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Summary

The meeting reported in this docurnent brought together scientists, administrators and managers from both
academia and industry, and from both North and South, to discuss the impact of genomics on the future of
drug and vaccine discovery in tropical diseases.

The meeting was timely given the status of functional genomic research into infectious diseasc pathogens and
three of the four components of TDR's mission, namcly: (1) to stimulate strategic research, particularly in
the arcas of genome research and pathogenesis, on tropical disease pathogens; (i) to promote rescarch
capability strengthening in disease-endemic countrics; and (11) to promote the discovery and development
of new products (drugs and vaccines) against tropical discases.

The meeting programme and discussion searched for ways in which the tropical disease scientific community,
and TR, could link the scientific advances in fimctional genomics, currently occurring in both academia and

industry, into a coherent strategy for promoting stronger drug and vaccine discovery research for tropical
diseascs.

The meeting was divided into five main sessions:

+ Sequencing and bioinformatics

+ Tools to assist with analysis of genomic information

+ Strategic application of tools for drug discovery

+ Genetic manipulation of organisms to assess gene function
« Strategic application of tools for vaccine discovery

A round table discussion of these topics focused on several main themes:

+ The need for further sequencing cfforts

* Appropriate scientific and managenal strategies for functional genomics
+ Converting genomic information into drug and vaccine discovery projects
+ Training and research capability strengthening in functional genomics

Several key conclusions were drawn from this discussion:

+  There is a continuing necd to promote genomic sequencing cfforts

* There is a need for TDR, together with other agencies, 10 promote the appropriate curatorship of
sequencee mnformation and its annotation

» There 1s a need for TDR, together with other agencies, o ¢reate repositories of reagents to assist
functional genomic research

+ Thereis a need for TDR to actively promote activitics in functional genomics

* There is a need for TDR to fund the development of rew and improved technologics that will facilitate
functional genomics research in its target discases

+  Within TDR, there is a need to ensure ¢ffective coordination between genomiic research, pathogenesis
research and drug and vaceine discovery

+ There 15 a continuing need to engage with mdustry where possible and appropriate to maximise the
translation of genomics research inlo appropriate product R&D

*  There 1s 2 need for appropriate traiming and institutional strengthening in disease endemic countries in
functional genomics, especially bioinformatics

» TDR should mvestigate the role it has to play in promoting appropriate partnerships in the field of
hoinfornratics.

This document signifies the importance of functional genomic research for tropical diseases, We hope it will
scrve as an nitial source document for scientists and administrators who are involved, or wish 1o become




involyed, in this ficld, and hope that it may help identify appropriate contacts for further discussion between
mieresied individuals,

Many people outside the TDR secretariat contributed to the success of the mesting and the preparation of this
document. Tn addition to those attending, speaking and chairing sessions, the rapportcurs deserve a special
note of thanks. All contributors are listed in the appendices documenting the meeting programme and the list
of participants. Special mention should go to Jennie Blackwell, who helped tremendously in the initiation,
planning and organizing of the meeting.

Anybody wishing further information or wishing to offer suggestions on the general topic of TDR genomic
and post-genomic research should contact Dr Boris Dobrokhotov (dobrokhotovb@who.ch) or Dr Rebert
Ridley (ridleyr@who.ch),
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Abbreviations

BAC  Bacterial Artificial Chromosome

BGE Bacterial Genome Equivalent

CTL  Cytotoxic T-lymphocyte

DEC  Disease Endemic Country

EST  Expressed Scquence Tag

EU European Union

FTE  Full Time Equivalent

HIV  Human Immunodeficiency Virus

HTS  High Throughput Screening

IPR Intcllectual Property Rights

MIM  Multilateral Initiative for Malaria

MRC Medical Research Council

NCBI  National Centre for Biological Information

NIAID National Institute for Allergies and Infectious Diseasecs
NIH  National Institutes of Health

ORF  Open Reading Frame

PAGE Polyacrylamide Gel Elecctrophoresis

PCR  Polymerase Chain Reaction

PFGE  Pulse Field Gel Electrophoresis

R&D  Research and Development

TDR  UNDP/World Bank/WHOQ Special Programme for Rescarch and Training in Tropical Diseases
TIGR  The Institute for Genomic Rescarch

USAID United States Agency for International Development
WEHI Walter and Eliza Hall Institute

WHO World Health Organisation

YAC Yeast Artificial Chromosome







il vl

CGenomic information for tropical disease drug
and vaccine discovery
papge |

1. Introduction

The availlability of complete microbial genomic sequence data offers unique opportunities to improve our
understanding of the basic biology of these orgamsms. Eighteen microbial genomes have been completed and
approximately another forly are in the process of being sequenced. For human pathogens such as those ol
interest to TDR it also opens up the opportunity to identify weaknesscs that leave them open to
chemotherapeutic or immunclogical attack, 1.¢. 1t offers unique possibilities for the discovery of new drugs
and vaccinges. The major target diseases of TDR. are:

*+ Malana

*  Leishmamasis

+ Afncan trypanosomiasis
» Chagas’ disease

+  Onchocerciasis

= Lymphatic filariasis

» Schistosomiasis

It 1s cxpected that the complete genomic sequence of the most significant of the human malarial parasites,

P. faleiparum, will be available by 2002. In addition, sequencing of many other pathogens of intercst to TDR
15 under way, in part spensored by TDR.

Many pharmmaceutical compantes have utilized genomic information from human pathogens for the discovery
of dig targets and potential vaccing antigens, but very lew, if any, are engaged in drug or vaccine discovery
research for the discascs of interest to TDR. It 1s therefore imperative that, where possible, public sector
organizations and academic scientists interested in tropical diseases interact and learn from these industrial
endeavours and trv and apply them to tropical diseases.

In addition, post-genomic tools are being rapidly developed for organisms, such as yeast and C. elegans,

which are of scientific interest. Here too, tropical disease scientists can learn and develop appropriate tools
for their pathogens.

TDR has recently reorganized its struclure to enable it to approach the funding of drug discovery and vaccine
discovery in a more focused way. It 15 also further developing its capacity to develop and register products,
preferably with private scetor partners, and so realise the full potential of any scientific discoveries that arc
madc. Key to the future efficient use of TDR funds will be an appropriate and efficient funding of functional
genonue research, often in collaboration with other agencies,

it was wath these thoughts in mind that this meeting was organized. Concwrrent with these needs, and integral
to the philosophy and process of TOR. funding, cmphasis was also laid on the need to ensure that adequate
opporturity and assistance 15 provided to developing country scientists and institutions to participale in these
new technologeal developments. Ultimately, the best way to ensure the sustainable discovery and
developrnent of tropical discase products 15 to develop the capacity and resources for their regolution in the
populations that are afflicted by these discases.
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2, Status of Genome Sequencing for Tropical Disease Pathogens

By far the greatest tropical disease pathogen sequencing effort is the P. falciparum project. This is being
carried out collaboratively by TIGR (chromosomes 2,10,1 1,14, approximately 10 Mb), the Sanger Centre
(chromosomes 1,3.4,5,6.7,8,9.13, approximately 16 Mb) and Stanford (chromosome 12, approximately
2.5 Mb). The project 1s funded and resourced by the NIH, the U.5, Navy, The Burroughs Wellcome Fund and
The Wellcome Trust and 1t 15 hoped to have the sequencing completed by 2002, This sequencing project is
bigger than for any previous pathogen. The P. falciparum genome is approximately 28 Mb, compared to 1
to 2 Mb for the average sized bacterium. To best describe this discrepancy the term bacterial genome

equivalent (BGE) was coined at the meeting. The P. falciparum genome thus corresponds to approximately
20 BGEs.

For many years TDR has promoted the concept of genomic approaches to its target pathogens, TDR
resources being limited, and malaria genomic sequencing being adequately covered by other agencies, TDR
has concentrated its funding on the sequencing of other parasites that fall within its remit:

s Leishmania

«  Trvparosoma brucei
«  Trypanosoma cruzi
+ filarial worms

+  Schistosoma

The status of these genomic efforts is outlined below. The magnitude of the problem compared to previous

pathogens sequenced is illustrated by the fact that together these organisms amount to approximately 520
bacterial penome equivalents (BGE).

Leishmania

The strain selected for sequencing is L. major Fniedlin, genome size 35 Mb (30 BGEs)

» The genome 1s globally mapped in cosmids
« There are 2000 ESTs of which 350 are mapped

= Genome sequencing is under way. Chromosome 1 ( 250 kb) is complete
= Further funding is available

- NIH 10.00 Mb 29.8% US $ 4.2 mullion
- Braal/WHO 0.92 Mb 2.7% US § 0.5 million
- EU 377 Mb 11.2% US § 2.5 million
- Welleome Trust 0.47 Mb 1.4% US § 0.5 million

Total 15.16 Mb 45,1% US § 7.7 million

Trypanosoma brucei

The strain selected for sequencing is Trypanosoma brucei 927, genome size 25 Mb (20 BGEs) (plus 10 Mb
of minicircle DNA, which 1s not being sequenced)

= Of || chromesomes, chromosome 1 is mapped completely and the other 10 are partially mapped
+ 3230 ESTs arc available of which 400 are mapped to PFGE karyotypes
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« NIH/USAID funding of US § 2.5 million is available
- an imitial quick one-pass sequencing of a cosmid library from BAC ends is planned and should give
approximatcly 75% coverage
- this will be followed up chromosome by chromosome
= Wellcome Trust funding for sequencing chromosome 1 is under review

Trypanosoma cruzi

The strain selected is Trypanosoma cruzi CL Brenner, genome size 60 to 80 Mb (70 BGEs)

» ¢DNA and cosmid hbraries are ordered and gridded
~ 4800 ESTs are available
* 4 chromosomes are mapped and a global mapping strategy, based on a cosmid library, is in progress
+ The genomic sequencing currently lacks power, compared to the size of the genome
- 60% of chromosome 3 (0.8 Mb) has been sequenced
- small initiatives are under way in Brazil, Argentina and Uppsala

Filariae

The main project currently in progress is Brugia malayi, genome size 100 Mb (100 BGEs)
» 14 000 ESTs are available, accounting for approximately 6000 genes

»  Mapping 15 under way using ESTs and BAC library end sequencing

« A small pilot genomic sequencing project is under way (end sequencing and walking)
There 15 also a project on Orchocerca valvulus

+ 2300 ESTs are available

Through Synteny there is a link into the €. elegans project

Schistosoma
The main project is on S. mansoni, genome size 300 Mb (300 BGEs)

» Several cDNA libraries are available; adult; cercariae; eggs; miracidia, A YAC hbrary is available and
cosmid and BAC librarics are under construction '

» 5000 ESTs are available

+  No genomic sequencing in progress. The policy has been to select genes of interest from ESTs, obtain full
length clones and express them for biochemical analysis
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3. Meeting Report

The Programme for the mecting, with speakers, topics, chairpeople and rapporteurs for the different sessions
is provided i Appendix 1.

Detailed abstracts of the individual presentations are provided in Appendix 2.
A full ist of participants is provided in Appendix 3.
As previously mentioned, the meeting fell into several main sessions:

»  Sequencing and bioinformaties

+  Tools to assist with analysis of genomic information

» Strategic application of tools for drug discovery

»  Genetic manipulation of organisms to assess gene function
+  Strategic application of tools for vaccine discovery

This was followed by a round table discussion that led to several recommendations.

These sessions are summarized below.

Sequencing and bioinformatics

Hamilton Smith (Johns Hopkins University, Baltimore, US and TIGR) described how experience from
carly sequencing projects has greatly expedited morc recent work at The Institute for Genomic Research
(TIGR). Construction of a random genomic library containing single, small {1.5-2 kb) cloned inserts is of
critical importance, Whole genome shotgun scquencing (to approximately 7-fold coverage) has been
preferable to cosmid sequencing approaches, at lcast for small genomes. Sequence assembly is most cfficient
if carried out for all contigs in parallel, although this requircs substantial memory, Altering various
parameters for contig assembly (such as the word length uscd for comparison) may be necessary for
sequences of ioited complexity (repeats, A/T-rich genomes). Gap closure remains the most time consuming
and cosily process in genomic sequencing. Sequence gaps are filled by primer walking; physical gaps can
often be ¢himinated by combinatorial PCR. Gene identification has been relatively straightforward in
prokaryotic systems, and graphical displays have proved uscful for visualizing the various classes of protein
identified.

Whole genome analysis reveals a surprisingly small set of universally conserved genes, and it is also
surprising to note that multiple novel gencs have emerged from each new genome. Numerous examples of
apparent lateral transfer of genetic information are evident. Important emerging technologies include the
development of capillary systems (which should reduce the cost of shotgun sequencing), and high-intensity
dyes for direct sequencing of genomic DNA (converting all physical gaps to sequence gaps).

Daniel Lawson (Sanger Centre, Cambridge, UK) discussed sequence annotation, focusing particularly
on problems ¢neountered as a consequence of the rapidly expanding databases. Manual annotation is a labour
intensive process, which is prone to human error and rapidly outdated. More worrisome still, annotation
errors and outdated or incorreet functional assignments proliferate in silico, as new sequence annotation is
based on comparison with the (erroneous) information alrcady in the database. These dangers serve to
highlight the need for automated annotation based on objective criteria, Such systems should be rapid,
consistent, and robust. Various strategies for such annotation are being explored by different groups, with
the Sanger Centre moving towards automated annotation of protein families defined in the ‘Pfam’ database
{based on a hugh quakity Markov model).
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Michael Galperin (National Center for Biotechnology Information, Bethesda, US) discussed the
opportunities that the genomic sequences from multiple specics offer for cross-genome comparisons.
Comparative analysis was carried out on seven completed microbial genomes based on clusters of
orthologous genes (COGs; groupings of closely-related penes from different organisms, that are presumed
1o be homalogous). The presence (or absence) of individual species in a COG grouping can highlight changes
in mectabolic pathways. Differences in amino acid and de nove pyrimidine biosynthesis pathways were
highlighted. Comparison of pathogenic vs. non-pathogenic organisms reveals putative changes associated
with pathogenicity, and may facilitate the identification of candidate drug targets.

