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1 Introduction

Drug-target discovery is fundamentally a ‘wet-bench’ experimental process. Most
potential drug targets are identified on a laboratory bench top using genetic screens,
biochemical tests or cellular assays. These assays may be done in simple cell cultures,
but more often are done using a variety of model organisms. While the underlying
principles behind in vitro drug-target discovery have not changed much in the past
50 years, what has changed profoundly is the throughput or speed by which this
process is done. In the past, small numbers of drugs and drug targets were slowly
identified through manually intensive and exceedingly tedious laboratory processes.
Nowadays large numbers of potential drugs and drug targets are being routinely
identified through a variety of high-speed, roboticized technologies including high-
throughput DNA sequencing (Carlton, 2003; Kramer and Cohen, 2004), high-
throughput microarray or two-dimensional (2D) gel experiments (Butte, 2002;
Walgren and Thompson, 2004; Onyango, 2004), rapid-throughput mass spectrometry
assays and high-speed roboticized chemical library screens (Jeffrey and Bogyo, 2003;
Lindsay, 2003; Comess and Schurdak, 2004).

These sare high-throughput technologies that have fundamentally changed the
mechanics of “wet-bench’ drug and drug-target discovery are also having a profound
change in the way that drug discovery can actually be done. In particular, high-
throughput technologies are now allowing — or forcing — drug discovery to be done
more on the desk top (i.e. the computer) than on the bench top (i.e. the laboratory).
In other words, drug and drug-target discovery are beginning the transition from an
in wilro process to an i silico process.

In silico drug-target discovery is now possible primarily because of the Human
Genome Project (Bentley, 2000; Hopkins and Groom, 2002) and related large-scale
sequencing cfforts. Already more than 2000 viral genomes, 260 bacterial genomes and
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can be identified. While most of us think of drug targets as being genes or proteins,
drug targets in fact can be either large molecules (protein, DNA, RNA) or small mol-
ecules (metabolites). A survey of drug targets listed through DrugBank (Table 1) and
the TTD (Chen et al, 2002) indicates that 96% (351/365) of approved drug target

Table 1. Web tools and databases of importance to drug-targer discovery.

Sequence databases

GenBank ~ http://www.ncbinim.nih.gov/BLAST/

Ensembl - http://www.ensembl.org/

UCSC-Genome Browser — http://www.genome.ucsc.edu/cgi-bin/hgGateway
SwissProt - hitp://as.expasy.org/sprot/

UniProt — http://www.pir.uniprot.org/

GeneCards — hrp://biocinfo.weizmann.ac.il/cards/index.shtml
Druggable Genome - http://function.gnf.org/druggable/

SymAdtlas — http://symatlas.gnf.org/SymAtlas/

OMIM — hitp://www.ncbi.nlm.nih.gov/entrez/query fegi?db=OMIM
HGMD - htep://archiveuwem.acuk/uwem/mg/hgmdQ.html
ENTREZ Genomes ~ http://www.ncbl.oim.nih.gov/genomes/

EBI Genomes — hitp://www.ebi.ac.uk/genomes/

BacMap ~ htpi//wishart.biology.ualberta.ca/BacMap/

Automated genome annotation tools

PEDANT - hutp://pedant.gsf.de/

MAGPIE/BLUEJAY - http://magpie.ucalgary.ca/

BASys — http://wishart.biology.ualberta.ca/basys/cgi/submir.pl

Text-mining tools

PubMed — http://www.ncbinlm.nih.gov/entrez/query.fogi

Global Search Fngine — heep://www.nebi.nlm.nih.gov/gquery/gquery.fegi?itooi=trompm
MedMiner — beep://discover.act.nib.gov/textmining/main.jsp

MedGene - hitp://hipseq.med.harvard.edu/MEDGENE/login.jsp

iHOP - hetp:/ /www.ihop-net.org/UniPub/iHOP/

DolySearch ~ hrep://redpoll.pharmacy.ualberta.ca/PolySearch/

Integrated drug/sequence databases

TTD — http://xin.cz3.nus.edu.sg/group/ttd/tid.asp
PubChem - http://pubchem.ncbinlm.nih.gov/

KEGG - hutp//www.genome.jprkegg/

PharmGKB — hup://www,pharmgkb.org/

DrugBank — htrp://redpoll pharmacy.ualberta.ca/drugbank/

Analytical tools
GenePublisher — http://www.cbs.dtu.dk/services/GenePublisher/
GelScape — http://www.gelscape.ualberta.ca:8080/hom/
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existing formularies, and so on. Generally this information was available only to phar-
maceutical companies or to research facilities that were wealthy enough to afford certain
proprietary databases (Hopkins and Groom, 2002). This ‘cost barrier’ largely prevented
academic research groups from exploring newly sequenced genomes with the intent of
finding new drug targets and drug leads.

Attempts are now being made to remedy this situation. For instance, the NCBI has
now integrated OMIM (disease information), GenBank (sequence information) and
PubChem (chemical or drug information) into its freely available Entrez Global Search
Engine (Wheeler et al., 2005). Other efforts are also underway including GNF’s
Druggable Genome database (Orth et al., 2004) and the Therapeutic Target Database or
TTD (Chen et al.,, 2002). The TTD is a freely accessible web-based resource that contains
linked lists of names for more than 1100 small-molecule drugs and drug targets
(e.g. proteins). It contains information about known protein and nucleic acid targets
together with the associated disease conditions, pathway information and the correspon-
ding drugs/ligands directed to each drug target. Hyperlinks to other databases facilitate
access to information regarding the function, sequence, 3D structure, nomenclature,
drug/ligand binding properties and related literature about each protein/DNA target.

