
uble globular proteins in five minimal organisms, Buchnera aphidicola,
Blochmannia flovidanus, Wigglesworthis glossinidia, Mycoplasma geni-
talinm, and Tropheryma whipplei, thus, providing a rich data set to
turther drive attempts to understand the minimal requirements for sus-
taining life."?

PSI Targets from Extvemophiles

Two centers opted to study extremophile targets. The JCSG worked
on Thermotoga maritima (1. maritima) and the Southeast Collabora-
tory for Structural Genomics (SECSG) worked on Pyrococcus furiosus.
Extremophiles were thought to be ideal targets for early SG studies,
since their proteins were expected to be more stable and, therefore,
amenable to simplified SG sample production protocols.'*
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Full structural and functional characterization of a proteome is
now within reach for Tm. Although other SP centers have studied
proteins from Tm, the efforts at the JCSG led to this microbe becom-
ing one of the larger organisms for which a high percentage of
its proteome has been structurally characterized. Of its 1877 ORFs,
273 protein structures have been deposited in the PDB, 180 of which
were determined by the JCSG. Taking into consideration all of the
proteins for which structural information is available, i.e. including
those for which structures of homologs are known, it is estimated that
62% of the T. maritima proteome now has protein-fold coverage. It
should be noted that about 28% of the members of the T. maritima
proteome have been identified as transmembrane proteins and/or
predicted to be of low complexity or to be inherently disordered.
Thus, the overall structural coverage from which functional annota-
tion can potentially be generated is quite significant. In addition to
the structures in the PDB, over 1000 77 proteins have been purified,
about 800 at the JCSG, providing a valuable resource for the com-
munity interested in doing further functional and /or biological stud-
ies on these proteins. Another important consequence of this work is
that questions relating to the putative inherent higher stability of pro-
teins from extremophiles may now be addressed systematically.'>!¢

PSI Targets from Pathogens

The Structural Genomics of Pathogenic Protozoa (SGPP) center
selected proteins exclusively from disease-causing protozoans, while
the Mycobacterium Tuberculosis Structural Genomics Consortium
(TBSGC) studied proteins from Mycobacterinm tuberculosis (Mtb).
Their main interests were in developing a better understanding of the
biology of these pathogens, as well as in the development of new ther-
apeutics. Upon completion of the PSI-1 program, these two centers
continued their studies with funding from the National Institute for
Allergy and Infectious Diseases (NIAID), which had decided to fund
SP centers focused on protein targets of infectious agents. In 2007,
two additional HT centers were funded by the NIAID to determine
at least 100 new structures per year, focusing on protein targets from
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The Importance of Target Selection Strategies in Structural Biology 17

organisms implicated in infectious diseases, with the goal of using
these new structures for developing new therapeutic protocols.

TBSGC operates as a global structural proteomics eftort, with 400
members in 80 institutions.'”'® The primary goal of the consortium
is to study the function of proteins in the pathogen, targeting those
which are potential drug targets or are believed to play key role in M#b
biology. By now ~200 unique Mtb protein structures and ~250 ligand
complexes have been deposited in the PDB. Two thirds of these were
produced by the TBSGC, the rest by SPINE, the European structural
proteomics consortium, and by other laboratories worldwide. Prior to
the SP efforts, there were only 8 Mzb protein structures in the PDB.
Only ~29% of the protein structures solved by the TBSGC have novel
sequences, reflecting less emphasis on finding new folds, and more on
working on targets of high relevance to the disease. A notable contri-
bution from the TBSGC is the development of a protocol that can
be scaled-up on the genome level to identify (using computational
approaches), characterize, and determine the crystal structures of
protein—protein complexes.

