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Screening and synthesis: high throughput technologies
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SUMMARY

High throughput technologies continue to develop in response to the challenges set by the genome projects. This article
discusses how the techniques of both high throughput screening (H'T'S) and synthesis can influence research in parasit-
ology. Examples of the use of targeted and phenotype-based HT'S using unbiased compound collections are provided. The
important issue of identifying the protein target(s) of bioactive compounds is discussed from the synthetic chemist’s
perspective. This article concludes by reviewing recent examples of successful target identification studies in parasitology.
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INTRODUCTION

Plasmodium falciparum, Trypanosoma brucei, Toxo-
plasma gondii, Eimeria tenella, Leishmania major,
Theileria annulata, Schistosoma mansoni — the list
continues to grow. Unfortunately this is not the list
of parasites for which there is an affordable, access-
ible, side-effect free treatment for the corresponding
disease state. It is, rather, an incomplete list of
the parasite genomes that have been sequenced. A
discussion of the steps involved in using bioinfor-
matics to distil ‘drug-targets’ out of these sequences
falls outside the scope of this article. Instead we
focus on the technology that links parasitology to
chemistry. The search for compounds that modulate
protein activity is usually viewed as the task of the
pharmaceutical industry. However, in the context of
parasitology, World Health Organisation (TDR),
Medicines for Malaria Venture (MMYV), Walter
Reed, the Gates Foundation and many others also
play a key role. The high ‘tech’ approaches adopted
in drug discovery centres of excellence are increas-
ingly being applied in academia. Here we provide a
brief review of the use of high throughput screening
(HTS) in parasitology, including target- and
phenotype-driven approaches. We discuss how
phenotype-based studies, recently termed forward
chemical genetics, require a multidisciplinary
approach driven by the challenge of ‘protein target
identification’.
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HIGH THROUGHPUT SCREENING

At least four considerations are required for an
academic laboratory to use high throughput screen-
ing as part of their research arsenal. The first is to
engineer an experimental situation in which the
‘system’ itself tells us the answer to a difficult prob-
lem. For example, establishing a method of identi-
fying novel proteins involved in host cell invasion by
a parasite (Carey et al. 2004). The second relates to
the availability of the necessary technology. There
has been a significant drop in the cost of the required
robotic equipment and it is now possible to buy an
automated liquid handler and multimode plate
reader with a minimal budget. Third, compound
collections are now commercially available and a
myriad of companies cater to the increasing demand
(Table 1). Fourth, academic researchers have re-
alised that they can not only validate a novel protein
target but can also identify ‘proof of concept’ com-
pounds that modulate the protein’s activity (Smith
et al. 2004).

TARGETED HTS

Providing an exhaustive literature review of high
throughput screening in parasitology is a daunting
task. We have therefore chosen to review only a sub-
section of the literature (for a more complete review
see Werbovetz, 2000). All the articles we will discuss
in detail have a common link: the use of unbiased
compound collections. This decision means that a
large number of targeted HTS reports in parasit-
ology will not be discussed. Our view is that in the
majority of these articles a lead compound against
the selected parasite target already exists and that
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Table 1. Representative sources of compound collections

No. of
Company (alphabetical) samples Cost/sample Guaranteed purity level
Biofocus 25K No data >80%, LCMS
Bionet/Key Organics Ltd 41K 8-9 GBP/mg >90%, LCMS, NMR
Cerep 23K No data >80%, LCMS
Chembridge 220K 7 USD/mg >90%, LCMS, NMR
Interbioscreen 350K 8-26 USD/mg No data, NMR, LCMS
Maybridge 58K 6-20 GBP/mg >90%, NMR, LCMS, IR
Peakdale 18K 9-60 GBP/mg 85%, LCMS
Specs & Biospecs 220K 6—10 euro/mg >90%, LCMS, NMR
Tripos 100K 10-15 USD/mg 90%, LCMS

There are two main sectors to this industry: suppliers of compound collections that are synthesised under exclusive terms
and suppliers to the research community at large that provide compounds with no or limited intellectual property ties.
Whilst this growing industry continues to produce large numbers of novel small molecules each year only a small per-
centage can be accessed by the academic community. Collections of natural product extracts are also available (Schwikkard
& van Heerden, 2002). This table was compiled following direct contact with each of the companies listed. Several
companies that we contacted but did not respond, including Chemdiv, Asinex, ASDI, ComGenex, MicroSource,
Nanoscale, Trega Biosciences, Timtec, Sequoia, NeoMorph, ChromaDex, Lexicon and EMC. The data provided are to
the best of our knowledge correct but are subject to economies of scale and constant upgrading by all companies.
LCMS - liquid chromatography mass spectrometry, NMR — nuclear magnetic resonance, IR — infra red.

the main focus of the papers is usually not on the
discovery aspect but on lead optimisation. For
example, the recent report of the screening of kinase
inhibitors against the Leishmania mexicana CRK3
Cyclin-Dependent Kinase, although interesting, is
not discussed in detail here as this research is inspired
by previous knowledge of likely kinase inhibitor
structures (Grant et al. 2004).