In addition to the TTD, a number of comprehensive small-molecule databases
have also emerged including KEGG (Kanehisa er 4/, 2004), ChEBI (Brooksbank
et al., 2005) and PubChem (Wheeler et al., 2005). Each contains tens of thousands of
chemical entries — including hundreds of small-molecule drugs. All three databases
provide names, synonyms, images, structure files and hyperlinks to other databases.
Furthermore, both KEGG and PubChem support structure similarity searches.
Unfortunately, these databases were not specifically designed to be drug databases,
and so they do not provide specific pharmaceutical information or links to specific
drug targets (e.g. sequences). Furthermore, because these databases were designed to
be synoptic {(containing fewer than 15 fields per compound entry) they do not provide
a comprehensive molecular summary of any given drug or its corresponding protein
target. More specialized drug databases such as PharmGKB (Hewett et al,, 2002) or
on-line pharmaceutical encyclopaedias such as RxList (Hatfield et al., 1999) tend to
offer much more detailed clinical information about many drugs (their pharmacol-
ogy, metabolism and indications) but they were not designed to contain structural,
chemical or physicochemical information. Instead their data content is targeted more
towards pharmacists, physicians or consumers — not drug-target discovery specialists.

In an effort to create a single, fully searchable i sifico drug resource that links
sequence, structure and mechanistic data about drug molecules with sequence, structure
and mechanistic data about their drug targets, we have developed a new database called
DrugBank, Fundamentally DrugBank is a dual-purpose bioinformatics—cheminformatics
database with a strong focus on quantitative, analytic or molecular-scale information
about both drugs and drug targets. In many respects it combines the data-rich molecular
biology content normally found in curated sequence databases such as SwissProt and
UniProt (Bairoch et al,, 2005) with the equally rich data found in medicinal chemistry
textbooks and chemical reference handbooks. By bringing these two disparate types of
information together into one unified, freely available resource it should allow a much
larger community to conduct i silico drug and drug-target discovery.

DrugBank currently contains more than 410¢ drug entries, corresponding to >14,000
different trade names and synonyms. To facilitate more targeted research and exploration,
DrugBank is divided into four major categories: (1) FDA-approved small-molecule
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drugs (>700 entries), (2) FDA-approved biotech (protein/peptide) drugs (>100 entries),
(3) nutraceuticals or micronutrients such as vitamins and metabolites (>60 entries) and
(4) experimental drugs, including unapproved drugs, de-listed drugs, illicit drugs,
enzyme inhibitors and potential toxins (3200 entries). These individual ‘Drug Types® are
also bundled into two larger categories including all FDA drugs (Approved Drugs) and
All Compounds (experimental + FDA + nutraceuticals). DrugBank’s coverage for non-
trivial FDA-approved drugs is approximately 8% complete.

DrugBank is fully searchable with many built-in tools and features for viewing,
sorting and extracting drug or drug target data. As with any web-enabled database,
DrugBank supports standard text queries (through the text search box located on the
home page). It also offers general database browsing using the ‘Browse’ and
‘PharmaBrowse” buttons located at the top of each DrugBank page. To facilitate
general browsing, DrugBank is divided into synoptic summary tables which, in turn,
are linked to more detailed “DrugCards’ — in analogy to the very successful GeneCards
concept (Rebhan et al, 1998). All of DrugBank’s summary tables can be rapidly
browsed, sorted or reformatted in a manner similar to the way PubMed abstracts may
be viewed. Clicking on the DrugCard button found in the leftmost column of any
given DrugBank summary table opens a webpage describing the drug of interest in
much greater detail. Each DrugCard entry contains more than 80 data fields with half
of the information being devoted to drug/chemical data and the other half devoted to
drug target or protein data. In addition to providing comprehensive numeric, sequence
and textual data, each DrugCard also contains hyperlinks to other databases, abstracts,
digital images and interactive applets for viewing molecular structures (Figure 6).

A key feature that distinguishes DrugBank from other on-line drug resources is its
extensive support for higher Jevel database searching and selecting functions. In addition
to the data viewing and sorting features already described, DrugBank also offers a local
BLAST (Altschul ez al., 1997) search that supports both single and multiple sequence
queries, a Boolean test search (using GLIMPSE — Manber and Bigot, 1997), a chemical
structure search utility and a relational data extraction tool (Sandararaj et al.,, 2004). These
can all be accessed via the database navigation bar located at the top of every DrugBank
page. The BLAST search (SeqSearch) is particularly useful as it can potentially allow
users to quickly and simply identify drug-target leads from newly sequenced pathogens
(1e. exogenous diseases). Specifically, a new sequence, a group of sequences or even an
entire proteome can be searched against DrugBank’s database of known drug target
sequences by pasting the FASTA formatted sequence (or sequences) into the SeqSearch
query box and pressing the ‘submit’ button. A significant hit reveals, through the associ-
ated DrugCard hyperlink, the name(s) or chemical structare(s) of potential drug leads
that may act on that query protein (or proteome).

DrugBank’s structure similarity search tool (ChemQuery) can be used in a similar
manner to its sequence search tools. Users may sketch or paste a SMILES string
(Weininger, 1998) of a possible lead compound into the ChemQuery window.
Submitting the query faunches a structure similarity search tool that looks for common
substructures from the query compound that match DrugBank’s database of known
drug or drug-like compounds. High-scoring hits are presented in a tabular format with
hyperlinks to the corresponding DrugCards (which in turn links to the protein target).
The ChemQuery tool allows users to quickly determine whether their compound of
interest acts on the desired protein target. This kind of chemical structure search may
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Figure 6. A montage of screen shots illustrating the different functions, fields and views
available in DrugBank.
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also reveal whether the compound of interest may unexpectedly interact with unin-
tended protein targets. In addition to these structure similarity searches, the ChemQuery
utility also supports compound searches on the basis of chemical formula and molecular
weight ranges.