David Roos (University of Pennsylvania, Philadelphia, US) discussed the value of random cDNA
scquencing projects (Expressed Sequence Tags: ESTs). In comparison with genome scquencing projects,
cven relatively small-scale EST projects can provide a great deal of useful information at rclatively low cost
{(in contrast, the value-per-dollar for genomic scquencing is Jow at the start of the project, but rises
dramatically as the project nears completion). Data from the Toxoplasma gondii EST project have been
compiled in a web-accessible database, providing information on strain-specific polymorphisms, stage-
specific genes, pene identification, and capability for sequence- and text-based queries. The informatics tools
used to establish the 7' gondii EST web site have been automated and applied to data from scveral other
parasitic specics, available at <http://daphne humgen upenn edu:1024/ParaDBs/index html>, The need for
new informatics tools to facilitate exploration of exploding genomics databases was stressed, as was the
serious shortage of 'bioinformaticians' capable of developing these tools.

Considerable discussion ensued over opportunities in this area for scientists in disease-endemc countrics
(DECs). Computational biology research provides an unusually level playing field as this work is relatively
independent of expensive equipment and extensive infrastructure. Well-trained computer scientists and
biologists are readily available in many DECs.

Malcolm Gardner (The Institute for Genomic Research, Rockville US) described sequencing of the
malaria genome, focusing on Plasmodium falciparum chromosome 2, which was purified by pulscd-field
clectrophoresis for plasmid library construction (1.5-2 kb msert size) and shotgun sequencing. Sequencing
of this approximately 1 Mb chromosome is near completion, requiring ¢losure of only two sub-telomenic
zaps. In addition to the strategies outlined by Dr. Smith, ir vitro transposon insertion into cloned plasmid
DNA was very uscful for introducing primer sites for sequencing across particularly A/T-rich regions.
Primary sequence data for chromosome 2 are available at the following address,
<http:/www.tigr org/tdb/mdb/pfdb/pfdb html=, and TIGR is annotating the finished data (in collaboration
with NCBI) prior to submission to public databases. Sequencing of chromosome 14 is now under way, and
il i expected that the use of doubly gel-purified chromosomal DNA, dye-terminator chemistry, and assembly
software optimized for Plasmodium sequences will facilitate more rapid completion of this and other
chromosomes.

Preliminary analysis of the assembled sequence information from chromosome 3 (Dan Lawson, Sanger
(cntre) indicates a gene density of approximately | per 4.5 kb, providing an estimate of 6000 genes [or the
entire . falciparum genome. Introns arc present in approximately 23% of all genes identificd.

Tools to assist with analysis of genomic information

Flizabeth Winzeler and Ron Davis (Stanford University, US) outlined the current status of genomics
studies in yeast, which can be viewed as a modcl diploid organism of particular relevance to the kinctoplastid
parasites such as Trypanosoma and Leishmania.

Advances in, and the applications of the Affyvmetrix microarrays with respect to Saccharomyoes cerevisiae
research, were presented. Transcriptional analysis using thesc microarrays based on the strain $96 allowed
for the identification of many transcripts which fluctuate consistently in consonance to the cell cycle.
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Exanunation of the DNA sequences upstream from these genes revealed various motifs that are speeific or
relatively specific for temporal expression. As approximately 20% of the genome 1s currently represented in
these microarrays, it is possible to use them for genetic analysis of other yeast strains, including wild 1solates.
After anncaling with DNA isolated from the virulent strain, YJM789 it could be immediately coneluded that
approximately 40 genes are non-essential in the Saccharomyces cerevisiae penome. At a more detailed level,

nearly 3000 allelic differences could be discerned that can be used as genetic markers between the two strains,
596 and YIM789

A method for tagging of deletion mutants, using an elegant primer design, was described. All mutants are
individually labelled with two tags determined according to precise rules, such that no ambiguities can arise
i future experiments. The “Yeast Communily” has apparently rcached a consensus regarding to how to
proceed m the post-genomic ¢ra with respect to mutations and the analysis thereof. This underlined a major
theme of the meeting, namely, the need for detailed coordination between the different laboratories working
with the same organism. Such coordination, although demanding concessions from all involved, is extremely
important as it avoids duphication, and therefore the squandering of scarce financial resources.

The sequence tags are also a useful tool for following the growth of deletion mutants in mixed populations
using a microarray displaying all possible tags as a monitor. Deletion mutants were also suggested as a tool

for drug discovery in that they present a method of achieving gene dosage, the diploid heterozygote being
2n-1 for the desired gene.

Dan Carucci (U.S. Maval Medical Research Institute, Bethesda, US} discussed the application of DNA
microarray technology and optical PCR to the study of P falciparum. As a cheaper altemative to the
Aftymetrix chip, it was possible to use DNA templates gencrated by PCR in 96-well plates and subsequent
robotic spotting onto glass to generate sequence arrays of up to 10 000 spots per shide. After hybnidization
wilh fluorcscent labelled ¢cDNA, these could be read with a confocal microscope as a means of obtaining pene
specific transerniptional activity. The advantages of this system were its relatively low cost and low
hybndization volumes; the main disadvantage was the need to generate each PCR product separately, with
unique primer pairs. A pilot project had been initiated using 20 ORFs from P. faleiparum. A more
fundamental problem with P. falciparum was the fact that many life cycle stages were not available in
sufficient quantity to extract enough RNA for this type of study,

As an alternative, quantitative PCR techniques using optical detection methods were described. The Tagman®
system is well established and works by incorporating a fluorescent reporter and quencher into a single
oligonucleoude that 1s then hybnidized to a defined target sequence. Using a separate downstream primer,
gxtension into the marked sequence hberates the reporter into solution were it can be detected by
fluorescence. By monitoring the production of fluorescence with eycle number and keeping withun the lincar
portion of the amplification reaction, a quantitative measure of the original scquence can be obtained. The
current problem with this approach is its cost. A scparate reporter oligo is required for each sequence and
these currently cost approximately $300 cach. A cheaper allernative is the Sunrise® uniprimer system in
which a universal reporter sequence can be altached by PCR Lo any larget sequence; subsequent amplification
and detection leading to the same fluorescent readout. This has a clear advantage in terms of cost, but may
suffer from specificity problems as alternative non-specific PCR products will also be assayed in this system.

The discussion was restricted to the problems of the linearity of PCR reactions and their ability to be
quantitative, It was however pointed out that the sensitivity of these systems was such that quantitation was
always carried out at low cycle number where amplification was still linear.

Chris Gray (Hoffmann-La Roche, Basel, Switzerland) gave an introduction to proteomics and described
its application in conjunction with bacterial genoruces. The sensitivity and accuracy of mass spectroscopy has
improved to a point whereby the polypeptide(s) contained within gel spots detected by Coomassic bluc
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staining after 2D-PAGE can be unambiguously identified. This is only possible for the analysis of organisms
for which the genomic sequence has been determined.

The results of experiments with bacteria using cither a continuous or a pulse label would indicate that only
a sub-popuiation of cells incorporates the label (**$-Methionine) during pulse labelling. This finding raises
the question of whether all cells in a culture are simultancously stimulated (or inhubited in the examples where
antibiotics are added). This point is also relevant to transcriptional analysis, as the isolated RNA is
representative of the total cell population, Increases in less abundant, but nevertheless important, regulative
RNAs may be missed as the difference in signal intensity could be diluted out.

Examining the cells’ response to inhibitors of folate biosynthesis was presented as a demonstration of the
relative complexity of results that will be obtained in experiments addressing global expression. The
correlation of intensity patterns resulting from the stimuli of various antibiotics suggests a speedier method
for the determination of target pathways for antimicrobial compounds of unknown modes of action. Such
correlation analysis can be incorporated into the drug discovery process, running in parallel with chemical
programmes for drug optimization.

The present deficiency in software designed to handle the profusion of data produced in the analysis of global
cxpression was recognized as an area where input from the bioinformatics community is required.

Strategic application of tools for drug discovery

Wolfgang Keck (Hoffmann-La Roche, Basel, Switzertand) discussed aspects relating to the selection of
microbial chemotherapeutic targets. Many important bacterial genes were originally related to particular
phenotypes brought about by mutation. However, it is important to remember thiat the phenotype does not
necessarily directly reflect the function of the gene. One particular genotype may give rise {0 various
phenotypes depending on the cavironmental conditions.

Grenomic studies can lead to new insights and surprises with respect to microbial biochemistry that might be
utilizable for chemotherapeutic design. However, to obtain the full benefit of this new information it bas to
be assessed together in the broader context of the scientific literature and to develop appropriate tools to
assist in this. One approach possible for bacteria is the generation of a high throughput (regulatable) gene
knock-out approach, Another important aspect is to link genomic information with 3D-structures where these
arc available, as this may reveal novel relations between different gene products and identify new families
of proteins, for example with similar catalytic mechanisms that could be utilized for drug design. A future
challenge for genomics lics in the potential discovery of new functional biological networks, e.g. moving
beyond the classical Bochringer table of Biochemical Pathways that may in turn lead to new chemotherapeutic
approaches.

There is a need for better standardization of the biological starting material used for genomic research, There
is also a nced for new tools for data interpretation and genomic visualization of data. Above all there is a need

to translate biological diversity into chemical diversity and to fully integrate genomics into drug discovery
R&D. -

There was some discugsion on the value of virulence factors as chemotherapeutic targets. The view was
expressed that, as virulence factors were very often species specific, there might be a problem in utilizing
them as targets where the end zoal was the treatment of multiple species (e.g. broad spectrum antibacterials,
multiple malaria species that infect humans, multiple leishmania species, etc.).

David J. Parry-Smith (Cambridge Drug Discovery Ltd., Cambridge, UK) discussed the application of
Ricinformatics to pharmaccutical drug discovery, The main points were that Bioinformatics has an important
role to play in target validation and stimulates interaction and ideas with other disciplines in drug discovery
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{(biology. chemustry, molecular biology). The need is to narrow the focus on genes that have validity as
targets. For example, the human genome project will identify about 100 000 genes, but at present only about
450 arc pursucd as targets by industry and academic researchers. In industry there may be a need to develop
an casy/confidential accessible m house genomic/bioinformatic database, Transcriptome (mRNA expression
profiles m the e¢ll) may provide information to complement genomic information, and EST sequencing can
generate a lot of useful information very quickly.

Discussion focused on the value of moving from EST sequencing o full length ¢cDNA sequencing, TIGR is
explonng this possibility.

J. Julio Martin (Glaxo Wellcome, Madrid, Spain) discussed screening methodologies for
chemotherapeutic targets. He pointed out that there was no one way to guarantee the successful discovery and
development of a new drug. Each project has its own dynamics depending on the target, the chemistry, the
people involved and the organization in which those people work. He also pointed out that, despite the
massive mvestments of the pharmaceutical industry, only 10% of compounds entering clinical trial achieve
regstration. Also, only about 20% of drug discovery projects lead to a clinical candidate, Historically, there
have been several approaches to drug discovery: (1) the oldest was driven by chemistry and serendipity and
included random screening and testing in model systems, e.g. the f-lactam antibiotics; (i) next came the
biology driven, rational approach to drug discovery e.g. the HIV aspartic proteinase mhibmtors: (i) we arc
now entering a new era of genomics where we are hoping to be predictive about the quatities of our target,
as well as rational about the development of inhibitors. However, it needs to be said that genomics as an
approach to drug discovery still needs to be proven. We will not truly know how valuable it is for another
decade, by which time there is a chance that there may be some genomic initiated products on the market.

High throughput screening is an essential complement to the genomics approach. Several screening terms
were defined: A HIT is a sample that ts active (according to some pre-established principles) in a primary
screening assay; a LEAD is a compound that 15 active also in secondary assays and that 1s ‘worthy’ of further
chemical modifications, Successful high-throughput screening (HTS) is based on a wisc combination of
several factors (proper target selection, chemical diversity of samples, screening assay design, screening
throughput, and overall tactics. Targets must offer the potential of providing specific inhibitors against the
organism of interest, bul it is also important to remember they need o be screenable, i.e. a simple assay must
exist, otherwise they cannot be utilized. For screening to be cffective, there needs to be a high degree of
chemical diversity in the screening libraries, It was quoted that, on average, >400 000 compounds of low
molecular weight (< 600 Da) are needed from a high quality library to produce a new lead. This figure will
no doubt differ frem company to company depending on the stningency applied to screening asscssment. A
dilermmaa constantly facing screeners was the relative value of screening against natural products, which often
produces interesting results but requires a lot of downstream resources in terms of structure elucidation, and
low molecular weight compounds.

Several technological advances are available to assist high throughput screening, e.g. scintillation proximity
assays, promoted by Amersham, and numerous fluorescence-based assays. Some sophisticated genctic
manipulation allowing the detection of compounds specifically inhibiting yeast genes as opposed to human
genes in a yeast cellular assay was also described. In addition to specificity, such assays have the addad
advantage that the ‘lead’ compound is also known to be capable of entering the target cell as well as
specifically hitting its molecular target, Other propertics relating to determining the potential of a compound
to become a “drug’ as opposed to an enzyme inhibitor are also important and are being incorporated into
screening formats. These include physicochemical and biopharmaceutical properties relating to their potential
for oral adsorption and easy formulation. Pre-screening techniques ‘in silico™ are also being developed.

Discussions centred on the value of genomics and HTS to drug discovery. It was acknowledged that we
needed more time to assess its practical impact. It was also pointed out that, in the short term, genomics
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increases the cost and complexity of drug discovery. Prioritization of molecular targets is key to realizing the
potential of this approach,

Genetic manipulation of organisms to assess gene function

There wore three presentations in the general arca of Plasmodium, one presentation on Toxoplasma as a
potential model for Plasmodium, two presentations on Leishmania, one presentation on trypanosomes and
one presentation on (. elegans as a mode] helminth.