As a result of intellectual property issues, financial
constraints and the many technical barriers inherent
in establishing a miniaturised functional protein as-
say, there are very few cases where purified parasite
proteins have been screened against unbiased com-
pound collections (e.g. Samson et al. 1995 ; Asai et al.
2002). An excellent example of this approach is the
work by Asai et al. (2002). Toxoplasma gondii ex-
presses the protein nucleoside triphosphate hydro-
lase (NTPase) in two isoforms, NTPase-I and
N'TPase-I1. These enzymes are released into the
parasite-containing vacuole and are essential for
tachyzoite replication within the host cell. Approxi-
mately 150000 compounds were assayed against
N'TPase in T'. gondii in an automated 96-well format.
The activity of the compounds was monitored by
the presence of orthophosphate, formed by hydro-
lysis of ATP. Five compounds were shown to inhibit
both N'T'Pase-1 and N'T'Pase-11. One of the com-
pounds was a selectivite inhibitor of NTPase-I. On
further investigation all five compounds were found
to inhibit parasite replication. With the availability
of genome sequences and improvements in our
ability to classify and express recombinant proteins,
it seems likely that the number of examples of this
HTS mode will increase dramatically. The use of
small molecule chips to aid high throughput bind-
ing assays, followed by low throughput functional
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assays, will also enhance this discovery mode
(Koehler, Shamji & Schreiber, 2003).

A second class of HTS projects that use an
unbiased compound set does exist but this set is a
virtual one. Table 2 summarises reports of projects
that have started with an n silico screen against a
specific protein. In the majority of cases, these
studies are aided by the availability of structural in-
formation on the chosen protein, although homology
models are also used. For example Bond et al. (1999)
used this approach to study the protein target
trypanothione reductase (TR) in the protozoan para-
site Trypanosoma cruzi. This protein was selected
due to its potential importance in the survival of the
parasite. TR reduces trypanothione disulfide ('T'[S],)
to dihydrotrypanothione, which can in turn reduces
glutathione disulfide (GSSH) to glutathione (GSH).
GSH protects cells by removing potential oxidising
agents. Bond et al. (1999) obtained a crystal structure
of TR with its T[S], substrate bound. An area of
the active site of TR which is the most structurally
dissimilar to the human equivalent glutathione re-
ductase (GR) was choosen to screen the Cambridge
Structural Database (CSD) for potential inhibitors.
T'wo natural products, cadabacine and lunarine, were
identified from this screen and considered suitable
for further investigation. Lunarine, which is com-
mercially available, showed inhibition kinetics in-
dicating non-covalent binding to TR followed by
covalent binding to the reduced form of TR.

PHENOTYPE HTS

The workhorses of HT'S in parasitology are the cell-
based live/dead assays. This class of assays includes
the tritiated hypoxanthine incorporation assay used
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Protozoan parasite

Protein target

No. of compounds;
hit ratet

Reference

Leishmania donovani
Leishmania major
Plasmodium falciparum
Plasmodium falciparum
Plasmodium falciparum

Dihydrofolate reductase
Cysteine proteases
Cysteine proteases
Dihydrofolate reductase
Dihydrofolate reductase—
thymidylate synthase

Hypoaxthine—guanine—xanthine
phosphoribosyl transferase

Tritrichmomonas foetus

Trypanosoma cruzi
Trypanosoma cruzi Hypoxanthine

phosphoribosyltranferase

Dihydrofolate reductase (DHFR)

Trypanosoma cruzi
Trypanosoma cruzi

Trypanothione reductase
Trypanothione reductase

25694 0/5 Chowdhury et al. (2001)
150000 18/69 Selzer et al. (1997)
55313 4/31 Ring et al. (1993)
230000 12/24 Rastelli ez al. (2003)

n.a. 2/21 Toyoda et al. (1997)
599 2/32 Aronov et al. (2000)

56 868 2/12 Zuccotto et al. (2001)
3400000 16/22 Freymann et al. (2000)
2500 9/13 Horvath (1997)

n.a. 1/1 Bond et al. (1999)