Overall, DrugBank is a comprehensive, web-accessible database that brings
together quantitative chemical, physical, pharmaceutical and biological data about
thousands of well-studied drugs and drug targets. It is primarily focused on provid-
ing the kind of detailed molecular data needed to facilitate drug and drug-target
discovery. We believe DrugBank is one of the first examples of a dedicated, fully inte-
grated drug/sequence/disease database. No doubt other databases of this kind will
appear and it is expected that their development and dissemination will only improve
the prospects for in silico drug-target discovery.

9 Analytical tools for drug-target discovery

For the most part we have focused almost exclusively on web-accessible databases
aimed at facilitating drug-target discovery. Certainly the web is most often used as an
information repository to upload and download facts and figures. However, the web
can also be used to perform predictive or analytical operations. Using standard CGl
(common gateway interface) forms, high-speed Internet connections, high-end servers
and Java-based interface tools, it is now possible to deliver a number of advanced,
interactive software services directly over the web. Rather than forcing users to buy,
download and install programs (which is always rife with installation problems and
platform compatibility issues), it is often easier for developers of specialized scientific
software to have users access their software directly through the web.

Analytical web servers are now available to analyse or process a number of experi-
mental processes commonly used in drug-target discovery. These include servers to
process microarray or genechip data (Liu et al., 2003; Brazma et al., 2003; Knudsen
et al., 2003) and servers to process and annotate 2D gel data {Lemkin et al,, 1999; Young
et al., 2004). Interestingly, many of the analytical functions performed freely by these web
servers are offered by commercial software companies at prices of $5000 to $10,000.
Certainly commercial software generally has some important advantages (performance,
support, user-friendliness) over freely available ‘amateur’ software. But it is important
to note that many of the most significant innovations in proteomic ot genomic analysis
typically appear in freeware well before it makes its way into commercial packages.
Likewise, with the rapid development and increased sophistication of web-based graph-
ical user mterfaces, many freely accessible web servers can closely match the perform-
ance and user-friendliness of some of the best commercial packages. Here we highlight
two web servers that could be quite useful in both comparative genomics/proteomics
and in drug-target discovery. One is for processing microarray data (GenePublisher)
and the other is for processing 2D gel data (GelScape). Both are particularly simple to
use and both are good examples of how the web can potentially be used to facilitate
drug-target discovery by processing and analysing raw experimental data.

GenePublisher (Knudsen ez 4l., 2003) is a fully automated, web-based system for
processing Affymetrix genechip experiments. It was originally developed by the
Center for Biological Sequence Analysis in Denmark. While other web servers exist,
such as NetAffx (Liu er al., 2003) and ExpressionProfiler (Brazma et al., 2003), what
is particularly appealing about GenePublisher is its near total automation of the
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process and the high quality of its resulting reports and figures. In effect, with
GenePublisher, one simply uploads their raw Affymetrix data, waits a few minutes
and then a nearly finished paper (with methods, colour figures, tables and references
— all in PDF format) is produced. The analytical procedures used in GenePublisher
follow well-established peer-proven protocols and exploit a number of in-house
servers, databases and tools uniquely available to the Danish Biological Sequence
Analysis Center. Obviously, this kind of initial, automated analysis can be followed
up with more detailed manual analyses or it can be used to suggest experiments for
veritication of the results. Nevertheless, in the field of drug-target discovery, these
initial transcript analyses frequently point to important biomarkers, key pathways
and critical triggers to diseases or disease processes.

GenePublisher conducts its GeneChip analysis using seven separate steps: (1) inital
data/image analysis; (2) statistical and significance analysis; (3) K-nearest neighbour
classification; (4) gene or transcript annotation (via GenBank, GO, TRANSPATH,
KEGG, ProtFun); (5) K-means clustering; (6) promoter analysis; and (7) report
generation. To begm the process, users must upIoad g21pped CEL files from an
Affymetrix experiment or a ‘genetable’ of raw image analysis intensities. Once the
data set is loaded, the initial data analysis including normalization, background
correction, expression index calculation and visualization of chip-to-chip variation is
performed using the Bioconductor affy package. By default, the gspline (quadratic
spiine) method is used for normalization. After this initial processing step,
GenePublisher uses the R statistical programming environment to conduct a statisti-
cal and significance analysis. Principal component analysis (PCA) and hierarchical
clustering is performed on the chip data to identify or display any obvious structure
in the data. Additionally, t-tests (for 2-category cases) and ANOVA tests (for >2-
category cases) are performed. A Bonferroni correction for multiple testing is then
performed and the list of genes with significant differential expression is output, with
calculated log fold changes. Once the differentially expressed genes have been identi-
fied the list is annotated with description of the genes and links to the LocusLink
database, Gene Ontology (GO) labels, KEGG database links (if they exist),
TRANSPATH (Krull er afl, 2003) links (if they exist) and putative functions
predicted by homology to GO-annotated proteins or via ProtFun (Jensen et al,
2002). ProtFun predicts protein function based on properties of the protein sequence
as well as predicted features such as post-translational modification. In its fifth step of
the analysis process, GenePublisher performs a hierarchical clustering on all the top-
ranking genes. A K-means clustering is also run on the same highly ranked genes. The
optmal number of clusters is chosen as the one which results in the smallest ratio of
within-cluster to between-cluster variance. The program automatically chooses
a colour scale to capture and display the spectrum of variation in the data. In the sixth
step, GenePublisher performs a promoter analysis on the highest ranking genes by
looking for known and unknown regulatory elements using three different methods:
(1) a staustically based pattern searching tool, (2) a Gibbs sampler method and
(3) direct comparisons to the TRANSFAC database (Matys et 4l., 2003). Once the
promoter analysis is complete GenPublisher summarizes what it did using a tem-
plated (fill-in-the-blank) report structure based on the analysis performed and param-
eters chosen. The report, complete with annotated tables and graphs, is converted to
a PDF document and returned to the user via the web interface. Also returned is a
table of normalized intensities and P-values of all genes in all experiments. A sample
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report can be downloaded from the GenePublisher website. Overall, this microarray
analysis tool is really quite impressive and certainly simplifies many of the steps that
are manually done using tedious and time-consuming steps required by most com-
mercial software suppliers. It also allows researchers the time to think about and
interpret their microarray data in biologically meaningful terms. This can go a long
way to identifying and validating promising drug targets.