Plasmodium

Tom Wellems (NIH, Bethesda, US) described the integration of genetics and genome characterization as
a means to identify genetic loci responsible for determinants of phenotypes of interest in Plasmodium
falciparum, This has involved the establishment of a microsatellite map for P. falciparum and its usc as a
tool for the rapid identification of loci encoding recognizable traits in genetic crosses of the parasite. The
density of the microsatellite map is between | and 2 ¢M. Microsatellites in P. falciparum are highly
polymorphic, almost exclusively composed of AT residues, and range between dimer and pentamer in their
complexity,

Chloroquine resistance was given as an example of a phenotype that was pinpointed through the use of
microsatellite mapping facilitating the identification of two genes, cgl and cgZ, that are strongly linked with
the phenomenon, Transfection technologies are now being applied to investigate the role of specific point
mutations found in the genes.

The density of the map is such that it is now possible to consider utilization of the map in the analysis of
complex genctic traits in crosses between defined clones. These particular traits are of a type known as
quantitative trait loci. This requires a marriage between the physical analysis of the microsatellite arrays in
progeny of the crosses and a complex mathematical treatment. Quinine resistance was given as an apparently
multilocus trait which requires this type of analysis and will prove whether this type of analysis can help in
the identification of genes that govern phenotypes of interest.

Alan Cowman (WEHI, Melbourne, Australia) spoke about the application of genetic transformation using
gene knockout, complementation and transgens expression in Plasmodium falciparum 1o study gene function.
Genetic transformation of Plasmodium falciparum has been possible since 1995, Integration techniques
have been developed which have permitted the specific disruption of chosen genes. Integration invariably
follows a single crossover mechanism that can be harnessed to provide either gene disruption or allelic
conversion introducing specific mutations into the targeted gene. For cxample, knob associated histidine-rich
protein (KAHRP) was shown to be responsible for the formation of knob structures on the surface of the
infeeted crythrocyte, The knob structure was shown to be essential for binding to cndothelial cell surface
ligands only under experimental conditions that mimicked the flow stresses found in capillaries.

Allelic conversion was used to demonstrate the role in sulfadoxine resistance of point mutations in the genc
sncoding the dihydropteroate synthase (DHPS) activity of P. falciparum. Mutations found only in the form
of the gene isolated from sulfadoxine-resistant parasites were introduced into the DHPS gene of sensitive
parasiles and these genetically manipulated parasitcs were shown to be newly resistant to the drug.  Levels
of resistance varied according to the specific mutations but corresponded to those levels found in naturaily
resistant parasites bearing the same mutations,

Lastly a strategy of targeted gene knockout has been employed 1o demonstrate a previously suspeeted
redundancy in pathways of ervthrocyte invasion employed by the parasite. Numerous genes were targeted
taking advantage of the parasite haploidy. It is postulated that 2 gene essential to the invasion process cannot
be disrupted whereas a redundant gene can. merozoite surface protein-1 (MSP-1) and apical membranc
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antigen-1 (AMA-1) could not be disrupted whercas rhoptry associated protein-1 (RAP-1), a rhoptry protein,
was successfully inactivated. Antibodics to RAP-1 inhibit erythrocyte invasion by the merozoite yet the
protcin is dispensable. This implics that mutant parasites might escape a vaccination protocol based solely
on RAP-1. This demonstrates one immediate value of gene knockout studies, which is to validate vaccine
candidate antigens on the basis of their esscatial nature. RAP-1 fails this test.

There was some discussion as to whether the success{ul knockout of a malarial antigen invahdated 1t as a
vaceine candidate,

A continuing problem of transfection studies that was highlighted is the low cfficiency of the transfection
procedures currently available.

Andy Waters (Leiden, Netherlands) described investigations of Plasmodium biology made possible by
transfection of the rodent model parasite, Plasmodium berghei. and re-emphasized the problems of the low
efficiency of transfection procedures,

The rodent P. berghei model makes more of the Plasmodium life cycle easily available for study of the
consequences of genetic manipulation than is currently possible with P. faleiparum. Yet the efficiency of
transfection is still low, precluding studics which would allow the use of sophisticated approaches to the
isolation of stage specific genes or screening of libraries for specific gene activities. The tools to permit these
approaches, plasmid vectors for the efficient expression of transgenes and reporter genes (lnciferase and
green fluorescent protein), have all been developed. Isolation of transformed parasites 15 rapid (10 days) as
it 15 porformed in vive. Specific transgene expression of AMA-1 (an erythrocytic stage vaceine candidate)
and Pbs21 (a transmission blocking vaccine candidate) both emphasized the tight link between timing of
transcription of transgenes and subsequent subccllular location of the translated protein, They also
demonstrated the ability of transgenic parasites to produce correctly folded proteins iz rrans and raised the
possibility for studying the mechanisms of translational control of gene expression in female gametocytes.
Integration in the P. herghe! genome takes place by cither single or double crossover mechanisms, Knockout
of the Pbs2] gene reiterated the existence of prolem redundancy i Plasmodium and the potential relevance
of this for the validation of vaccine candidates. The only obscrved phenotype of the disruption of this gene
15 a reduced tendency of cultured mutant ookinetes to cluster.  Knockout of the circursporozoite protein (CS)
and thrombospondin-retated anonymous protein (TRAP) genes, however, has demonstrated essential and
specific protein functions. Single crossover integration is a reversible event that takes place at an observable
frequency in the parasitc and, in the casc of TRAP and the stage specific rRNA genes, has been used to infer
functionality and that the target gene 15 essential.

It was concluded during the discussions that the transfection technologies need further development to
improve efficiency. The use of microsatellite sequence might facilitate random integration. More selectable
markers are required as is inducible pene expression. It is clear that such systems for the systematic analysis
of gene function in Plasmodium will be crucial for the identification of useful drug targets and vaccing
candidates as the ~6000 genes of the complete genome continue to be charactenzed.

Toxoplasma gondii

David Roos (University of Pennsylvania, Philadelphia, US) discussed functional genomics in the
apicomplexan parasitc Toxoplasma gondii. One of the important aspects of genetic research on Toxoplasma
1s that it provides a more experimentally tractable system for studymng malaria since Toxoplasma and
Plasmodium are both members of the phylum Apicomplexa and therefore have a wide variety of closely
related gencs. Molecular genetic tools used for Toxoplasma research permit transient and stable
transformation using inlcgrating or cpisomal plasmids, gene largeting by homologous recombination, and
saturation mutagenesis of the entire parasitc genome by non-homologous plasmd integration. The wide range
of host cells available for Toxoplasma makes 1L possible 1o determane what the parasile can do for tsclf and
what it requires from the host, Classical genetics is also possible through sexual crosses in cats. Of equal
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importance for both drug design and vaccine development, there are now 10 000 Toxoplasma gondii
sequences available in an EST database.

Another interesting feature 15 that it is possible to carry out detailed ultrastructure studies on Toxoplasma,
and this has led 10 the realization that the 35kb episomal DNA clement is not in the nucleus but 1s rather in
a novel organclle termed the apicoplast. The apicoplast appears {o have originated by secondary
endosymbiosis of a green algal plastid. This organclle is essential for survival, providing another potentially
important target for drug design.

Itis apparent that the recent advances in studying Toxoplasma have had, and will continue to have, major
implications for drug design and vaccine development against Plasmoditm and other medically important
members of the phylum Apicomplexa.

Leishmania

Jonathan LeBowitz (Purdue University, West Lafayette, US) discussed the use of chromosome
fragmentation for Leishmania genome studies. The field of genetic research in Leishmania has progressed
rapidly due to the advances in genetic tools such as plasmid transfection and selection as well as gene
targeting using homologous recombination. In this manner, it is possible to insert genes and delete genes from
the Leishmania genome. However, one of the major disadvantages is that Leishmania has a diploid genome,
thus gene targeling must be camied out on two alleles to obtain a homozygous genotype. This makes it more
time consurning to develop Leishmania which are phenotypically affected by gene targeting,

One of the ways in which the problem of the diploid genome can be overcome is to carry out chromosome
fragmentation to delete large regions of one of the chromosome pairs. Data were presented that show this
approach is feasible in L. mexicana, This methodology has a number of promising applications for
Leishmania including the mapping of centromeres and the generation of partial haploid lines which would
facilitate functional assessment of Leishmania genes identified in the course of genome analysis,

Greg Matlashewski (McGill University, Montreal, Canada) discussed the use of antisense RNA to
characierize virulence genes in Leishmania. Although gene targeting has been well established for studying
gene function in Leishmania, this approach does have limitations, One of these is that the genome is diploid
and thus two rounds of targeting are generally required. Another problem is that many genes are tandemly
repeated, etther with themselves or with unrelated genes, making it difficult to clone flanking regions and
carry out speeific gene targeting. One of the ways to overcome these potential problems is to express plasmid
derived antisense RNA complementary to the mRNA which is to be deleted from the parasite. This approach
has been used successfully to develop L. donovani which was deficient in an amastigote specific protein
termed A2, It was revealed that amastigotes deficient in A2 were viable in culture but severely attenuated in
vive in mice. [n this manner, the antisense RNA approach was used to demonstrate that the A2 protein is an
amastigote specific virulence factor.

It was also revealed that the herpes virus TK gene could be targeted to the A2 locus for expression in
amastigotes and this resulted in amastigotes which were sensitive to ganciclovir, an anti-herpes virus drup.
This represents another approach to developing amastigotes which could be stably attenuated when treated
with a common anti-viral compound. The removal of virulence gene products together with the insertion of
toxic genes could provide a foundation for developing stably attenuated strains of L. donovani for potential
vaccines. The development of the antisense technology in Leishmania could also represent a sigmificant
saving in time and cost associated with a Leishmania genome project.
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Trypanosomes

Christine Clayton (University of Heidelberg, Germany) described reverse genetics approaches applicable
to the diploid trypanosoma. The general low degree of homology observed between many Lrypanosome 2enes
and those of other species means that EST databascs are potentially less useful for assigning function, putting
a premium on the need for other methods o cnable Tfunctional assignrmcnts. Also, gene regulation in
trypanosomes is post-transcriptional, therefore proteomics approaches may prove valuable in the future.

Transformation of kincloplastida by clectroporation i3 possible and homologous integration oceurs at high
frequency. A system has been developed that allows the ercation of inducible knockouts in 7 drucei. This
relies on the replacement of both the original copies of a given gene by copies under the control of a
tetracycline inducible promoter. Trypanothione reductase has served as the initial model for these
investigations. The studies have confirmed the validity of trypanothione reductase as a drug target and
allowed a more detailed investigation of the interplay of factors associated with the control of oxidative stress
in 7" brucei, including the potential for inhibitors of trypanothione reductase to act synergistically with certain
classes of trypanocidal' drugs.

Similar inducible knockout approaches are also m progress in Eeishmania and 7 cruzi Discussion centred
on gene regulation as a potential target for the kinetoplastidae.

C. elegans

Patricia Kuwabara (Cambridge University, UK) discussed reverse genctic approaches being applied to
(. elegans and outlined potential spin-offs for studies on parasitic nematodes. The genomic sequence of
(. elegans 1s approximately three times that of yeast and is due to be completed this year. Approximately
60% of genes appear to be related to functions specific to multicellular organisms and some may be nematode
specific. It is a valuable model organism as the genetics, molecular biology and cell lineage are well
understood and there is minimal redundancy in its developmental pathways. ESTs have also proven important
for venifymng gene expression. Multiple splicing is observed and a complete transcription pattern
{transcriptome) is planned,

A powerlul reverse genelic tool for assessing gene function 1s that of RNA interference. The procedure relics
on microinjecting scquence specific RNA into the hermaphrodite germ line syncytium, thereby eliminating
both maternal and zygotic gene activity and resulting in mutant progeny. In the absence of a genetic mutant,
the temporal and spatial pattern of gene expression can still be examined using reporter constructs containing
either green fluorescent protein (GFP) or lacZ . Mutant worm "libranies” can also be obtained by treating
populations of worms with mutagens that generate small chromosomal deletions. Worms are then pooled

combinatorially to facilitate identification and recovery of a delction, which is detected by systematic nested
PCR.

Strategic application of tools for vaccine discovery

Ling Lissolo (Pasteur-Mérieux-Connaught, Lyon, France) very eloquently deseribed the application of
genomic techniques to the discovery of candidate vaccine antigens against the bactenial pathogen A, pylor:
strain 26695, She and her colleagucs decided to take a recombinant protein approach, This required pre-
selection of potential candidate antigens using bioinformatics, expressing these antigens using an £. coli

hexa-His tag expression system, preliminary purification and then challenging in a murine H. pylori infection
model.

The most important aspect of the project was coordination of the appropriate groups and expertises required
{computing group, molecular biology group, biochemistry and protein purification group, microbiologists)
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and the establishment of appropriate evaluation criteria for selection. From the entire H. pylori genome it was
decided (o concentrate on potential membrane proteins. Of the proteins selected in silico approximately 70%
were expressed. These were then purified and used to orally immunize mice, which were later challenged with

a laboratory strain of H. pylori and the bacterial load that developed in the stomach of the animals was used
as the final readout.

iHigh level protection was obtained with several antigens, equivalent to that obtained with the previous best
candidates which had been selected by traditional approaches, and 12 were selected for further study. This
follow-up included knockouts to establish functional significance, non-varability of the antigen and its
presence in all isolates, patient serology and the ability to prepare clinical grade material.