The SGPP center conducted structural studies on proteins from
major pathogenic protozoans. These challenging targets included Plas-
modium foalciparum, the causative agent of the most deadly form of
malaria, which is responsible for over one million deaths a year, mostly
of children. Using the tools of HT SP, they initiated the task of struc-
turally and functionally characterizing the proteome by attempting
expression of about 1000 ORFs, leading to the high-level expression of
63 proteins and to solution of 16 structures. Further, protein engineer-
ing studies are underway to improve these success rates. The initial pilot
study that led to the expression of these targets is now being analyzed so
as to lay the ground work for prioritizing and ultimately eliminating bar-
riers to producing protein samples for structural and functional studies.

PSI Targets from Eukaryotic Organisms

Although proteins from eukaryotes remain a difficult class of targets
tor SP studies, they include important biomedical targets, and a large
number of them have been subjected to analysis. As of October 2007,
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18 Structural Proteomics

the PSI centers have studied 57911 eukaryotic proteins, but only
about 300 structures of such proteins have been completed. Focused
development work is currently underway to produce technologies and
processes capable of handling these difficult targets.

In most cases, eukaryotic targets were selected by the PSI centers
primarily to solve the structures of proteins with novel sequences; thus,
most of the centers had several such targets on their list. However, the
plant model organism, Arabidopsis thaliana, was the primary target
proteome for the Center for Eukaryotic Structural Genomics (CESG).
They studied more than 4000 targets from this organism and solved
52. They also worked on 4000 other eukaryotic targets, solving 43.
All of the other centers, except for the BCSG, worked on a variety of
cukaryotic organisms, including mouse and human. The SECSG exten-
sively studied C. elegans, working on almost 12 000 protein targets,
but solving only 12 of them. These results again highlight the diffi-
culties associated with working with these eukaryotic protein targets
in HT studies. Three centers, the Northeast Structural Genomics
Consortium (NESG), the Midwest Center for Structural Genomics
(MCSG), and the New York Structural Genomics Consortium (NYSGC),
did not focus on particular organisms, but rather worked on novel
prokaryotic and eukaryotic targets.

SPINE - Structural Proteomics in Europe Project,
Function-based Target Selection

The SPINE project was a three-year project that commenced in 2002,
and was funded through the EU FP5 program. In 2006, a special
issue of Acta Crystallographica, Volume 62, was devoted to a descrip-
tion of the work done by this consortium, and provides a compre-
hensive discussion of its vision for SP, as well as a description of the
development of technologies needed to carry out SP projects. Finally,
several of the papers in this volume communicate quite succinctly tar-
get selection strategies and their correlation with success rates. SPINE
produced 375 structures, of which 305 were unique proteins, and the
rest of protein-ligand complexes. It had an overall success rate com-
parable to that of the PSI-1 centers, determining the structures of 12%
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of selected targets. Like the PSI effort, SPINE used HT approaches,
and was deliberately named as a Structural Proteomics program, so as
to differentiate it from structural genomics efforts. SPINE was driven
by the notion of “human health targets,” rather than by a bioinformat-
ics-based “fold space” approach.” Thus, the criteria of working with
novel sequences were not necessarily the primary determinant in select-
ing targets. Indeed, one early criterion used was to select proteins that
could be solved by molecular replacement, which was done primarily to
help refine protein production pipelines. The project was subdivided
into workpackages, three of which focused on a particular target space
of interest. Workpackage 9 focused on proteins from bacterial and viral
pathogens, with B. anthracis and Mtb as the primary bacterial target
organisms, and the SARS-CoV and Herpes virus as the viral ones.
Workpackage 10 worked on cancer-related proteins (i.e. kinesins,
kinases, proteins from the ubiquitin pathway), while Workpackage 11
studied proteins involved in immune defense mechanisms, neuronal
development, and on proteins implicated in neurodegenerative diseases.
Workpackages 1-8 focused on technology and process development.