Just as with transcript-based gene chip methods, proteomics-based methods in drug-
target discovery often depend on being able to compare the expression of proteins
between two or more different conditions (diseased vs. healthy, treated vs. untreated).
Because of its simplicity and its ability to separate and display even tiny amounts of pro-
tein, 2 gel electrophoresis has been and continues to be one of the most popular, low-
cost methods to quantify and identify differential protein expression. While running 2D
gels is a relatively simple experimental process, analysing 2D gels is not. In fact, gel analy-
sis is normally conducted with fairly sophisticated image analysis and image manipula-
tion software. Over the past decade a number of popular, commercial software packages
have been introduced to facilitate digital gel analysis, including Melanie 4 (GeneBio),
Phoretix 2D (Phoretix Inc.), ImageMaster 2D (Amersham), PDQuest (BioRad) and
Gellab IT (Scanalytics). These stand-alone programs support an impressive array of inter-
active image analysis and annotation routines. However, the high cost ($3000-$10,000)
and restricted platform compatibility of many of these packages have led some groups to
attempt to develop web-based freeware or groupware systems to handle certain key
aspects of gel analysis, including, archiving (SWISS-PROT 2D - Appel ez al,, 1999),
comparison (Flicker — Lemkin, 1997} or interactive exploration (WebGel — Lemkin et al,
1999). Indeed, recent advances in Java applet, Java servlet and Java Server Page (JSP) tech-
nologies have proven that it is possible to perfarm very sophisticated, interactive image
manipulation over the web. These advances actually motivated our development of
a freely available web-based gel analysis system called GelScape.

GelScape (Young er al., 2004) is designed to permit both 1D and 2D gel annotation
(via MS analyses) as well as gel overlay and comparison. These kinds of functions are
critical to being able to identify diferential expression or differential modifications
(phosphorylation, cleavage) of proteins. They are also critical for being able to identify
potential drug targets, for both exogenous and endogenous diseases, from standard pro-
teomic experiments. The GelScape server, itself, is composed of six functional windows :
(1) the ‘Load Gel’ window; (2) the ‘Grid&Axes’ window; (3) the ‘Annotate8View’
window; (4) the ‘Manipulate Gel’ window; (5) the Gel ‘Morph& Compare’ window and
(6) the ‘GelBank’ (gel archiving) window. Navigation to different windows is readily
accessible by clicking on the various hyperlinked tabs located at the top of each
window. Users begin a GelScape session by logging into the GelScape home page. Once
logged in, the user is transferred to the Load Gel window. In this window, gel images
{gif or jpg, 1D or 2D} may be uploaded (and later resized) from the user’s local machine
using simple HTML file browser. Hyperlinked thumbnail images of previously loaded
or annotated gels are also displayed for easy reloading.

After loading the desired image, the user is transferred to the Annotate&View
window. From this window, users may either interactively view their gel or navigate to
other GelScape windows. If 2 gel is being annotated for the first time, users typically
select the Grid&Axes window to define and/or interactively adjust the molecular
weight and/or pH gradient scales. These scales are not only drawn on the gel (grid lines
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may be toggled off and on), but are also mapped onto the Annotate&View window
which interactively displays these values on the image as the cursor is moved. Once the
erid is set, the user normally navigates to the Annotate& View window. In this window,
users may manually mark and annotate gel spots or bands by clicking on the spot or
band of interest and filling in the appropriate text boxes. Alternatively, users may anno-
tate spots or bands by entering the protein accession number (SwissProt or GenBank),
or a peptide mass list (analysed by the PeptideSearch/WWW server). GelScape auto-
matically uses web queries to retrieve the relevant sequence, protein name, pI and MW
data, all of which are uploaded to the appropriate text boxes. Users may subsequently
input additional comments, add associated mass spectrometry images or files, edit the
uploaded text data or rename the spot.

In addition to manual peak picking, GelScape also supports automated peak pick-
ing and peak integration. Spots are determined and quantified by comparing their
intensities against a user-adjustable threshold. If the user-defined threshold does not
accurately detect the spots, the user may either undo or selectively modify the marked
spots as desired. Selected spots or bands are marked with either a resizeable cross 2D
gel) or a line (1D gel). Once marked, gel annotations can be viewed within the
Annotate&View window by clicking on the labelled spots displayed on the image.
Alternatively, a gel legend with abbreviated annotations for all spots is also accessible
from this same window. File saving can be done on the web-server’s allocated disc
space or the HTML image map can be emailed to the user’s preferred mail account.