The presentation generated considerable interest and discussion, The resource requirements were not too
significant {(approximately eight FTEs) though it was stressed that these were located in cloge proximity in
an oplimal environment with a vast range of expertise. It was felt that such an approach may be feasible in
a non-industrial environment if' a group was sufficiently well focused, What was reassuring to the group was
that although the Pasteur-Mérieux-Connaught group had started their research from an entire genome, the
number of candidates had rapidly been reduced to 12, a manageable number, In addition new potentially

efficacious antipens had been identified that had not been previously identified despite many years of classical
research,

steve Hoffman (US Naval Institute for Medical Research, Bethesda, US) discussed the use of DNA
vaccine technology to facilitate the process of moving from genomic sequence and annotation to new
vaccines, with a major emphasis on malaria. The discussion was based on two models that exemplify the
extreme approaches of malaria vaceine development. The first model is the radiation attenuated sporozoite
model, whereby volunteers subjected to bites from irradiated mosquitoes develop immunity. This immunity
is largely CTL-mediated and is directed against the liver stage parasites. The second model 1s the naturally
acquired immunity found in endemic populations where the disease is not eliminated, but the frequency and
scverity of blood stage infection appears to be reduced., It is believed that this ‘resistance’ is largely antibody-
mediated.

It was proposed that a “big science” genomic approach was required to fully utilize the “big scicnee’ genome
sequencing effort that had been mitiated on P. falciparum. Regarding liver stage CTL-mediated immunity
and crythrocyte stage antigen-mediated immunity, it was proposed to identify all proteins expressed in the
liver stage and blood stage that might contribute to such immunity and then to further characterize them in
terms of carrying potential CTL epitopes, surface expression, cte. A preliminary strategy to further cvaluate
these genes based on DNA vaceine technology was outlined. Genes for the respective stages could be pooled
into a DNA, immunization vector library termed a *vaccinome’. A direct approach would be to use librarics
or pools of vectors encoding P, falciparum genes to inoculate volunteers to detect protective antigens. An
alternative would be to use a rodent malaria homologue genome to select genes of interest and hope their
cffect would transfer to the human P. falciparum infection.

The concepts outlined led to much discussion. Some felt that this could be initiated already to some extent
with existing antigens. The potential problem of polymorphism would still need to be addressed. The
potential regulatory issues surrounding DNA immunization would also have to be addressed. The dilemma
15 one that has bedevilled malaria vaccine research, and vaceine research in general, since its inception. How
soon, and on what basis, can one enter human trials?

Jennie Blackwell (Cambridge University, UK) further cxpanded on the potential valuc of applying DNA
vaccine technology to developing the output of parasite genome projects, with a special emphasis on
Leishmania. Her laboratory is working 1o develop a “pooled DNA vaceine strategy” using cDNAs developed
as part of a Leishmania EST sequencing project. Pilot studies were carried out with vectors encoding several
defined antigens (plus and minus signal sequence; at a range of single and multiple doses; by both s.c. and
L. routes). A standard protocol of 1 x 102 5.¢. was adopted.
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A pooling strategy is now being undertaken for L. major ESTs in susceptible BALB/¢ mice. As Leishmania
genes are intronless this can easily be adapted to the genomic sequencing project. A ¢DNA L. amazonensis
has also been prepared. Successful L. major and I.. amazonensis candidates identified in mice will be tested
in primate models.

Discussion centred on the potential power of this approach to speed up the selection of candidate antigens.

ool i I 1Sk







Genomic information for tropical disease drug
and vaceine diseovery

page 17

4. Round Table Discussion
Dhscussion centred on several major issues,

»  The need for further sequencing efforts

= Appropriate scientific and managerial strategies for post-genomics

« Converting genomie information into drug and vaccing discovery projects

+  Training and research capability strengthening in functional genomic technologies

The need for further sequencing efforts

It is important, in the euphoria surrounding functional genomic developments, that the need to complete other
sequences is not forgotten. It was also noted that the managements of any new endeavours can learm a lot
from the previous and current genome efforts to optimize their outputs and impacts. In addition to the
non-F. falciparum sequences currently of interest to TDR, still other species require sequencing.

1) The following genomes were seen as top priorities:
+ A rodent malaria species ( P. berghei, P. chabaudi, P. yoelii)
- it was felt a rodent species would be of more value than P. vivar
- it was proposed that a small task force, in consultation with relevant agencies, showld decide on
an optimum Specics
- 1L was suggested that a low pass sequencing effort, or sequencing of a mumg bean nuclease
library, might provide a lot of information quickly on the selected species
+ P lmowlesi, another experimental malaria system, could be considered. It can be transformed and
is a good model for P. vivax )
+  Anopheles gambiae is a priority species when considering new methods for the reduction of disease
transmissgion
+  Wucheria bancrofii

uy Inter-agency collaboration was seen as essential:

+ It was felt that there was a need to stimulate other agencies to become involved in large scale
sequencing efforts

+ In the past TDR ‘seed’ funding had served to highlight the need for more sequencing efforts on
specific organisms

+ The significance of funding by agencies other than TDR was rccognised and is documented 1n
section 2 of this report

= The Wellcome Trust observer at the meeting stated the Trust’s comumitment to microbial genomic
sequencing through the Beownlf project. The current emphasis was on bacteria, but there was a
strong inlerest in parasites and a strong interest in collaborating with other agencies

i)  Approaches to optimize the amount of information gained for a reasonable cost was discussed:

+ This was tmportant given that, apart from malaria, we are a long way from obtaining a full genomic
sequence of a tropical disease pathogen. For example funding is only in place to complete 10 to 25%
of trypanosomatid genomes

» It was proposed that sequencing to give 2-fold coverage, without attempting to complete all gaps and
join all contigs, could be done quickly and at reasonable cost

+ The concept of gowng for full length cDNA sequencing as an alternative to ESTs was also proposed

strongly, ¢specially given the technological development in this area at the moment for human
£ENome projects
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1v) The issue of curatorship of sequences and annotation was seen as a critical issue; -

*+ Once sequencing is complete, and even while it is in progress, it was seen as a prime rcspons:blllty
of funding agencies to go to the scientific community to document errors and continuously update
annotatiotr. This obviously requires coordination if more than one agency is involved
- | person per genome would probably be required for quality curatorship :

- The Genbank policy of no third party annotation / alteration of databases was discussed, and
doubts were expressed that this would be appropriate for genomic sequencing efforts

- NCBI would be interested in performing the curatorship service for P. falciparum. A working
group could be built around the £. falciparum genome effort to look into this

= Ross Coppel’s malaria database, funded by TDR, was suggested as a potential model for
organizing the scientific community in this type of effort

- Curatorship of TDR sponsored sequencing projects is in place, though it is unclear how
adequate this would be if there was a rapid increase in sequence data made available

+ It was seen as essential that any anmotation work should be fully integrated with exploratory biology

Appropriate scientific and managerial strategies for functional genomics

In order to move forward effectively and optimally, it is essential that detailed consideration be given to the
scientific and managerial strategies required.

i)

iii)

v)

There is a need for extremely good collaboration and pre-discussion between scientific networks and
funding agencies to ensure that appropriate projects are established and that there is no unnecessary
duplication. Post-genomic planning should begin before genomes are finished. It took a long time to get
the tools in place for yeast post-genomic research,

There is a lot that can be learned from other ficlds of study:

+ (O elegans is a good example of how to integrate sequence with annotation and gene Tunction
The yeast scquencing effort was also singled out as an important example to look at for ideas on how
to facilitate annotation. It also illustrated the need to plan ahead and develop species-wide strategies.
Appropriate ‘tagging’ of genes should start now, e.g. for obtaining information on in vitro vs. in vivo
cxpressed genes

+ A start could now be made with malaria, given that the sequences for chromosome 2 and
chromosome 3 are almost complcte, to devise a future strategzy

« Rescarch groups could be identified as service units for this sort of endeavour

There is a nced to fund the development of appropriate functional genomic tools, e.g. better

iransformation systems, This is often difficult using the traditional funding mechanisms of most

agencies, where the focus is on “scientific discovery’:

« TDR stated it would consider this for priority funding for all parasites within its remit, including
malaria, through its parasite gecnome committes

« It wag realized that interactions with industry may facilitate the development of appropriate tools

It was seen as essential that key genomic reagents and tools should be made widely available to the

scientific community:

+ EST clones should be made available upon request

+ Repositories could be cstablished ¢.g. microarrays ete.

= Some malara repositonies are being established through the MIM initiative and could perhaps be
extended to encompass genomic tools. NIAID is very active in this area and is establishing an
appropriate infrastructore for a malaria resources repository

* Repositories are algo in place for filarial genomic work, but more resources will be required in the
future
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Converting genomic information into drug and vaccine discovery projects

1)

v)

There is a need to interact more efficiently with the private sector (pharmaceutical companies):

»  This 15 being actively pursued by TDR and several other agencies

+  The Wellcome Trust has established a technology transfer company with the intent of speeding up
the rate at which investigator driven research is transferred to the private sector

There is a need to direct functional genomic research towards the validation of drug targets and vaccine
candidates.

Within TDR. there 15 a need for functional genomic research to be coordinated effectively between the
genome and pathogenesis committees of Strategic Research (TDS) and the drug and vaccine discovery
commuttees of Product R&D (TDP).

It is important not to get unnecessarily bogged down in IPR issucs at this carly stage. However, the
issues are clearly different for drugs and vacemes. IPR issues may need to be borne in mind if genomics
leads to the identification of new vaccine candidates.

There is a need to raise adequate funding for projects that show promise with respect to product
development.

Training and Research Capability Strengthening in post-genomic technologies

There is a general lack of scientists appropnately qualified in both the molecular seiences and the computing
sciences and capable of making the appropriate links between genomic information and its biological
application. This needs to be rectified. Concurrent with this need in the peneral field of bicinformatics there
15 an obvious need to equip DEC scientists and institutions to participate fully in this area, particularly as it
applies to tropical diseases.

1)

iif)

Although much of the training discussion focused on biomformatics, il was recogmzcd that ultimately
one needs a broader concept of traiming that involves “wet” molecular biology, proteomics and the
identification of drug targets and vaccine candidates.

One reason for the focus on bicinformatics was that in many ways this is a branch of science in its
nfancy, with very fow exponents expert both in the ficld of biclogy and computing. Therc is sull a level
plaving feld in which DEC scienlists can compete. If appropriate traimng of DEC scientists could be
imtiated rapidly there could be a pay-oll in several years of a high quality cadre of DEC scientists with
appropriate expertise that could feed into institutional capacity strengthening of DEC’s.

TDR has several mechanisms for training DEC scientists and recognizes bioinformatics as a key area
for future activity, To make this training effective it needs to develop appropriate partnerships with
other institutions and agencies and to identify “key” scientists and institutions interested and willing to
commit themsetves to this field. These scientists and institutions need to be linked into international
networks involved in the development, standardization and utilization of biginformatics tools.

It was recognized as critical that training of scientists should not be carried out in isolation from specific
prajects. Any training had to be integrated into project(s) of high academic value and potential utility.

Bioinformatics follows technologcal developments and methodological developments. To ensure that
future DEC scientists are well equipped for the challenges of this field, and that new technologies are
well grounded, it is strongly recommended that methodological studies concentrate initially on small-
scale projects (e.g. several hundred genes) before expanding to complete genomes.
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vi) Partnerships in bioinformatics will prove as important, if not more so, than other lab-based research

endeavours, TDR could play a useful role by stressing the importance of partnerships in bioinformatics
and helping to promote these.

The current parasite genome sequencing cfforts under way in individual laboratories in the South is
likely to form a firm foundation for the future growth of bioinformatics and other areas of genomic
scionce. Care needs to be taken that this base is not eroded by the development of new technologies and
a rapid move toward utilizing large genome centres for sequencing. There may be a need to adapt the
efforts of some southem sequencing laboratories toward other endeavours of scientific relevance that
maintain and build on the basic sequencing technologies, as well as encouraging movement into areas
of bioinformatics and functional genomics.




iy

Al 14 e e S0, 002 ) P U bl Ol

Clenomic information for tropical disease drug
and vaceine discovery
page 21

5.

Conclusions

The following conclusions from the round table discussion require action and deserve highlighting:

¥

V)

Vi)

vif)

vii)

There is a continuing need to promote genomic sequencing efforts.

« It was proposed that a small task foree, in consultation with relevant agencies, should decide on an
optimum malaria species for further genome sequencing projects

+ TDR may consider the stimulation of dnopheles genomics / EST projects

There is a need for TDR, together with other agencies, to promote the appropriate curatorship of
genomic sequence information and its annotation,

There is a need for TDR, together with other agencies, to create repositories of reagents to assist
functional genomics rescarch.

There is a need for TDR 1o actively promote activities in functional genomics.

»  (enomic approaches that require Jarge-scale concerted efforts involving many labs (e.g. large scale
knockouts) should be pre-discussed extensively between appropriate scientists and agencies to
ensure their optimal implementation. P. falciparum may be an important starting point for these
discussions and full use should be made of the cxpericnces of the yeast and C. elegans scientific
comumunities in this regard

There is a need for TDR to fund the development of new and improved technologies that will facilitate
functional genomics rescarch in its target diseases.

Within TDR there is a need for functional genomic research to be coordinated effectively between the

genome and pathogenesis commuttees of Strategic Research (TDS) and the drug and vaccine discovery
committees of Product R&D (TDF).

There is a continuing need to engage with industry where possible and appropriate to maximise the

translation of genomics research into appropriate product R&D.

» Further efforts will be made by TDR to improve funding and support to projects that show particular
promise for the futurc development of products (drugs and/or vaccines) for its target discases.

There 15 a need for appropriate trainmg and mstitutional strengthening in disease endemic countries in

functional genomics, especially bioinformatics.

+ TDR undcriook to make a major commitment in the training of DEC scientists in post-genomic
technologics, particularly bioinformatics, Training and institutional strengthening will form an
integral part of all its post-genomic activities.