New and more challenging targets are being tackled by SPINE2-
COMPLEXES, a continuation of the SPINE integrated project
funded by the EC within FP6. The project is titled “From Receptor
to Gene: Structures of Complexes from Signaling Pathways Linking
Immunology, Neurobiology, and Cancer,” and reflects the challeng-
ing nature of new efforts as well as the establishment of HT centers
throughout Europe. The new targets will be protein—protein and
protein—nucleic acid complexes that are related to the areas of inves-
tigation as shown in Table 8. This new initiative will require the devel-
opment of new technologies for the HT study of these complexes,
ushering in a new era in structural biology.

Target Selection in SPINE

Discussion of target selection strategies used in the SPINE studies are
presented in several papers of the Acta Crystallographica special
issues.?*?* The overall target selection activity was carried out in two
distinct phases, the first involving the identification of targets with
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20  Structural Proteomics

Table 8 SPINE2 Target Selection — Complexes in the Following Areas will be
Studied

WP1.1: Complexes in the ubiquitin signaling pathway
e Ubiquitination
e De-ubiquitination
e DProteasome regulation
WP1.2: Cell life, death and integrity
e Cell cycle (including ankyrin repeat protein complexes)
e Apoptotic pathways (p53-dependent and p53-independent)
e Control of cell integrity (e.g. Lon type protease)
WP1.3: Complexes in development and synaptic signaling
e Development and synaptic signaling assemblies
e Protein complexes involving neuronal proteins dependent on copper
WP1.4: Protein kinases
e Signaling and regulatory complexes involving protein kinases
WP1.5: Protein phosphatases
e Protein phosphatases in regulatory cell pathways
WP1.6: Receptors/activators associated with transcription complexes
e Nuclear receptor and transcription factor assemblies
e Chromatin remodelling motors
WP1.7: Innate immune system
e Complexes involved in pathogen recognition and subsequent signaling
(including TLRs, NOD /NALP proteins, TIR domains, dectin)
WP1.8: Adaptive immune system
e Cell surface receptors and recognition complexes (including MHC, TCR,
NK receptor families)
WP1.9: Viral subversion of cellular signaling and immune modulation
e Proteins modulating host responses (including those from EBV and
poxviruses)
e Proteins involved in host interactions such as receptor binding and fusion

possible important biomedical roles, and the second being an assess-
ment of whether the target was amenable to structural studies. The
criteria used for the second activity were similar to those described by
Canaves et al..° using sequence-based predictions of the probability
of successfully completing a structural study on a given target. Target
selection strategies used by both the SPINE project and the SGC (see
below), as well as their success rates, are perhaps more reflective of
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what could be achieved by those interested in generating functional
annotations and/or interested in generating high-resolution struc-
tures, in contrast to the bioinformatics-driven, fold-space coverage
approach taken by the PSI efforts described above. For example, for
drug design applications, targets that can be solved using molecular
replacement approaches are not necessarily excluded.

SPINE Studies on Bacillus anthracis

A total of 359 proteins from Bacillus anthracis were targeted for
study resulting in the determination of 46 structures.?® Two rounds
of target selection were carried out. The first was used to identify
targets with a high probability of successful completion, primarily to
help in developing and establishing the HT pipelines and to help fine
tune the target selection process. The criteria used to select these
“easy” proteins were (1) sizes of <50 kDa; (2) were possible candi-
dates for molecular replacement; (3) were not part of a complex;
(4) did not contain signal peptides or transmembrane regions; and
(5) were predicted to be soluble, based on the near absence of disor-
dered regions. The second round of selection relied more on bio-
medical criteria, selecting the proteins that were predicted to be
involved in pathogenesis, and of biomedical interest. Finally, additional
challenging targets were included, such as those annotated as hypo-
thetical proteins, or those for which putative molecular replacement
models were not available.