In addition to these interactive viewing and annotation tools, GelScape also supports
a variety of image editing and manipulation functions. For instance, in the Manipulate
Gel window, users may convert between image formats, re-colour gel spots, display
spots/bands as filled or empty regions, change the background colour, or convert the
image to a transparent form for facile gel superposition. In the Morph&Compare
window, users may perform multi-gel comparisons (including gel “flickering’ and direct
gel overlay), image warping and gel-to-gel annotation transfer. After a gel image has
been adjusted or warped, it may be overlaid with another gel image (transparent or
opaque) or the annotations from a reference gel may be directly transferred to another
gel. Both operations are automatically implemented using directional arrow buttons.

Overall, GelScape is an easy-to-use, web-based gel analysis system that permits
facile, interactive annotation, comparison, manipulation and storage of protein gel
images. It supports many of the features found in commercial, stand-alone gel analysis
software including spot annotation, spot mtegration, gel warping, image resizing,
HTML image mapping, image overlaying as well as the storage of gel image and gel
annotation data standard formats. In this regard, GelScape could serve as an ideal,
low-cost tool to facilitate drug target identification and discovery in budget-conscious
proteomics laboratories. However, GelScape does have some limitations. Given the
usual computational needs for image processing along with limits in Internet data trans-
fer speeds, GelScape is not able to handle large (>1 Mbyte) image files. Likewise, certain
restrictions on client-side accessibility limit what GelScape can offer in terms of analyt-
ical and interface structures. Nevertheless, GelScape does represent a good exarmple of
the kind of sophisticated analytical tools that can be built and that are now being offered
over the web. As new Internet technologies evolve and as data transfer speeds acceler-
ate, it 1s likely that almost anything we normally expect to do on a stand-alone computer
will soon be possible through a web-based servlet or applet.
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10 Conclusion

In this chapter we have described how drug-target discovery can be done in silico using
a variety of web-accessible databases and software. Specifically we have explored five
different classes of web resources: (1) sequence databases; (2) automated genome anno-
tation tools; (3) text-mining tools; (4) integrated drug/sequence databases; and (5) web-
based microarray and 2D gel analysis tools. Many of these web-based resources
represent the products that arose, either directly or indirectly, from the Human
Genome Project. They also represent the results of etforts by many scientists and
national institutions to facilitate the sharing of biologically important data over the
web. In addition to providing a brief survey and general assessment of many web-
based tools, we have also shown how they can be used differently to assistin target dis-
covery for ecither exogenous (infectious) diseases or endogenous (in-born or
age-related) diseases. Indeed, we can now redraw Figures 1 and 2, which outlined in
silico drug-target identification, and replace the generic processes originally illustrated
in these figures with some very specific programs and databases (Figures 7 and 8).

Endogenous disease

GenBank Microarra 2D-get or QTL, CGH or
EnsEMBL ¥ ICAT linkage analysis
¥
, GeIScape L:nkage
(GenePub[nsheD ( Flicker ) C software )
Gene region
GenBank
EnsEMBL
¥ ¥ y Y
Gene targets Gene targets Protein targeis Gene targets

[ | I |
BlueJay, BASys
UniProt

DrugBank PolySearch
TTDB, KEGG Medeer

Drug target +
drug lead

Figure 7. Flow chart outlining the specific tools used in in silico drug-target discovery for
endogenous (buman) diseases. The rounded boxes represent software tools or databases while
the square boxes represent experimental methods.
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Exogenous disease

Genome GenBank
seguence BacMap
I
BASys
BlueJay, VGO

Protein targets

Yes
N
DrugBank oinearch
TTDB, KEGG MedMiner
¥
Drug target + Vaccine
drug lead candidate

Figure 8. Flow chart outlining the specific tools used in in silico drug-target discovery for
exogenous (infectious) diseases. The rounded boxes represent software tools or databases while
the square boxes represent experimental methods.

Obviously the databases and analytical tools mentioned in Figures 7 and & are
not the only software or database choices. Many other options, both commercial and
web-based, clearly exist. Likewise, many other options, both experimental and
computational, also exist for drug-target discovery. These alternative approaches are
presented and discussed in other chapters throughout this book. Overall, the particu-
lar emphasis placed on in silico target discovery in this chapter should not diminish the
critical importance of solid, well-planned in vivo and i vitro experiments that are
needed to stimulate and validate any i sifico efforts. Indeed, in silico target discovery
could not exist without being continuously complemented with, or motivated by,
solid experimental research. Ultimately, what this chapter should illustrate is that the
awareness and proper use of easily accessible web resources could make experimental
efforts much easier, more focused and far more interpretable. In other words, an hour
on the desk-top can often save a month at the bench-top.

Acknowledgement

The author wishes to acknowledge the support of Genome Prairie, a division of Genome
Canada in developing some of the software and databases described in this chapter.




172 CH.7. DRUG-TARGET DISCOVERY IN SILICO

References

Altschul, S.F., Madden, T.L., Schaffer, A.A., Zhang, J., Zhang, Z., Miller, W. and
Lipman, D.]J. (1997) Gapped BLAST and PSI-BLAST: a new generation of
protein database search programs. Nucleic Acids Res 25: 33893402,

Andrade, M.A,, Brown, N.P., Leroy, C., Hoersch, S., de Daruvar, A., Reich, C.,
Franchini, A., Tamames, J., Valencia, A., Ouzounis, C. and Sander, C.
(1999) Automated genome sequence analysis and annotation. Bioinformatics
15: 391412,

Appel, R.D., Bairoch, A. and Hochstrasser, D.F. (1999) 2-D databases on the World
Wide Web. Methods Mol Biol 112: 383-391.