TDR should investigate the potential role it has to play in promoting partnerships between scicntists
and institutions in the biomf{ormatics field.
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The goals of this mecting were four-fold:

a) to assess the current status of technologies and strategies in the areas of genomics and antimicrobial drug
and vaccine discovery

b) to assess status of technologies and strategies of specific relevance to the utilization of genomic
information for TDR's target discascs (malaria, leishmaniasis, T\ cruzi., African trypanosomiasis,
schistosomisasis, onchocerciasis and lymphatic filariasis)

¢) to stimulate muliidisciplinary interest and collaboration in the field of tropical disease post-genomic
rescarch

d) 1o help TDR devise strategies and prioritize ils objectives so that its efforts (and funding) i post-
genomic rescarch are optimal for securing the future discovery of tropical disease products
WEDNESDAY, 18 FEBRUARY
130  Welcome and introduction to TDR
Tore Godal, Director TDR
1" Session: Sequencing and bioinformatics

chair: Ron Davis
rapporteurs: David Roos and Daniel Lawson

2.00  Hamilton Smith, TIGR / John Hopkins University
Philosophy behind microbial genomic sequencing projects and how they are implemented
2.45  Daniel Lawson, Sanger Centre, Cambridge

The 1-5PY book of protein domains: predicting pene function from genomue sequence
330 COFFEE

4.00  Michaet Galperin, NCBI, Bethesda

Phylogenetic approaches 1o drug target identification
4.30  David Roos, University of Pennsylvania, Philadelphia

Mining data from dbEST: Making EST and other sequence data accessible
5.00  Malcoim Gardner, TIGR, Rockville

Sequencing of chromosome 2 of the human malaria parasite Plasmodium falciparum

£.30  Discussion

600 RECEPTION IN WHO MAIN RESTATJRANT




(fenomic information for tropical disease drug
and vacecine discovery
page 26

THURSDAY, 19 FEBRUARY

830  Introduction
2™ Session: Tools to assist with analysis of genomic information

chair; Carlos Morel
rapporteurs: Chris Gray and Chris Newbold

845  Ron Davis, Stanford University
The status of genomics in yeast: a model diploid orgamsm
9.30  Dan Carucci, US Naval Medical Research Institute, Bethesda
Optical PCR and microarray technology applied to chromosome 2 of P. falciparum
10,00 Chris Gray, Hoffmann-La Roche, Basel
Proteomics
10.30 COFFEE
3" Session: Strategic application of tools for drug discovery

chair: Win Gutieridge
rapporteurs: Rob Ridley and Rudi Pauwcls

11.00 Wolfgang Keck, Hoffmann-La Roche, Basel
Stratcgics for microbial chemotherapy target identification
11.30  David Parry Smith, Cambridge Drug Discovery Ltd.
Application of bicinformatics to pharmacentical drug discovery
12.00 Jose Julio Martin Plaza, Glaxo Wellcome, Madrid
Screcning methodologes for chemotherapeutic targets

12.30 Discussion

1245 LUNCH
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THURSDAY, 19 FEBRUARY ( continued}

4" Session: Genetic manipulation of organisms to assess gene function
chair: Lows Miller
rapporteurs: Andy Waters and Greg Matlashewski
215  Tom Wellems, NIH, Bethesda
The importance of combining genetics and penomics
2.45  Alan Cowman, WEHI, Melhourne

Study of gene function using knockouts, complementation and transgene expression in Plasmodium
Jaleiparum

3.15  David Roos, University of Pennsylvania, Philadelphia
Functional genomics in the related apicomplexan parasite Toxoplasma gondii as a model for P,
falciparum

330 COFFEE

4th Session continued;

400  Andy Waters, University of Leiden

Taols for the genctic manipulation of Plasmodium berghei and their application
4,30  Jonathan Lebowitz, Purdue University, West Lafayette

Chromosome fragmentation based strategies for Leishmania genome studies
5.00  Greg Matlashewski, McGill University, Montreal

Genetically attenuating Leishmania donovani
530 Discussion

6.00 CLOSE
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FRIDAY, 20 FEBRUARY

3.30  Introduction
4th session continued: Genetic manipulation of organisms

chair: Ted Bianco
rapporteurs: Alan Cowman and Ted Bianco

Christine Clayton, University of Heidelberg

Reverse genctics tn trypanosomes

Patricia Kuwabara, MRC, Cambridge

(. elegans reverse genctics: Putting the genome sequence to work
Sth Session: Strategic application of tools for vaccine discovery

chair: Virander Singh Chauhan
rapporteurs: Jennic Blackwell, Steve Hoffman and Rob Ridley

Ling Lissolo, Pasteur-Mérieux-Connaught, Lyon
Strategies for microbial vaccine target identification

10.30 COFFEE

5th session continued

11.00  Steve Hoffman, US Naval Medical Research Institute, Bethesda

DNA vaccine technology and its application to identify vacene candidates for P. falciparum

Jennie Blackwell, Cambridge University

DNA. vaccines: utilising sequence data and pooling strategies to identify new candidate vaccines
Discussion

LUNCH

Round table discussion on key issues relating to parasite genomics and /or TDR objectives
{facilitated by Rob Ridley)

CLOSE
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Philosophy behind microbial genome sequencing projects and
how they are implemented

Hamiffon O. Smith

The Institute for Genomic Research, Rockville, MD, USA and
The John Hopkins University School of Medicine, Baltimore, MD, USA.

Since publication of the Haemaphitus influenzae Rd genome scquence in 1995, eighteen microbial genomes
have been completed world-wide and twelve are published. Another forty are in progress. The Institute for
Genomic Reseatch (TIGR) contributed seven of the completed genomes, and has an additional twenty in
progress. TIGR has an interest both in medically significant pathogens and in the sampling a vanety of
orgamisms over the evolutionary tree. Specific choices are determined by consultation with acadenmc
collaborators and with funding agencies.

Two sequencing strategies are used: (1) Construction of an overlapping cosmid (or phage) map followed by
shotgun sequencing of each cosmid, and (2) Whole genome random sequencing, TIGR uses the whole
genome approach because it utilizes a single small insert Library, docs not require a clone map, avoids the
redundancy of overlaps, and avoids the re-sequencing of vector. Great attention to detail is required to ensure
maximum randonness. Sheared, gel-fractionated 1.5-2,0kb (near gene-size) genomic fragments arc ligated
1o pUC18 vector, under conditions yielding linear veetor + insert products which are gel-purified and then
end-repaired and ligated into covalent circles. E. coli cells are cleciroporated with the library DNA and
dircetly plated onto antibiotic diffusion plates. Every colony 1s picked from cach plate for template
preparation regardless its size or appearance. In the random phase of sequencing, both ends of cach insert
are sequenced, and about 15,000 sequence reads (=500bp each) are done per Mb to give an approximately
7-fold coverage. After assembly of the random seguences into contigs, the gaps are classified as sequence
gaps (template available for walking across the gap; a pair of contigs i connected by a library clone that has
an end n each contig) or physical gaps (template not available; the pair of contigs bounding the gap 15 not
identified). Physical gaps are usually closed by combinatorial PCR or by identifying lambda library clones
with an end sequence In each of two conligs, 1.c., brackcling the gap. Recent improvements in dye
fluorescence intensity (big dyes) make 1t possible to close physical gaps by scquencing directly off of genomic
template (in this cireumstance, physical gaps technically become sequence gaps). Because of cloning
artefacts there 1s always a three to four-fold excess of gaps over theoretical expectation. Typieally, around
50 to 100 gaps are present per Mb of genome alter the random phase of sequencing, but the majority are
sequence gaps. Gaps typically oceur near “poison” DNA such as restriction enzymes, strong promoters, or
DNA that can form unusual structures such as hairping, Closure remains the most time-consuming part of
a gENOmME projecl.

TIGR uses two versions of their assembler. The single contig assembler uses 3 oceurrences of 10-mer words
to cluster sequences and assembles one contig at a time. It requires about 30Mbytes of RAM memory per
Mb of genome sequence, The multi-contig assembler builds all the contigs simultancously in memory using
32-mer words and requires | Gbyte of RAM per 1.5 Mb of genome sequence. [t performs belter m
assemblics with many repeats but is limited by available memory.

Annotation currently involves gene-finding, classification of genes into functional categories, identification
of orthologs and paralogs, classification of repetitious sequences classes, and locating specific non-genic
information such as replication crigin and termination sequences, (ranscriptional signals and regulatory sites,
Three gene finding programs (GeneMark, GLIMMER, and GeneSmith) are used and the putative genes
identified by at least two (typically >90% apreement) are generally accepted. I identified by only one
program and there is a database hit, that putative gene is also accepted. Ribosomce binding sites are used to
locate probable starts of genes. TIGR is developing vanous ways 1o display gencs and functions,
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The 1-SPY Book of Protein Domains:
Predicting function from genomic sequence.

Daniel Lawson
The Sanger Centre, Wellcome Trust Genome Campus, Hinxton CB1( 1SA

The deposition of DNA sequence data into the EMBL nucleotide database has grown exponentially over the
past decade, largely due to the advent of genome sequencing projects. The publication of the complete
genome of Haemophilus influenzae in 1995 marked the beginning of an explosion of finished genomes; to
date 10 bacterial speeies, notably Escherichia coli, Bacillus subtilis and Myeobacterium tuberculosis, and
a solitary eukaryote, the yeast Saccharomyces cerevisiae have been completed. It is estimated that a further
30 microbial genomes, the metazoan Caenorhabditis elegans (1998), the protozoan Plasmodium
Jalciparum (2000) and the yeast Schizosaccharomyces pombe (2000) will be completed in the coming few
years. Significant portions of the Drosophila melanogaster, Arabidopsis thaliana and the Human genome
will also be complete.

The 'Rise of the Hypotheticals'

Large scale genomic sequencing has produced a fundamental shift in our usage and expectations of the
nucleotide databases. Submitted data is of a dyhamic nature, i.c. it 1s being actively curated from within the
sequencing centre or through a species-specific centre, and databascs are now truly resources to data-mine
and not simply libraries of 'known' sequences.

It iz & truism to say that the production of high quality genomic sequence is far in excess of our ability to
scnsibly annotate, This is true both for the centres which are actively sequencing/annotating as well as the
centralised protein databases (namely SWISSPROT), The increase in the volume of data available has come
hand in hand with the decrease in the tevel of annotation to the cxtent that annotation can vary from vacuous
to downright misleading.

Annotation of genomic sequences essentially remains on a subjective level, both intra- and inter-species, that
15 different annolatlors can make different calls bascd on the same data. Further the body of literature available
for an organism strongly effects the annotation; the expectation of annotation from a little studied bacterium,
¢.g. Delnococcus radiodurans, is far removed from the expected accuracy for D. melanogaster where a
wealth of genetic and biochemical data exists, Functional characterisation is essentially based on similarity
lo genes of known biochemical function, 1.¢, the putative function of gene A 1s proposed to be the same as
the function of gene B because of significant similarity at the peptide level between proteins A and B, Hence,
the annotation of gene A is based on finding significant similarity to a protein in the database, and secondly
that the databasc entry is comrectly annotated. A major problem/worry for annotators is the 7n silice horizontal
transfer of functional calls between database entries. Annotation varies from a unambiguous
biochemical/genctic function, through several levels of proposed functional similarity, the recognition of
functional domains and finally a complete absence of annotation.

The systematic nature of the sequencing projects inherently produces an ever increasing number of genes for
which no annotation is possible. These hypothetical gencs vary in confidence levels from purely
computationally predicted: bascd on long open reading frames (ORF’s), coding bias mcasurcs and strong
splice site predictions, to genes which have some credence by the fact that they belong to a family of similar
genes or more importantly duc to biological evidence, ¢.g. Expressed Sequence Tags (EST s).

The level of annotation hag in many ways been a victim of the suceess of genomic scquencing. The increased
confidence in certain calls, due to the increased probabilistic confidence of larger data sets, has been eclipsed
by the gencration of new familics with no associated biochemical data and more frustratingly pioneer genes
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with no similarity to anything in the databases. The comparative complexity of annotating genomes increases
ahmost weekly and the only methods which are capable of maintaining and increasing accuracy are through
the automation of functional predictions - that s defining function essentially from genomic DNA.

Prediction of Coding Regions

There exist a number of methods to predict genes from genomic DNA. These vary depending on the species
being investigated, especially with regard to the prokaryotic/eukaryotic divide where the prevalence of introns
creates a major problem, Of those available the most noteworthy are | FGeneH, Genefinder, GeneMark,
Genewise, Glimumer and Grail. It is feasible to contemplate the automated prediction of all bacterial genes,
Glimmer and GeneMark return = 90 % of genes correctly, but in reality cukaryotic gene prediction remains
hit and miss, especially in terms of human gene prediction.

Functional Identification of Predicted Genes.

As mentioned previously the predominate methodology of assigning functions to genes is by simularity
searches and interpolation of the function of similar genes. The premuse for such interpolations is as follows:
Protein function can be defined on the basis of molecular interactions, e.g. binding siles for enzymatic
reactions or signal transduction. For a protein to maintain similar interactions it must have a sumlar structure,
since proteins structure is defined fundamentally by the folding of the amino-acid sequence, sinular structures
should have similar sequences. Residucs which are involved in the crucial molecular interactions are
conserved between species, because mutations in these residues create inactive proteins and hence 'unfit’
organisms, in the sense of Darwinian natural sclection. All applications which fulfil this task use
methodologics which difter in how the similarities are determined. The three main methods to identify
similarity are direct patr-wise similarity searches (BLAST and FASTA), profiles and Markov models
(cspecially Hidden Markov Models, HMM's).

(I) Direct Similarity Searches

Direct pair-wise sinularity searches require human interaction to make judgmental decisions. There cxist no
reliable method by which a BLAST/FASTA output can be parsed, even with heuristic decision trees, 1o
accurately make functional calls and especially avoid the in silice horizontal transfer of predicted function.
The hurnan interaction makes this method time consuming, subjective and most importantly highly sensitive
to the moment the annotation was made. A major detraction from this method is that the optimal pair-wise
alignment is not necessarily the correct structural alignment. In some cases similar structures can be folded
from unrelated sequences, hence direct similarity scarches will not elucidate similarity and thercfore
functionality. Such exceptions tend 1o occur when the functionality is based along structural lines e.g. the

creation of hydrophobic pockets for catalytic purposes, transmembrane domains, small structural proteing
in enzymatic complexes.