T In this table the hit rate is defined as the number of compounds which showed in vitro activity/ the number of compounds
screened in vitro. The examples were chosen according to the following criteria (i) the species studied was a protozoan
parasite, (ii) an initial in silico screen was performed followed by a functional screen using the purified protein and the
computationally identified hits. The following compound databases were used: Avaliable Chemical Database (ACD),
Cambridge Structural Database (CSD) and the Fine Chemical Directory. n.a. not available.

to determine the activity of a compound against
P. falciparum (Harmse et al. 2001). By carrying out
these assays in conjunction with mammalian cell
cytotoxicity assays, it is possible to make an initial
assessment of whether or not a compound has an
acceptable therapeutic window. The protein targets
of compounds cannot be assigned from these assays,
but the assays do provide a clear indication of rel-
evant biological activity in a cellular environment.
Recent technological advances enable the use of
more focused cell-based assays to assess the effect
of compound collections on specific aspects of the
parasite lifecycle. An example that we have been in-
volved in is the use of high throughput imaging
technology to identify small molecules that perturb
host cell invasion by T'. gondii. Fig. 1 summarises the
approach used to screen 12160 commercially avail-
able compounds in this study.

In addition to the supply of parasites, compounds
and the miniaturisation of the assay format, two other
key factors made this screen possible. Firstly, just
short of 100000 images had to be captured. This was
done at the Institute of Chemistry and Cell Biology
(ICCB) at Harvard Medical School using an inverted
fluorescence microscope fitted with an x/y stage
and piezoelectric-motorized objective holder. Meta-
morph® software was used to control auto-focusing,
all aspects of image acquisition and movement be-
tween the 4 different fields sampled in each well and
between wells. The same technology has also been
used to identify compounds that modulate the early
stages of the wound healing response (a process that
is analogous to parasite invasion in that it involves
the cell motility machinery). This work has recently
been published (Yarrow et al. 2004) and provides
further details on the automated microscopy. Whilst
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acquiring, storing and accessing the images proved
challenging, sorting through them to identify hits
proved impossible by hand/eye. An algorithm to
enable automated image analysis was therefore
established. The goal of this algorithm was to ident-
ify and count fluorescent objects (parasites) present
in each of the 100000 images. The number of para-
sites per field was then used to calculate the average
number of invaded parasites per field (by subtraction
of parasite numbers in paired images, see Fig. 1).
This number was compared to that in the control
wells present on each plate and inhibitors of invasion
were defined as compounds that gave invasion levels
of less than 20 % of the control levels. A parasite was
defined by input of numerical values for minimum
and maximum object area. This enabled fragments
or clumps of parasites to be excluded. The overall
protocol was sufficiently reliable to identify 65
inhibitors from the primary screen. This number was
eventually reduced to 24 using additional selection
criteria (Carey et al. 2004).

THE NEXT CHALLENGE: TARGET
IDENTIFICATION

Phenotype-based approaches, such as the one dis-
cussed above, minimally deliver compounds that
are active in cells. Unfortunately, unless the detailed
phenotype provides additional clues (Mayer et al.
1999), such approaches do not provide information
about the protein target(s) of the compound. For
this, a series of other techniques and some good
fortune is required. Numerous articles summarising
biochemical approaches to protein target identifi-
cation have been published recently, reflecting the
fact that this is becoming one of the major challenges


https://doi.org/10.1017/S0031182004007073

R. E. Morgan and N.

F. Westwood

Add Compounds
or DMISO controls.

> Pre-incubate for
15" at RT (23°C).

>

S74

P

Plate BS-C-1 cells
onto 384-well plate.

All parasites

Automated
data analysis.

\_ Extracellular parasites.

Add YFP parasites

Invade for
~60"' at 37°C.

¢

Remove extracellular
parasites.

v

Add Alexa 546-
Conjugated o-SAG1.

Wash wells
and fix cells.

Capture fluorescent /
images from each

well with autoscope.

Merged

Fig. 1. A phenotype-based high throughput invasion assay. Each well of the 384-well plate contained either a unique
compound or an equivalent volume of DMSO (control). Intracellular and extracellular parasites were distinguished by

fluorescence microscopy; extracellular parasites were red and green appearing yellow in merged images; intracellular
parasites were green only. Compounds that reduced the invasion levels to <20% compared to control wells were
considered inhibitors. This figure is reproduced from Carey et al. (2004) copyright, National Academy of Sciences,

USA. (Bar=10 um.)

in post-genomic research (King, 1999; Gray, 2001 ;
Ward, Carey Westwood, 2002; Lokey, 2003). Here
we focus on the input that the biologically-aware
chemist can, and arguably, must have. To date, our
laboratory has encountered six scenarios in which
chemical input is required.