Baasiri, R.A., Glasser, S.R,, Steffen, D.L. and Wheeler, D.A. (1999) The breast
cancer gene database: a collaborative information resource. Oncogene
18: 7958--7965,

Bairoch, A., Apweiler, R., Wu, C.H., Barker, W.C., Boeckmann, B., Ferro, S.,
Gasteiger, E., Huang, H., Lopez, R., Magrane, M., Martin, M.]., Natale, D.A.,
O’Donovan, C., Redaschi, N. and Yeh, L.S. (2005) The Universal Protein
Resource (UniProt). Nucleic Acids Res 33(Database issue): D154-159.

Bentley, D.R. (2000} The Human Genome Project — an overview. Med Res Rev 20
189-196.

Brazma, A, Parkinson, H., Sarkans, U., Shojatalab, M., Vilo, J., Abeygunawardena,
N., Holloway, E., Kapushesky, M., Kemmeren, P., Lara, G.G. et al. (2003)
ArrayExpress — a public repository for microarray gene expression data at the EBL
Nucleic Acids Res 31: 68-71.

Brooksbank, C., Cameron, G. and Thornton, J. (2005) The European
Bioinformatics Institute’s data resources: towards systems biology. Nucleic Acids
Res 33 (Database issue): D46-53.

Butte, A. (2002) The use and analysis of microarray data. Nat Rev Drug Discov
1: 951-960.

Buysse, J.M. (2001) The role of genomics in antibacterial target discovery. Curr Med
Chem 8: 1713-1726.

Carlton, J. (2003) The Plasmodium vivax genome sequencing project. Trends
Parasitol 19: 227-231.

Chan, P.F.,, Macarron, R., Payne, D.]., Zalacain, M. and Holmes, D.J. (2002)
Novel antibacterfals: a genomics approach to drug discovery. Curr Drug Targets
Infect Disord 2: 291-308.

Chaussabel, D. (2004) Biomedical literature mining: challenges and solutions in the
‘omics’ era. Am | Pharmacogenomics 4: 383-393,

Chen, X., Ji, Z.L. and Chen, Y.Z. (2002) TTD: Therapeutic Target Database. Nucleic
Actds Res 30: 412-415.

Clarke, P.A,, te Pocle, R. and Workman, P. (2004) Gene expression microarray tech-
nologies in the development of new therapeutic agents. Exr | Cancer 40: 2560-2591.

Cohen, A.M. and Hersh, W.R. (2005) A survey of current work in biomedical text
mining, Brief Bioinform 6: 57-71.

Comess, K.M. and Schurdak, MLE. (2004) Affinity-based screening techniques for
enhancing lead discovery. Curr Opin Drug Discov Devel 7: 411-416.



Davip 5. WISHART 173

Darvasi, A. (2005) Dissecting complex traits: the geneticists’ ‘Around the world in 80
days’. Trends Gener 21: 373-376.

Delcher, A.L., Harmon, D., Kasif, S., White, O., Salzberg, S.L. (1999) Imporved

microbial gene identification with GLIMMER. Nucleic Acids Res Dec. 1; 27(23):

46364641,

Deshpande, N., Addess, K.J., Bluhm, W.F, Merino-Ott, ]J.C., Townsend-
Merino, W., Zhang, Q., Knezevich, C., Xie, L., Chen, L., Feng, Z., Green, R.K.,
Flippen-Anderson J.L., Westbrook, J., Berman, H.M. and Bourne, P.E.
(2005) 'The RCSB Protein Data Bank: a redesigned query system and relational
database based on the mmCIF schema. Nucleic Acids Res 33(Database issue):
D233-237.

Fischer, HLP. (2005) Towards quantitative biology: integration of biological information
to elucidate disease pathways and to guide drug discovery. Biotechnol Annu Rev 11:
1-68.

Fishman, R.H. (1996) Bioinformatics speeds HIV-1 drug development. Lancet 348:
1648,

Fraser, C.M. and Rappuoli, R. (2005) Application of microbial genomic science to
advanced therapeutics. Annu Rev Med 56: 459-474.

Frazer, K.A,, Elnitski, L., Church, D.M., Dubchak, L. and Hardison, R.C. (2003)
Cross-species sequeiice comparisons: a review of methods and available resources.
Genome Res 13: 1-12.

Gaasterland, T. and Sensen, C.W. (1996) MAGPIE: automated genotne interpreta-
tion, Trends Gener 12: 76-88.

Griffin, J.L. (2003) Metabonomics: NMR spectroscopy and pattern recognition
analysis of body fluids and tissues for characterisation of xenobiotic toxicity and
disease diagnosis. Curr Opin Chem Biol 7: 648—654.

Hammond, M.P. and Birney, E. (2004) Genome information resources — developments
at Ensembl. Trends Gener 20: 268-272.

Hamosh, A., Scott, A.F., Amberger, ].S., Bocchini, C.A. and McKusick, V.A. (2005)
Online Mendelian Inheritance in Man {OMIM), a knowledgebase of human genes
and genetic disorders. Nucleic Acids Res 33(Database issue): D514-517.

Harris, N.L. (1997) Genotator: a workbench for sequence annotation. Genome Res
7: 754762,

Harris, S. and Foord, S.M. (2000) Transgenic gene knock-outs: functional genomics
and therapeutic target selection. Pharmacogenomics 1: 433—443.

Hatfield, C.L., May, S.K. and Markoff, ].S. (1999} Quality of consumer drug infor-
mation provided by four Web sites. Am | Health Syst Pharm 56: 2308-2311.

Hewett, M., Oliver, D.E., Rubin, D.L., Easton, K.L., Stuart, .M., Altman, R.B.
and Klein, T.E. (2002) PharmGKB: the Pharmacogenetics Knowledge Base.

Nucleic Acids Res 30: 163-165.