(IT) Profile Searches

Profile searches, as exemplificd by the PROSITE database, involve the identification of conserved motifs
within proteins which are indicative of a specific functionality. Profiles can be thought of as regular
expressions wherein a limited vet defined set of alternate values are allowed. Profiles arc created by aligning
peptide sequences from functionally equivalent proteins, identifving conserved regions and mapping the
variations which exist within the conserved motif, Profiles are particularly suited for the active sites of
enzymes and binding sites in general where defined interactions and periodicity are vital for function, €.g.
kinase catalytic domain, zinc fingers. Profile scarches can be carricd out automatically, so as new motils arc
defined antomated retrospective analysis is feasible. A major drawback of profiles is that they concentrate
on small regions of a protein, and some profiles can be very short, 1.¢. they have a low information content,
and appear by random chance at levels which make false positives a problem in the automation of functional
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calls. Hence, profiles are useful as corroboration of a function in conjunction with direct pair-wise similarity
scarches but are untrustworthy in dircet annotation.

(111} Hidden Markov models (HMM ' 5)

Markov models have been used widely in a biological context for a number of purposes, e.g. GLIMMER and
GeneMark are both examples of Markov models for gene prediction. Markov models can be thought of as
an extension of profiles in which cach residue has a probability of occurring, If you think of a profile in the
same light the probability of a specified residue occurring is 1/No. of alternatives, (value ranges from 0.05 -
1.0). In profiles each alternate is equally likely to occur in the query sequence. This is an invalid assumption
and the ability to define the probabilities for each residue yields far greater sensitivity than profiles.

The Pfam database is a set of HMM's designed 1o identify functional domains within peptide query
scquences. In many cases the model has been trained using full length alignments, this increases the
imformation centent of the model and reduces the rate of false positives. Some models form part of multi-
domained proteins and hence, are trained on the domain only, e.g. zine fingers, EGF-domains. The present
release, v2.1, contained 527 families which hit 47 % of sequences in the SWISSPROT database.

Methodologies implemented at The Sanger Centre

The Sanger Centre is a major producer of genomic sequence data, we have produced in excess of 80 MB over

the past 5 years, Much of this sequence is being actively curated and we actively working towards automated
mcthods for annotation.

Presently we implement all three search methodologies. Post-processing of gene predictions involves
similarity searches against a non-redundant protein database (SWISSPROT and TREMBL), PROSITE and
Plam scarches. The outputs from these analyses are parsed into a single report form from which a human

annolator makes a decision. The process suffers from all the problems mentioned with regard to subjectivity,
accuracy and reproducibility.

We have been developing methodologies which will allow the automated annotation of Pfam hits, all
[unetional annotation mvolving Pfam models have been corroborated by a human annotator.. Additional
annotation regarding specific genes, for instance a specified sub-family of a Pfam model, is recovered using
pair-wise similarity searches (BLLAST) against the known scquence using a relevant threshold value,
Annotation is then taken from a look-up flatfilc. Using such an automated Pfam system with associated 'bait’
files could annotate approximately 33 % of the C. elegans data set and 45 % of the M. tuberculosis data sel.
The expansion of Pfam models 1o include species-specific families will greatly increase coverage. Such a
system is objective, robust and reproducible making the curation of large genomic databases, such as
(" elegans - some 16 000 genes, feasible by a single annotator.

The Future

Prediction of gene function from genomic sequences is possible using good quality Markov models, such as
the Pfam database. Such automated annotation to the level of functional domains in conjunction with a
flexible layer of 'bait' sequences, facilitating more specific additional annotation should greatly improve the
quality and consistency of annotation. For eukaryotic specics the emphasis will be on correct gene prediction
and not functional prediction. For prokaryotic specics where gene prediction is well defined it is feasible to
think of using a genc predictor, such as GLIMMER, and a finctional prediction program based around the
P{am database to aulo-annotate, to a similar accuracy as a human, a genome in an afternoon.
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Phylogenetic Approaches To Drug Target Identification
Michael Y. Galperin

National Center for Biotechnology Information, National Library of
Medicine, National Institutes of Health, Bethesda, Maryland, USA

Sequence analysis of complete microbial genomes provides an opportunity to catalogue all the proteins that
are responsible for every essential function in a microbial cell, and to 1dentify the functions that ar¢ missing
in cach particular organism.

Delineation of the orthologous proteins in each of the completcly sequenced genomes
(www .ncbi nlm nih. gov/COG) made it possible to study the changes in metabolic pathways that characterize
parasitic, as opposed to free-living, micro-organisms. In several cascs, genomes of pathogenic micro-
organisms were found to miss the complete sets of enzymes participating in certain biosynthetic pathways,
e.g. those leading to purine, pyrimiding, and amino acid biosynthesis.

This approach also identified multiple cases of non-orthologous gene displacement, wherchy the same
biochemical reaction in different organisms is catalyzed by unrelated (non-orthologous) proweing, A detailed
vestigation of such analogous 1scenzymes revealed that they are very common. In many cases, the bacterial
form of the enzyme is different from the one found in eukaryotes; such enzymes are promising targets for the
development of new antibacterial drugs.

References:

I

Tk

6.

Koomn EV, Musheman AR, Galperin MY, Walker DR. Comparison of archacal and bacterial genomes,
computer analysis of protein sequences predicts novel functions and suggests a chameric origm for
archaca, Mol Microbiol, 1997, 25:619-637.

. Koomn EV, Galperin MY Prokaryotic genomes: the emerging paradigm of genome-based microbiology.

Curr. Opin. Genet. Dev. 1997 7:757-763.

. Tatusov RL, Koonm EV, Lipmian DJ. A genomic perspective on protein families. Science 1997, 278:631-

637.

. Galperin MY, Koonin EV. A diverse superfamily of cnzymes with ATP-dependent carboxylate-

amine/thiol hgase activity. Protein Sei. 1997, 6:2639-2643.

. Galperin MY, Koonin EV. Sources of systematic error in functional annotation of genomes. In Silico Biol.

1:0007 <http://www bicinfo.de/isb/1998/01/0007>

Aravind L, Galperin MY, Koonin EV. The catalytic domain of the P-ATPase has haloacid dehalogenase
fold. Trends Biochem. Sci. 1998 23:127-129




Cienomic infurmation for tropical disease drug
and vaceine discovery
page 36

Mining Data from dbEST ... Making EST (and other)
Sequence Data More Accessible

Brian P. Brunk, Lillhan Ouko, Wolfzang Bohne,
(. Christian Overton and David 5. Roos

Departments Biology and Genetics, Computational Biology and Informatics Laboratory, and Training
Program in Computational Biology, Univ, Pennsylvania, Philadelphia PA 19104-6018 USA

In recent ycars, the implementation of random cDNA sequencing projects has yielded an explosion of gene
and predicted protein sequence data. "Expressed scquence tag” (EST) data now outstrips GenBank in total
volume of information, The EST database (dbEST), including putative gene identification based on BLAST
searches of the GenBank and EMBL databases, is accessible via the world-wide web, and has provided many
investigators with an economical means to identify genes of interest. By its very nature, however, EST
sequencing has produced massive redundancy within the database. Moreover, incomplete sequences are the
norm, and error rates excced those from genomic sequencing. These difficulties complicate the analysis of
EST data enormously.

Taking as a starting point for the development of new tools for EST analysis the 10,000 Toxoplasma gondii
scquences available from dbEST' , we have established a database of ‘clustered' EST’s?, providing:

+  Alignment of overlapping EST data (gencrated using existing contig-alignment sofiware), and production
of consensus sequence.

Arnotation and putative identification based on BLAST searches of nucleotide and predicted protein
sequence data from GenBank/EMBL and dbEST, and comparison with protein motif databases.
Using EST assemblics for genc identification results in higher P-values.

Identification of mRNA’s expressed in a strain- or stage-specific manner.

Intra-database companisons, which serve to identify allelic variants, gene family members, differential
splicing, ¢le,

BLAST scarch capability based on user-supplied nucleotide or protein sequence data.

Text querics, permutting (for example) identification of Phylogenctically Restricted Sequences, such as
genes restricted to the apicomplexan parasite (Toxoplasma, Plasmodium, etc.),

Laboratory studies have been employed to confirm and refine the results obtained from these informatics-
based approaches.

Since its public release in September 1997, the 7. gondii web-site has received several thousand 'hits' -- rather
surprising, given the relatively small gize of the 7. gondit research community. Based on the evident utility
of this approach, we have now (semi-} automated the process of EST data acquisition, construction of a
relational database, and web-site generation, New web-accessible databases have been constructed using

Brugia malayi, Schistosoma mansoni and Plasmodium falciparum EST's, all of which are publicly available
over the net, al:

=http://dapbnc. humgen.upenn edu: 1024/ParaDBs/index. html=

Not surprisingly, the value of EST clustering nises dramatically with increasing size. The Plasmodium and
Schistosoma databases include ~3000 members, yielding ~1000 clusters; the remaining ~2000 EST’s
represent non-overlapping singletons.  Oaly 107 clusters contain 3 or more EST's were identified for
Plasmodium, and 207 for Schistosoma. In contrast, the Toxoplasma and Brugia databases each contain
= 1000 elusters with multiple EST’s, identifying many genes of potential interest.
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New tools intended to further enhance the accessibility of EST (and other) databases are currently under
development, including enhanced graphical displays, more sophisticated query packages (incorporating
phylogenetic and 'P-value' information), and software to facilitate phylogenetic analysis®.

On a related note, some discussion of education and training in genotne informatics may be appropriate for
this meeting. As the technical barriers associated with large-scale sequencing are overcome and we move into
thc age of "data mining”, the talents of "bicinformaticians" have become increasingly important.
Unfortunately, there is a serious shortage of scientists who are well-trained in both biology and computer
science. In the spirit of the WHO's stated goal "to stimulate multidisciplinary interest and collaboration in
the ficld of tropical disease post-genomic research”, this issue provides an cxciting opportunity.
Computational biology (including genome informatics) is one area where the prospects for mvolving scientists
from disease-endemic areas in are outstanding -- computers are widcly available, relatively inexpensive, and
do not require the infrastructure necessary for 'wet-lab’ rescarch in molecular biology. Indeed, the capability

for computer-based post-genomic research is well-cstablished in Brazil, India, Indonesia, Mexico, Thailand,
and elsewhere.
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Sequencing of chromosome 2 of the human malaria parasite
Plasmodium falciparum

Malcolm J. Gardner’, Leda M. Cummings’, Hervé Tettelin', Daniel J. Carucci?, Mark. D. Adams’,
Hamilton O. Smith!, Stephen L. Hoffman? and J. Craig Venter'

'The Institute for Genomic Research, Rockville, U.S. and
*Malaria Program, Naval Medical Research Institute, Rockville, U.S..

The parasite Plasmodium falciparum is responsible for an estimated 300 million cases of malaria and
2-3 million deaths per year, As part of an international effort to sequence the 30 Mb P. falciparum genome,
TIGR and the Naval Medical Research Institute, with support provided by the NIAID and Department of

Defense, initiated a project to sequence chromosome 2, the second-smallest (1 Mb) of the 14 P. falciparum
chromosomes,

Chromosome 2 DNA of P. falciparum (clone 3D7) was separated on preparative pulsed field gels and used
Lo prepare a random shotgun library of 1-2 kb fragments in pUC18, 23,768 sequences were obtained from
randomly-picked clones using a mixture of dye-primer and FS+ dye-terminator chemistry (~10X coverage).
Sequences were assembled using a version of TIGR Assembler modified to accommodate the AT- and repeat-
rich P, falciparum DNA. Contigs were ordered by comparison to STS markers for P. falciparum clone FCR3
chromosome 2 (Lanzer et al., Nature 361, 654-657, 1993) and by identification of forward-reverse clone links
between contigs. Sequence gaps were closed by primer walking on plasmid templates, or by use of artificial
transposons to insert primer binding sites into very AT-rich sequences. Combinatorial PCR. with genomic
DNA template and primers complementary to the ends of contigs was used to close physical gaps.

The chromosome 2 sequence is nearing completion. Correct assembly of the sequence will be verified by
comparison to an optical restriction map of chromosome 2 (D. Schwartz et al.), and by use of sequence tags
from the ends of chromosome 2 YAC's. Annotation of the scquence is in progress. The sequence can be
downloaded or searched at the TIGR web site at http://www.ligr.org.
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Functional Analysis of the Yeast Genome
Elizabeth A. Winzeler and Ronald W. Davis
Dept. Biochemistry, Stanford University, US

The past year has seen an exponential increase in the number of genomes completely sequenced relative to
the previous year. Hundreds of new open reading frames are being identified each day. However, the function
of the proteins encoded by many of these open reading frames remains unclear. Even in the simple cukaryote,
Saccharomyces cerevisiae, which has been intensively studied for decades, one-third of the open reading
frames have no known function and exhibit no homology to other well-characterized genes. Assigning a
cellular role to the proteins encoded by these uncharacterized open reading frames is the goal of the post-
genome era. Using S cerevisiae as a model several functional analysis projects to systematically add
cxpenmental data to the sequence have been initiated.

Firgt, mutational analysis 15 being performed on the entire yeast genome. All of the 6200 annotated open
reading frames will be senally deleted from the yeast genome using a common PCR targeting approach.
During the construction of the deletion strain, a unique 20 base tag is incorporated mto the genome of the
mutant cell. These tags allow the individual strains to be tracked in a mixed population and the phenotypes
of the deletion strains to be scored in parallel', Straing whosc growth is inhibited by different conditions can
be identified. Currently primer sets have been synthesized for two-thirds of the yeast genome and 1300 veast
deletion strains have been generated.