The B. anthracis studies were carried out in two laboratories at
the University of York and at Oxford University. Results from the first
round of studies from both laboratories, using 48 targets, were quite
encouraging. Oxford, after repeated eftorts and refining of protocols,
attained a structure solution success rate of 31%. In comparison, York
attained a success rate of 21%, but did not carry out as many exten-
sive retrials. These success rates were much reduced when the more
challenging targets were studied. It is nevertheless quite gratifying to
have learned that interesting questions could be answered using HT
approaches through a careful target selection process, and that such a
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procedure could lead to the solution of a relatively large number of
structures at reduced costs.

SPINE Studies on Vival Pathogens

Attempts were also made to study viral pathogens on the SPINE
pipelines. The structures of four SARS corona virus (SARS-CoV),
tour Epstein-Barr virus (EBV), and two vaccinia virus proteins were
completed. These studies highlight the difficulties of working with
viral proteins in a HT setting. Nevertheless, the results obtained rep-
resent significant achievements. The target selection strategy for EBV
is discussed in Tarbouriech ez al** EBV selection was oriented towards
enzymes and other proteins that had been predicted to have signifi-
cant secondary structure, were small in size, and had been calculated
to have a high stability index. Proteins were deselected if they were
predicted to be parts of a multi-protein assembly and/or had trans-
membrane domains.

SPINE Studies on Human Proteins of High Biomedical Value

One of the more challenging aspects of the SPINE project was the
decision to focus a large portion of the work on human and other
eukaryotic proteins that are potentially of high biomedical value. By
the start of the SPINE project in 2002, it was clear from early results
of the PSI that working with eukaryotic targets required careful atten-
tion to target selection in order for some level of success to be
achieved. A total of 800 eukaryotic protein targets were selected for
study by SPINE, the structures of 170 of which were determined.
Biological importance was the primary selection criterion, with calcu-
lated physicochemical properties as the secondary criteria. As for the
biological targets, preference was given based on the availability of
models that could be used in molecular replacement studies.

SGC - Structural Genomics Consortium

The Structural Genomics Consortium (SGC) was organized in 2003
to address industrial and academic pharmaceutical research, and has
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thus focused on proteins and protein families from human and api-
complexan (e.g. Plasmodium falciparum) that are either potential
drug targets or have been implicated in human disease processes. The
SGC operates with laboratories at the University of Oxford and
University of Toronto, and the Karolinska Institute. Unlike other SP
efforts, it uses HT pipelines to study protein-ligand (inhibitors, co-
factors, substrates and substrate analogs) interactions and protein
families. By 2007, the consortium had solved the structures of over
451 out of the 2778 targets selected for study, corresponding to a
success rate of 19%, the highest rate for all the SP centers. Table 7
provides a summary of the status of the structural studies, as well as a
list of the target focuses of the various member research groups.

Target Selection in the SGC

SGC target selection protocols, including their list of candidates have
not been published, as there is a possibility that this information may
be used for commercial advantage. What is available are the areas of
interests from which these targets are being chosen (Table 7). The
main criteria on is relevance to human health and disease. As an exam-
ple, one of SGC’s areas of interest is signaling pathways. The family
of protein kinases, the kinome, are an important class of drug targets,
and are a prominent category of protein targets in the list. The con-
sortium has solved 21 novel human kinase structures, and along with
other SP efforts, was responsible for raising the number of kinase
structures from 38 to 93 by the end of 2006.% Rather than just solv-
ing a unique member of a family, the SGC has elected to attempt total
coverage. One important advantage of this approach is that methods
and procedures developed for one member of the family could be
used for the other members for all the steps in the process, from
expression all the way through to crystallization and structure solu-
tion. To date, as many as 95% of the targets studied by the SGC have
a homologous structure available, simplifying structure solution.
Another family that has been extensively studied is that of the human
cytosolic sulfur transferases (hSULT).?®

Proteins in this family are involved in the metabolism of drugs and
hormones, the bioactivation of carcinogens, and the detoxification of
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xenobiotics. Knowledge of the structural and mechanistic basis of
substrate specificity and activity is crucial for understanding steroid
and hormone metabolism, drug sensitivity, pharmacogenomics, and
response to environmental toxins. Thus, they form a class of important
targets for the pharmaceutical industry. The SGC has solved the struc-
tures of five of the 12 hSULTs; these structures, along with those of
six others previously characterized by other groups, have permitted
the exploration of local and global structural features of members of
this enzyme family. In addition to the structural studies, the enzymes
were screened for binding and activity towards a panel of potential
substrates and inhibitors, revealing unique “chemical fingerprints” for
each protein.?