Hiscock, D. and Upton, C. (2000) Viral Genome DataBase: storing and analyzing
genes and proteins from complete viral genomes. Bioinformatics 16: 484—485.

Hoffmann, R. and Valencia, A. (2005) Implementing the iIHOP concept for naviga-
tion of biomedical literature. Bioinformatics 21(Suppl 2): 11252-1i258.

Hopkins, A.L and Groom, C.R. (2002) The druggable genome Nat Rev Drug Discov

1: 727-730.




174 CH. 7. DRUG-TARGET DISCOVERY IN SILICO

Inazawa, J., Inoue, J. and Imoto, L. (2004) Comparative genomic hybridization
(CGH)-arrays pave the way for identification of novel cancer-related genes.
Cancer Sci 95: 559-563.

Jetfery, D.A. and Bogyo, M. (2003) Chemical proteomics and its application to drug
discovery. Curr Opin Biotechnol 14: 8795,

Jensen,L. J., Gupta, R., Blom, N., Devos, D., Tamames, J., Kesmir, C., Nielsen, H
Staerfeldt, H.H., Rapacki, K., Workman, C. et al. (2002) Ab initio reduction of
human orphan protein function from post-translational modifications and local-
ization features. /| Mol Biol 319: 1257-1265.

Jonsdottir, $.0., Jorgensen, F.S. and Brunak, S. (2005) Prediction methods and
databases within chemoinformatics: emphasis on drugs and drug candidates.
Bioinformatics 21: 2145~2160.

Kanehisa, M., Goto, S., Kawashima, S., Okuno, Y. and Hattori, M. (2004) The
KEGG resource for deciphering the genome. Nucleic Acids Res 32(Database
issue): D277-280.

Karolchik, D., Baertsch, R., Diekhans, M., Furey, T.S., Hinrichs, A., Lu, Y.T.,
Roskin, K.M., Schwartz, M., Sugnet, C.W., Thomas, D.].,, Weber, R.].,
Haussler, D., Kent, W.]. (2003) The UCSC Genome Browser Database. Nucleic
Acids Res 31: 51-54.

Knudsen, S., Workman, C., Sicheritz-Ponten, T. and Friis, C. (2003) GenePublisher:
Automated analysis of DNA microarray data. Nucleic Acids Res 31: 3471-3476.

Kramer, R. and Cohen, D. {2004) Functional genomics to new drug targets. Nat Rev
Drug Discov 3: 965-972.

Krull, M., Voss, N., Choi, C., Pistor, S., Potapov, A and Wingender, E. (2003)
TRANSPATH: an mtegra,ted database on signal transduction and a tool for array
analysis. Nucleic Acids Res, 31: 97-100.

LaBaer, J. (2003) Mining the literature and large datasets. Nat Biotechnol 21: 976-977.

Lahm, A., Yagnik, A., Tramontano, A. and Koch, U. (2002) Hepatitis C virus pro-
teins as targets for drug development: the role of bioinformatics and modelling.
Curr Dyng Targets 3: 281-296.

Lemkin, P.F. (1997} Comparing two-dimensional electrophoretic gel images across
the Internet. Electrophoresis 18: 461470,

Lemkin, P.F, Mpyrick, ].M., Lakshmanan, Y., Shue, M.J., Patrick, J.L.,
Hornbeck, P.V., Thornwal, G.C. and Partin, A.W. (1999) Exploratory data
analysis groupware for qualitative and quantitative electrophoretic gel analysis
over the Internet-WebGel. Electrophoresis 18: 3492-3507.

Lindsay, ML.A. (2003). Target discovery. Nat Rev Drug Discov 2: 831-838.

Liu, G., Loraine, A.E., Shigeta, R., Cline, M., Cheng, J., Valmeekam, V., Sun, S.,
Kulp, D. and Siani-Rose, MLA. (2003} NetAffx: Affymetrix probesets and anno-
tations. Nucleic Acids Res 31: 82-86.

Maglott, D., Ostell, J., Pruitt, K.D. and Tatusova, T. (2005) Entrez Gene: gene-cen-
tered information at NCBIL. Nucleic Acids Res 33(Database issue): 5458,

Manber, U, and Bigot, P. (1997) USENIX Symposium on Internet Technologies and
Systems (NSITS’97), Moaterey, California, pp. 231-239.

Matys, V., Fricke, E., Geffers, R., Gossling, E., Haubrock, M., Hehl, R., Hornischer,

K., Karas, D., Kel, A.E., Kel-Margoulis, O.V. et al. (2003) TRANSFAC: tran-

scriptional regulation, from patterns to profiles. Nucleic Acids Res 31: 374-378.




Davip 5. WISHART 175

Meyer, F., Goesmann, A., McHardy, A.C., Bartels, D., Bekel, T., Clausen, J.,
Kalinowski, J., Linke, B., Rupp, O., Giegerich, R. and Puhler, A. (2003)
GenDB ~ an open source genome annotation system for prokaryote genomes,
Nucleic Acids Res 31: 2187-2195.

O’Donovan, C., Martin, M.J., Gattiker, A., Gasteiger, E., Bairoch, A. and
Apweiler, R. (2002) High-quality protein knowledge resource: SWISS-PROT and
TrEMBL. Brief Bioinform 3: 275-284.

Onyango, P. (2004) The role of emerging genomics and proteomics technologies in
cancer drug target discovery. Curr Cancer Drug Targets 4: 111-124.

Orth, A.P., Batalov, S., Perrone, M. and Chanda, S.K. (2004) The promise of genomics
to ideatify novel therapeutic targets. Expers Opin Ther Targets 8: 587-596.