Seeond, high density oligonucleotide arrays, developed at Affymetrix, are being used to assign function to
the yeast genome®. These arrays contain oligonucleotides that are complementary to all annotated open
reading frames i the yeast genome. DNA or RNA can be isolated from yeast, labelled and hybridized to the
arrays. The arrays have been used to monitor transcript abundance during the yeast cell cycle. 425 genes with
periedic cell cycle-dependent changes in transeript abundance were identified. In addition, the arrays can be
used to characterize non-coding features of the genomic sequence, such as the yeast origins of DNA

replication, A farge number of origins have been mapped and the results corroborate those obtained using
converdtonal methods,

Finally, function 1s being assigned to the genome through the analysis of genetic diversity. Different
S, cerevisige strains can be isolated from varied environments. The high-density oligonucleotide arrays used
for expression monitoring can be used to identify deletions and small insertions or substitutions in the
genome. By companng the hybridization pattern of different yeast isolates to that of the sequenced Jaboratory
strain, DNA regions that are missing or duplicaled in these different isolates can be identified. Allelic
vanation in different isolates of S. cerevisice can also be detected. As a related project these polymorphisms
are being used to map multigenic traits in ycast and to study recombination,
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Optical PCR and microarray technology applied to
chromosome 2 of P. falciparum

Dan Carucci

Malaria Program, Naval Medical Regearch Institute, Rockville, USA

The Malaria Genome Project holds the promise of identifying nearly 5000 genes from Plasmodium
[alciparum, the human malaria parasite which is responsible for nearly 2 million deaths each vear. With the
scquence of chromosome 2 nearly complete and several other chromosome projects well under way, the next
challenge is to use these data to facilitate antimalarial vaccine and drug development. Part of this
developmental process is the study of global gene expression. New methods have been recently developed
to study the expression of large numbers of genes simultancously including the use of DNA microchips,
microarrays and quantitative reverse transcriptase-PCR.  These technologies are evolving rapidly and will
eertainly be potent tools for researchers. The study of global gene expression i malaria parasites will be
difficult due to the complex nature and inaccessibility of the Plasmodium life cycle, consisting of both
vertebrate and invertebrate hosts, tissue and blood stages and because cultivation is only possible for blood
stage parasites. Ultimately the study of global gene expression in malaria parasites will most likely require
multiple strategies and technologies.
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Proteomics
Christopher P, Gray

F. Hoffmann-La Roche Ltd , Basel, Switzerland

The response of a bactertal cell to changes in its environment are extremely complex. The unravelling of these
complex processes is a goal that until a few years ago would have been ridiculed. The conventional gene by
gene approach 1s not only slow but is prone to misinterpretation resulting from artefactual responses to
genetic manipulations. Technologies for the simultaneous analysis of hundreds or even thousands of
transcripts or polypeptides are available. The sensitivity of these technologies 1s constantly being improved
and we will soon be in the position where we are able to decipher the entire programme of events initiated by
a given stimulus,

The forerunner of these technologies for global analysis is the more than twenty year old use of 2D-PAGE
which is capable of the separation and display of (when neecssary) thousands of polypeptides. The
itroduction of commercially available fixed pH gradient gels for the first dimension of 2D-PAGE has
increased the reproducibility of the pattern images between different research groups as well as within the
laboratory allowing the generation of normalised proteome maps. Improvements in matrix-assisted laser
disruption lonisation mass spectrometry (MALDI-MS) together with the large number of genomic DNA
sequences deposited 1n the databanks have facilitated the rapid identification of polypeptides and have
dramatically ransformed the usefulness of this technology. The major limitation is the number of spots that
can be visualised with Coomassie blue staining, for this, at the moment, determines those spots which can
be excised for polypeptide identification. '

At present the location of about 430 of the potential 1703 polypeptides of Haemophilus influenzae has been
placed within the proteome map. A number of these spots were localised and the relative polypeptide
identified after enrichiment with column chromatography. The number of polypeptides that have the
appropriate propertics required for the migration within the limits imposed by the pH gradient also dictates
a maximum number of proteins that can be examined by this methodology.

For analytical gels we are using *S-labefled methionine either present in the medium or introduced as a pulse.
Both methods of labelling allow for the visualisation of approximatcly 600 spots using a Phosphorlmager
but result in different levels of intensity for the individual polypeptides. The elucidation of this finding wilt
lcad to the acquisition of additional nformation as to how the el is responding to its environment, Accurale
quantification is still hindercd by the lack of reproducibility in the migration properties of the polypeptides
n the gels such that many gels are required statistical evaluation.

We are using this methodology to examine the regulatory networks induced by various classes of antibiotics
In an attempt to gain insight into the mechanisms of older anti-microbials with either a poorly or un-defined
mode of action and 10 cxamine the responses of the cell to new classes of anti-microbial compounds.
Induction with four classes (sclected with reference to their modes of action) of classical antibiotics was

shown to result in patterns of expression that arc consistent with the inhibition of the respective target
molecula(s).

The evaluation of the gels is performed using various commercial programs which were not always written
with this purpose tn mind, Therefore, the retrieval of data and its collation with the spot identitics is at present
extremely labour intensive, The production of multiple gels with =500 data points/gel results in a mass of data
that is impossible to evaluate manually, The development of appropriate software with a database that is
accessible to analytical and statistical programs is essential and in progress.
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Experiments comparing mRNA m Northern analysis and protein synthesis for selected proteins indicate that
there 1s a qualitative but not always a quantitative relationship. This differential in quantity was most
noticeable between exponential and stationary growth. At present, our hypothesis is that we are analysing only
a small specific population of cells with the pulse label whereas the mRNA is representative of the total cell
mass, Changes in the protein patterns analysed using continuous label or Coomassie bluc staining are rarely
as dramalic as observed using pulse labelling. This raises the question as to how dramatic these changes will
have to be to observe them using transcriptional analysis of the total cell mass.
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Strategies for microbial chemotherapy target identification

Wolfgang Keck

F. Hoffmann-La Roche Ltd., Basel, Switzeriand

In the light of the ever increasing frequency and spectrum of infections resistant wo presently available
antibacterials, we must ask ourselves whether we will be able to keep pace with the rate at which drugs
become ineffective. With the appearance and spread of multiresistant and in fact untreatable tuberculosis we
are in effect returning 1o the pre-antibiotic era. The lack of innovation in antibacterial treatment is clearly
reflected by the diminishing time interval between a pew drug entering the market and the appearance of
resistance to 1t in one or more different straing of bactenia. Risk assessment for a number of infectious
discascs has to be reconsidered and new strategics to disarm the causative pathogens will have to be
developed.

Recent technology developments in large scale DNA-sequencing culminated in July 1995 in the first
asscmbled genomic sequence of a free living organism, the pathogenic bacterium Haemophilus influenzae.
The last two years have seen a dramatic increase in the number of microbial genomic sequences submitted
to the public databases.

Only a small proportion of the many genes. identified by homology, has been analysed in sufficient detail to
allow a finm assignment of their physiological function, Unravelling the function of the hundreds of new genes
experimentally will only be possible by developing and implementing high-throughput parallel technologies
for the analysis of gene function and regulatory networks cascential for bacterial survival,

Technologies that allow us to take full advantage of the new genomic information are currently being
developed and explored by Roche rescarchers. Examples include techniques for gene disruption,
overexpression and a fully- developed proteomics approach including protein analytical methods which allows
us to establish a global picture of gene expression at the {ranslational level. The new micro-array technologies

(¢.g. Affymetnrix chip), that permit the simultaneous identification and quantification of the transcnipts from
thousands of genes, are also being explored.

These activities have resulted in the identification of many new genes that are currently undergoing a thorough

evaluation proccas to sclect novel targets that allow new principles of interference with the physiological
functions essential for bactenial survival.
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Application of Bioinformatics to Pharmaceutical Drug Discovery
David J. Parry-Smith
Cambndge Drug Discovery Ltd,, UK
Introduction

This paper introduces the concepts of biomformatics and target discovery in the context of drug discovery.
Tt highlights the areas of data people and technologies. The massive opportunities of the genomic data wave
ar¢ lustrated by reference to expression profile analysis. Bioinformatics cannot be performed without sound,
¢xpenienced people at whatever level in the organisation. There are currently many issues relating to
bioinformatics training and recruitment and some space is given to the qualitics required of such scientists.

The scientific discipline of bioinformatics is defined as the application of information technology (IT) to
biological data. The biological data is often in the form of gene sequences, higher level gene family data, or
structural data. Additional forms of biological data (e.g. small molecule screening data) should, however, not
be ruled out. One of the qualitics that marks out the current generation of bioinformatics scientists is the
requirement to be able to respond to any type of biological data and come up with a sensible and practical
solution for interacting productively with it.

Bioinformatics scientists are skilled in handling computer systems to store, retrieve and interpret the data in
a meamngful way for those who want to exploit the data in other disciplines (for example, drug discovery).
A sccond and equally important funetion is an ongoing relationship with the central IT department which
nceds this specialist and resource intensive science to be explained in order to provide appropriate levels of
infrastructure support.

Bioinformatics - the Gateway to the Human Genome

The role of bioinformatices is to be a broker between the vast, seemingly incomprehensible quantities of data
emerging from the world-wide genome sequencing projects and the scientists best placed to exploit the
opportunities these projects present. Bioinformatics is not an activity to be carried out in isolation but rather
one that feeds from and enhances the work of the groups alongside which it 1s placed.

The Molecular Basis of Disease

Probably the single greatest achicvement of the sccond part of our century is the understanding of the
structure of the genetic material - DNA - that lics at the core of every cell in the body. The famous double-
helical structure suggests a mechanism for replication that satisfies the requirements of both eellular
reproduction and maintenance. Advances in the speed with which the unique sequence of the four bases of
the DNA alphabet could be determined in a gene have paved the way for today's databases of gene sequence
information, DNA is transcribed mto RNA | which is in turn translated into the body's general building
tnaterial - protein, There are many thousands of different proteins in the body all interacting in complex
signalling cascades and giving the different types of cell their umique character. It is when some protein is not
interacling in quite the right way that a disease results.
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Bioinformatics and Drug Discovery

Since each protein is specified by a part of the DNA in the core of the cell, knowing the sequence of DNA (or
messenger RNA) bases for any gene enables us to predict the amino acid sequence of the resulting protein,
Special computer techniques are used to compare the new sequence with those in pre-existing databases,
There are many diffcrent ways in which this sequence information can be used to enhance drug discovery
programmes, for example through the selective use of newly discovered protein molecules that may constitute

novel drug targets, or through the discovery of small proteins that could become hological therapies in
themselves.

It is in choosing the right target that the major work of pharmaceutical bicinformatics lies. It is essential to
understand the needs of the therapeutic program and to be able to screen gene information generated from
database searches according to these needs. The criteria for a good target in each therapeutic area must be
clearly understood to perform this data screening task effectively.

Families of Genes Generate New Therapeutic Approaches

Clearly, understanding the relationships between DNA, RNA and protein components of the cellular
machinery is critically important in determining how to interpret the genome sequence data; but thisi1s a
problem with several dimensions, Genes are not all independent entities, most have arisen as a result of some
evolutionary process in past generations and there are thus family relationships linking many genes. Genes
that are linked in this evolutionary sense are called gene families. Understanding the relationships between

sequences m gene familics helps us o determune whal potential new drug targets there may be i known target
fammbies.

The Race for a Complete Human Gene Set

Sequencing a whole genome 1s 4 major undertaking often requiring global collaboration. The human genome
has three billion bases of DNA coding for about 100,000 genes [1]. Only a fraction of these genes will make
good drug discovery targets. Currently with around 15,000 unique human genes {2] in publicly available
databases only just over 400 are identified targets of drugs currently available |3]. One way of trying to
sequence only the genes that may be of interest is rapidly to survey a sample of genes expressed in a tissue
and tag each one with some rough sequence information (such tags are know as EST s - Expressed Sequence
Tags). EST s arc short pieces of DNA sequence that provide sufficient information to generate an overview
of the types of genes present in the sample. This rapid approach to hunting for genes has the advantage that
only the genes that are actually expressed in the tissuc are surveyed, By comparing genc expression in normal
and disease states novel therapeutic targets can be idenuilficd thus broademing the range of potential drug
discovery targets [4]. For drug discovery speed is critical becausc being carly in screening a new target can
make the difference between being a market leader and a "me-too”,

Bivinformatics People

To handle biological scquence data, and capitalise on the opportunities it offers in the new era of drug
discovery, we necd experts who can:

+  Sieve the data and distinguish between a good result and noise (i.e. add value),
+ Handle large computer systems at both the user and administrative levels; and

+  Develop algonthms and software to assist data interpretation,

lutially all of these roles tended to be performed by a single ‘bicinformatics guru’, now that bicinformatics
1§ maturing as a discipline these roles tend to be divided amongst a group of people, building on the skills of
the individuals. Only five years ago bioinformatics was an academic lead discipline, both data and programs
to deal with it were Gut in the public domain. Now the major producers of data (e.g. Incyte, HGS, Affymetrix)
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are in the proprictary (industry) sector. It is no longer possible for academics to be at the forefront of the
genome analysis revolution because they do not have access to the data (and if they do they cannot publish
it} Thig is creating a problem in training and recruitment. Which academics have the luxury of working with
gene chip data? Which large pharmaceutical company 15 not considering some major collaboration with a
provider of such information? How will the pharmaceutical bioinformatics group learn to handle the data and
interpret it for their scientists?

In lots of respects we are all being pushed into a reactive situation: the data is bere and we need to respond
computationally (storing, analysing, mterpreting ete.). But many IT groups are only just getting to grips with
bagic reguirements such as updating public domain primary sequence databases on a regular basis.