The family-based approach also allows for the exploration of vari-
ations among the structures in attempts to develop selective thera-
peutics. It allows extensive study of small-molecule complexes, thus
providing a powerful platform for developing a better understanding
of the binding properties of members of the family. For example, in
the case of kinases, this has led to the development of inhibitors with
picomole potency for PIM kinases and glycogen synthetase kinase 3
(GSK-3) (see Ref. 27).

The SGC is also targeting proteins from P. falciparum, the causative
organism of malaria, and related apicomplexan organisms. A total of
1008 genes from P. falciparum and related organisms have been stud-
ied, leading to the determination of 36 structures. This study provides
yet another example of a SP survey of a complete organism parallel-
ing those discussed above. The results of the studies are being applied
to attempts to develop new vaccines and small molecule therapeutics
against the organism.

Expanding the Target List

The ~5000 novel structures that have been produced by the SP efforts
within the relatively short time of five years attest to the power of the
new HT approaches, since it took almost 40 years to accumulate this
number of structures in the PDB using traditional methods. As can be
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seen from the various target selection approaches discussed above, the
range of questions that now can be realistically addressed has increased
dramatically. Although SG was initially considered primarily an enter-
prise whose only goal was to explore protein fold space, activities
within the various centers operating within the PSI, as well as in other
SP efforts, clearly demonstrate that other important biological ques-
tions can be addressed with these new tools of HT structural biology.

The PSI eftorts have demonstrated the success of the bioinformat-
ics-based approach by getting close to completing protein-fold cover-
age for minimal organisms and for a thermophilic organism. These
efforts have also shown that this level of coverage of protein-fold space
in eukaryotic organisms will require further advances, primarily in pro-
tein expression. One of the major lessons of the PSI efforts is that
focusing on prokaryotic and thermophilic organisms to cover fold-
space and then building homology models for eukaryotic proteins is an
efficient, cost-effective route in cases where homologs exist.

The SPINE efforts have demonstrated the success of function-
based approaches to target selection, demonstrating that using biolog-
ical importance for target prioritization can also lead to high success
rates. Furthermore, both the PSI and SPINE have demonstrated the
value of using sequence-based metrics that provide estimates for suc-
cess as a further aid to target selection. The SGC effort provides a
powerful approach to target selection in which biological questions,
which in their case focus on the needs of the biopharmaceutical
industry, are addressed through the study of large families of pro-
teins. This effort has generated high resolution structures that can
be used for functional and drug design studies. We feel that this
approach may be one that makes the best use of HT technologies to
address important biomedical questions.

Clearly, there remain important challenges that must be addressed
in order to allow for the expansion of target selection strategies to
include other classes of important proteins. For example, statistics for
the PSI SP efforts reveal very high failure rates for eukaryotic pro-
teins, with only 298 structures being obtained from ~58 000 targets.
Membrane proteins and components of large multimeric/multiprotein
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complexes, remain outside the scope of HT efforts. New initiatives,

in

the frameworks of PSI-2, SPINE2-COMPLEXES, and the

NIH sponsored Roadmap Initiative (http://nihroadmap.nih.gov/
structuralbiology/index.asp), are now trying to address these target
arcas. As mentioned above, the SPINE2 project is focused on work-
ing with protein-protein and protein-nucleic acid complexes, and is
now developing new tools and methodology to work with these tar-

gets using the HT approaches.
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