Paine, K. and Flower, D.R. (2002) Bacterial bioinformatics: pathogenesis and the
genome. | Mol Microbiol Biotechnol 4: 357-365.

Patton, W.FE. (2002) Detection technologies in proteome analysis. ] Chromatogr B
Analyt Technol Biomed Life Sci 771: 3-31.

Payne, D.J.,, Gwynn, M.N., Holmes, D.]J. and Rosenberg, M. (2004) Genomic
approaches to antibacterial discovery. Methods Mol Biol 266: 231-259.

Peterson, J.D., Umayam, L.A,, Dickinson, T., Hickey, E.K. and White, O. (2001)
The Comprehensive Microbial Resource. Nucleic Acids Res 29: 123-125.

Rebhan, M., Chalifa-Caspi, V., Prilusky, J. and Lancet, D.(1998) GeneCards:
a novel functional genomics compendium with automated data mining and query
reformulation support. Bioinformatics 14: 656—664.

Reiter, L.T. and Bier, E. (2002} Using Drosophila melanogaster to uncover human
disease gene function and potential drug target proteins. Expert Opin Ther Targets
6: 387399,

Riley, M.L., Schmidt, T., Wagner, C., Mewes, H.W. and Frishman, D. (2005) The
PEDANT genome database in 2005. Nucleic Acids Res 33(Database issue):
D308-310.

Ryan, T.E. and Patterson, S.DD. (2002) Proteomics: drug target discovery on an
industrial scale. Trends Biotechnol 20(12 Suppl): $45-51.

Southan, C. (2004) Has the yo-yo stopped? An assessment of human protein-coding
gene number. Proteomics 4: 1712-1726.

Stenson, P.D., Ball, E.V., Mort, M., Phillips, A.D., Shiel, J.A., Thomas, N.S.,
Abeysinghe, S., Krawczak, M. and Cooper, D.N. (2003) Fluman Gene Mutation

Database (HGMD): 2003 update. Hurm Mutat 21: 577-581.

Stothard, P., Van Domselaar, G., Shrivastava, S., Guo, A., O’Neill, B,;
Cruz, J., Ellison, M, and Wishart, D.S. (2005) BacMap: an interactive picture
atlas of annotated bacterial genomes. Nucleic Acids Res 33(Database issue):
D317-320.

Sundararaj, S., Guo, A., Habibi-Nazhad, B., Rouani, M., Stothard, P., Ellison, M.
and Wishart, D.S. (2004) The CyberCell Database (CCDB): a comprehensive,
self-updating, relational database to coordinate and facilitate in silico modeling of
Escherichia coli. Nucleic Acids Res 32(Database issue): 1293-295,

Szafron, D, Lu, P, Greiner, R, Wishart, DS, Poulin, B, Eisner, R, Lu, Z, Anvik, J,

Macdonell, C, Fyshe, A, Meeuwis, D. (2004) Proteome Analyst: custom predictions

with explanations in a web-based tool for high-throughput proteome annotations.

Nucleic Acids Res 32(Web Server issue): W365-371.




176 CH. 7. DRUG-TARGET DISCOVERY IN SILICO

Tanabe, L., Scherf, U., Smith, L.H., Lee, ] K., Hunter, L. and Weinstein, J.N. (1999)
MedMiner: an Internet text-mining tool for biomedical information, with applica-
tion to gene expression profiling. Biotechnigues 27: 1210-1217.

Turinsky, A.L., Ah-Seng, A.C,, Gordon, P.M., Stromer, J.N., Taschuk, M.L.,
Xu, E.W. and Sensen, C.W. (2005) Bioinformatics visualization and integration
with open stapdards: the Bluejay genomic browser. In Silico Biol 5: 187-198.

Van Domselaar, G.H., Stothard, P., Shrivastava, S., Cruz, J.A., Guo, A,, Dong, X.,
Lu, P, Szafron, D., Greiner, R. and Wishart, D.S. (2005) BASys: a web server for
automated bacterial genome annotation. Nucleic Acids Res 33(Web Server issue):
W455—459. :

Voorhoeve, P.M. and Agami, R. (2003) Knockdown stands up. Trends Biotechnol
21: 2-4.

Walgren, J.L. and Thompson, D.C. (2004} Application of proteomic technologies in
the drug development process. Toxicol Lett 149: 377-385.

Weininger, D. (1988) SMILES 1. Introduction and Encoding Rules. J Chem Inf
Comput Sci 28: 31-38.

Wheeler, D.L., Barrett, T., Benson, D.A., Bryant, S.H., Canese, K., Church, D.M.,
DiCuccio, M., Edgar, R., Federhen, S., Helmberg, W., Kenton, D.L.,
Khovayko, O., Lipman, D.J., Madden, T.L., Maglott, D.R., Ostell, J., Pontius,
J.U,, Pruitt, K.D.,, Schuler, G.D., Schriml, L.M., Sequeira, E., Sherry, S.T.,
Sirotkin, K., Starchenko, G., Suzek, T.O., Tatusov, R., Tatusova, T.A.,
Wagner, L. and Yaschenko, E. (2005) Database resources of the National
Center for Biotechnology Information. Nucleic Acids Res 33(Database issue):
3945,

Wishart, D.S. (2005) Bioinformatics in drug development and assessment. Drug
Metab Rev 37: 279-310.

Young, N., Chang, Z. and Wishart, D.S. (2004) GelScape: a web-based server for
interactively annotating, manipulating, comparing and archiving 1D and 2D gel
mmages. Bioinformatics 20: 976-978.

Zon, L.L and Peterson, R.T. (2005) In vivo drug discovery in the zebrafish. Nat Rewv
Drug Discov 4: 35-44.