Bioinformatics Technologies

Bioinformatics has probably seen the widest take-up of object-oriented, component driven programming
paradigms. This is because the development of tools and databases has traditionally been a disparate and
rather spasmodic process. The advent of object request broker (ORB) technology and the realisation that
legacy software and databases can be re-used, simply by publishing and implementing agreed service level
interfaces, have enthused the software and database providers and are pushing the bioinformatics community
on ever faster towards its goal of data integration,

Summary

This brief paper has presented bioinformatics in the context of drug discovery. The value of genomics
approaches to the discovery of novel targets has been highlighted. Much bioinformatics data is available in
the public domain but the access to proprietary data is essential for development of truly novel targets, Clearly
large pharmaceutical companies take very different approaches to their bioinformatics strategies [5] and such
flexibility creates opportunities for a service oriented company with an integrated bioinformatics capability.
The major challenge is yet to come post-genomics [6] - understanding the interactions between the proteins
and genes, once we have all the sequence, and being smart about which will make the best drug targets.
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Screening Methodologies For Chemotherapeutic Targets
J. Julio Martin Plaza

Research Department, Glaxo Wellcome §.A,, Tres Cantos, Spain

Drug discovery is a high risk process demanding an enormous investment of money, time, infrastructure and
human resources. Industry statistics indicate that only 10 compounds out of those 100 entering development,
achieve registration. Clearly, morc efficient methodologies have to be implemented, Three key aspects within
the overall process mostly contribute to this high attntion rate: poor selection of targets, poor selection of drug
candidates and product development. Genetics and genomics are driving pharmaceutical R&D fo a new age,
where thousands of potential molecular targets will be available and awaiting for biclogists who validate
them, chermusts who make molecules to hit them, and *screeners’ who run assays to identify and sclect the best
candidates which will eventually become medicines, Computational science, automation, robotics and
runzatunsation technologies will be essential partners to enter into a more productive phase of drmg discovery.

Screening methodologies are useful for two key processes: lead discovery (high throughpui screening, HI'S),
that 1s how to translate targets into lead molccules, and lead optimisation (parallel screening), that is how
to translate those carly leads into drug candidates. The success of a HTS programme is based on the wise
combination of a number of factors such as chemical diversity of samples, target selection, assay
development, sereening throughput and tactics of hits progression. Current serecning methodologies allow
to process up to 100,000 samples a day and a complete HTS campaign may see¢ more (han one million
samples. Traditional non-specific whole cell screens for antimicrobial agents are being replaced by more
sophisticated targeted assays that can fall into two major categorics: (a) assays that cmploy isolated
components of the ccll in a purified system and (b) cell-based assays using genctically engineered cells and
organisms. The debate about which one of the different approaches 1s best turn out to be obsolete and, rather
than exclusive, they all complement gach other,

Due to the intrinsic reductionism of the HTS assays, it is worth bearing in mind that the last goal is disease
treatmnent 1in man and that the new chemical entities must work in this context, not only against an in vitro
target or against single cells, Once a lead is identificd, the optimisation process may deal with hundreds of
closely related analogues synthesised through combinatorial chemistry, The appropriate sclection of the best
drug candidate should rely on pharmaceutical features other than just optimisation of the activity against the
target, Therefore, the use of serecung technologies and surrogate markers which predict the toxicological and

phannacological profiles of the leads will improve the ratio of molecules that ultimatcly suceced as a medicine
bringing value to the healthcare,
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Integrating Genetic and Genomic Approaches to Targeted
Plasmodium falciparum Determinants

Thomas E. Wellems, Michael Ferdig and Xin-zhuan Su

Malaria Genetics Section, Laboratory of Parasitic Diseases, National Institute of Allergy and Infectious
Diseases, Bethesda, MD 20892-0425, USA

The expanding F. falciparum sequence database is sharpening focus on genes that determine important
phenotypes of drug response, pathogenicity and immunity in malaria. In some cases, genes of important
function can be predicted from structure or homologies across evolutionarily-divergent taxa. In other cases,
where clucs to genes and their function in phenotypes of interest are not available, methods of gene mapping
and positional cloning are a practical alternative to the process of teasing out critical biochemical components
and their molecular determinants. These methods have been advanced by the use of informative microsatellite
polymorphisms in the genetic analysis of P. falciparum,

Genetic mapping strategies have already localized determinants of such heritable characters as chloroquine
resistance (chromosome 7), sulfadoxine resistance (chromosomes § and 4), a defect in male gametocyte
development (chromosome 12), and a factor that may affect parasite invasion into red blood cells
(chromosome 13). Candidate genes for some of these determinants are identified but remain to be confirmed
and characterized. For other determinants, precise maps and chromosome sequence information are yet to be
obtained and will elearly benefit from markers and penes catalogued by the P. falciparum genome sequencing
project.,

A demanding test of genomic and genetic analysis will be in the dissection of complex traits poverned by
quantitative trait loci (QTL). Quinine resistance is a phenotype of high interest in this catepory. Effective
QTL analysis will require fully developed linkage maps of finely-spaced microsatellite polymorphisms,
precise phenotypic measures of large numbers of independent progeny from genetic crossing experiments,
and sophusticated mathematical algorithms for detecting linkage relationships. Complete sequence information
from all chromosomes will be a valuable resource for constructing requisite linkage maps and identifving
genes that determine complex phenotypes.
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Study of gene function using knockouts, complementation and transgene
expression in Plasmodium falciparum

Alan F. Cowman

The Walter and Eliza Hall Institute of Mcdical Research, Melbourne, Australia

The development of transient (Wu ¢t al., 1995) and stable transfection in Plasmodium falciparum (Wu et
al., 1996; Crabb and Cowman, 1996) has made it possible to analyse the function of protcins using targeted
genc disruption. The first gene to be disrupted in P. falciparum encoded the knob associated histidine rich
protein (KAHRP) (Crabb et al., 1997). Knobs at the surface of erythrocytes infected with Plasmodium
Jalciparum have been proposed to be important in adherence of these cells to the vascular endothelium and
this structure contains KAHRF and the adhesion receptor P. falciparum erythrocyle membrane protein 1
(PEEMP1). The KAHRP genc has been disrupted and shown to be essential for knob formation. Also the
knob transfectants when tested under flow conditions that mimic thosc of post-capillary venules show a
dramatically reduced abilily to adhere. This data has suggested that knobs on P. falciparum-intected
erythrocytes ¢xcert an important influence on adhercnce of parasitized-erythrocytes to microvascular
cndothelium; an important process in the pathogenesis of P. falciparum infections.

To expand the tools for analysis of genes by transfection in 2 faleiparum plasmid vectors have been
constructed to express transgencs in Plasmodium falciparum (Crabb et al., 1997). These vectors have
become useful for both transgene expression and replacement of alleles (o study the role of mutations in the
dihydropteroate synthase enzyme and sulfadoxine resistance. The target of sulfadoxing is the enzyme DHPS
and sequencing of the DHPS gene from sulfadoxine-resistant and -sensitive isolates has identified amino acid
differences that have been postulated 1o be involved in the mechanism of resistance to this drug (Triglia and
Cowmarn. 1994; Brooks er al,, 1994), In order to prove that the different allcles of DHPS can confer different
levels of sulfadoxine resistance we have transfected them into 7. falciparum such that the constructs replace
the endogenous allele. Thesc results show that the amino acid differences in the DHPS enzyme found in
sulfadoxinc-resistant 1solates of P. faleiparum confer resistance to this antimalarial compound.

Some of the important vaccine candidates for P. falciparum arc localised in specialised organelles or are on
the surface of merozoites and are believed to be important in the invasion mechanism of red cells. Therc is
evidence 10 suggest that merozoite invasion of red cells can occur by multiple pathways suggesting there may
be some redundancy in the role of different parasitc proteins in this process, In order to determine if any of

the proteins implicated in red cell invasion are essential for parasite viability we have aticmpted to disrupt
the different genes,
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Exploring the Biology and Functional Genomics of Plasmodium in the Related
Parasite Toxoplasma gondii

Robert G.K. Donald, Mary Reynolds, Maria E, Fichera, Sabine Kéhler,
Boris Striepen and David 8. Roos

Department of Biology, University of Pennsylvania, Philadelphia PA 19104-6018 USA

Among the >5000 known parasites of the phylum Apicomplexa, Toxoplasma gondii 15 particularly well-
suited to laboratory study -- providing the opportunity to explore many questions of relevance to malaria (and
other related parasites) in a more experimentally tractable system'™, Asexual tachyzoites (merozoites) are
easily cultivated fn vitro, permmtting automated screens for parasiticidal compounds. The wide range of
susceptible host cells permits experiments that are conceptually similar to somatic cell genetic studies --
asking what the parasitc can do for itself and what it requires from its host. Superb ultrastructural resolution
facilitates a wide variety of ccll biological studies. Sexual crosses are fcasible (in cats), permitting classical
genetic analysis. Lacking the A/T bias observed in Plasmodium species, recombinant 7. gondii genes are
rcadily amenable to manipulation and expression in heterologous systems, Molecular genetic tools permit
transient and stable transformation, using integrating or episomal vectors, and both high- and low-copy
number selectable markers.

The molccular genetics of T. gondii is distinguished by two remarkable features; frequencies of stable
molecular transformation are sufficiently high for complementation cloning (=107), and genomic integration
can be accomplished by either homologous or non-homologous recombination (depending on the length of
contiguous genomic DNA introduced)’. Homologous recombination allows targeted gene knock-outs and
altelic replacements”, while high-frequency non-homologous recombination permits insertional mutagencsis --
the entire parasite genome can be tagged in a single experiment, and tagged loci are readily cloned by plasmid-
rescue techniques”,

Taking advantage of the accessibility of this system, Toxoplasma can be used 1o address many questions of
interest to the malaria community. Current investigations in our laboratory (and elsewhere) include:

+  Engymological studies on the kinetic manifestations of antifolate-resistance mutations it DHFR-TS and
PPPK-DHPS®,

+  Expression of 'conformationally-challenged' Plasmodium proteins such as MSP-1 and DHFR-TS®.
+  Genetic identification of drug targets and antibiotic resistance mechanisms®™ .

+  Studies on the genetic control and biological mechanism(s) of parasite differcntiation®.

+  Informatics-based identification of Phylogenetically Restricted Sequences that are conserved among the
apicomplexa (such as homologs of AMA-1 and TRAP)™-'®

+  Examination of protein scerctory pathways, including studics on in vivo targeting to (and secretion from)
the rhoptrics. mucronemes and dense granules using the Green Fluorescent Protein'',

+  Ultrastructural localization of the 35 kb cpisomal DNA element to the 'apicoplast' - a novel organelle

acquired by secondary endosymbiosis of a green algal plastid, validation of the apicoplast as an essential
organclle, and studies on apicoplast function 2.

*  Development of new selectable markers for molecular transformation”™ '*.
While the biology of Toxoplasma and Plasmodium is comparable in many respects, it is equally
important to recognize areas where these parallels break down. It is unlikely, for example, that T goadii
will prove useful for investigating mechanisms of chloroquine reststance, function of the food vacuole,
or sequestration in the microvasculature.
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Tools for the genetic transformation of Plasmodium berghei
and their application.
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Why consider a rodent model of malaria as tool of value for the investigation of human malaria? One such
parasite, Plasmodium berghei, offers many features that make it attractive for study and further development
as a system for genetic manipulation. Its biology closely resembles that of the human parasites and its asexual
blood stages can be both cultured and propagated in immunologically competent and rcadily available hosts
(thcmsclves amenable to genetic manipulation). Consider its transmission, cytoadherence, drug sensitivity
and mechanisms of resistance, genetic vartation and complete antigenic repertoire (taken from the a limited
viewpoint of possession of human vaccine candidate homologues and appropriate diversity). Moreover, the
model is highly developed for experimental manipulation compared to other (human) malana parasites. It
offars the possibility to culture viable infectious mosquito forms and the pre-erythrocytic stages and it can be
genetically transformed! While there are some drawbacks to the model and areas where 1t can still be
improved (continuous culiure, erythrocyte/reticulocyte preference), it offers a generally accessible
experimental system. Thus, although at present there are only limited attempts to characterise the genome
of rodent malaria parasites, P, berghei offers the potential to complement (1) and extend current and future
activities based on the characterisation of the P. falciparum genome and its constituent genes

DNA can be introduced into £. berghei parasites in episomal or lincar form and the two modes offer a range
of experimental possibilities. In general the episomes are maintained in the nucleus and do not integrate, while
lincar DNA integrates into the genome. Transient transfection and the expression of cpisomal reporter gene
constructs 15 now akso possible using luciferase and is currently being optimised.

Although at present there is only onc useful selectable marker that can be applied to the genetic manipulation
of ' berghei there is much that can still be achieved whilst the research continues to develop the model.
Sclection is effective since it 1s currently carried out in vivo and it is relatively rapid (3-4 weeks for the
gencration of cloned transformants). Introduced cpisomes allow the expression of transgenes and several
vectors cmploying different promoters have been constructed that allow the stable drug sclectable expression
of transgenes at different stages of parasite development and 1o different extents. Developmental aspects of
malaria protein trafficking have been observed. Parasites stably expressing the Green Fluorescent Protein
have been developed, the protein docs not appear to be toxic to the parasite, allows sorting by FACS of
infected erythrocytes with sorted parasites rctaining their viability. The protein can thus be used for
trafficking studies in situations where transient transfcetion is not sufficiently efficient or sensitive and might
also be used for the construction of a first generation of promaoter trap vectors.

Intepration 1 invariably site-specific in P. berghei proceeding by either a single or double crossover
mechanism. Both have been exploited to modify the P. berghei genome and offer different possibilities and
ease of use. Double cross over (Omega) integration has already been successfully used to irreversibly disrupt

a number of genes (e.g. CS & TRAP) through replacement and several morc (e.g. Pbs21) are currently under
final analysis.

A single cross over duplicates the region of homology between construct and genome and in theory (and in
practice) is reversible in P. berghei. Vectors arc simpler to construct (a consideration with notorious
instability of Plasmodium DNA in E. coli cloning systems). The system has been exploited to analyse the
TRAP locus and prove the function of TRAP by demonstrating restoration of phenotype. Similar disruption
of the parasite rRNA units that are specifically expressed in the vector-bome stages resulted in an analysable