Affinity chromatography

These studies typically involve the immobilisation
of the active compound onto a water-compatible
matrix. The resulting affinity matrix is then used to
capture protein targets from crude or prefractionated
cell lysates. In order for the compound to be opti-
mally displayed for protein binding, it is necessary
to modify its structure by the addition of an inert
linker unit. For example, in order to identify
parasite-derived binding partners of olomoucine, the
agarose 95 matrix was prepared (Fig. 2) (Knockaert
et al. 2000). Deciding where the linker unit should
be attached so that it has a minimal effect on bio-
logical activity frequently requires rounds of ana-
logue synthesis and retesting. As shown in Fig. 2,
studies of this type also require the preparation of
a control matrix (agarose 95 M matrix). This involves
the use of an inactive analogue of the compound
that is as close in chemical structure to the original
as possible. The use of this matrix enables the
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identification of proteins that bind non-specifically to
the matrices. Analogous studies using other kinase
inhibitors known to be of relevance to parasite sys-
tems (Taddei and Westwood, unpublished results)
and several of the 24 inhibitors that were identified
in the T. gondii screen (Morgan, Ward and West-
wood, unpublished results; Carey et al. 2004) are
ongoing in our laboratory using these techniques.
Affinity chromatography can also be used in a second
mode. ATP or cGMP binding subsets of the crude
lysate are isolated using ATP or cGMP immobilised
resins. Comparison of proteins bound to the resin
in control lysates versus lysates that have been
pretreated with the compound of interest leads to the
identification of protein binding partners (Graves
et al. 2002). This was elegantly used (Gurnett et al.
2002) to provide additional evidence in support of the
assignment of a ¢cGMP-dependent protein kinase
(PKG) as the target of the pyrrole containing
compound 1 shown in Fig. 4.

Photoaffinity labelling

As discussed above, a key step in the use of affinity
chromatography is finding a site on the compound to
attach a linker unit without loss of biological activity.
Once this site has been identified, however, it can
often be used in a number of other approaches. One
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Fig. 2. Successful target identification in parasitology — affinity chromatography. Affinity chromatography studies were

carried out using crude protein extracts from four different protozoan parasites Plasmodium falciparum, Leishmania
mexicana, Trypanosoma cruzi and Toxoplasma gondii and resins loaded with either 95 or 95 M, see B. The bound
proteins were eluted and analysed by SDS-PAGE/silver stain, see A. The gels clearly show the isolation of one protein
CK1 for P. falciparum, two proteins are identified with L. mexicana, CK1 and an unknown protein. CK1 was also
pulled down from the 7. gondii and T. cruzi extracts (with two other unidentified proteins in the latter case, Knockaert

et al. 2000)*.

of these involves the attachment of a photoreactive
functional group to the compound at this site (re-
viewed in Dorman & Prestwich, 2000). Subsequent
irradiation of a mixture of the probe with a crude
cell lysate can lead to specific labelling of target
proteins. A biotin handle attached to the compound
is often used in order to identify labelled proteins.

Yeast-3-hybrid approach

Several articles on this subject have already been
published and the reader is referred to these for
details of the approach (Spencer et al. 1993 ; Lin et al.
2000). We have included it here, however, because
it requires chemical modification of the original
hit in an analogous manner to that described in ap-
proaches 1 and 2. A linker unit must be attached to
the compound, enabling it to be joined to a molecule
such as methotrexate (Lin et al. 2000 and references
therein).

* Reprinted from Knockaert, M., Gray, N., Damiens, E.,
Chang, Y-T, Grellier, P., Grant, K., Fergusson, D.,
Mattram, J., Soete, M., Dubremetz, J-F., Le Roch, K.,
Doerig, C., Schultz, P.G. & Meijer, L. (2000).
Intracellular targets of cyclin-dependent kinase inhibitors:
identification by afhinity chromatography using im-
mobilised inhibitors, Chemistry and Biology, 7, 411-422.
Copyright (2000), with permission from Elsevier.
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High throughput synthesis technology to increase
compound potency and aid rapid generation of
structure activity relationship data (SAR)

It is currently a very rare occurrence for a commer-
cial compound collection to yield a hit that enables
direct target identification. One reason for this is
that the initially identified compounds are often
not very potent. It is therefore necessary for the
activity of a compound to be improved before tech-
niques such as affinity chromatography can be used
successfully. Fig. 3 summarises the type of tech-
nology that is available to chemists as they try to
increase the potency of an analogue series as rapidly
as possible.

The use of parallel synthesis equipment coupled
with automated purification and analysis technology
speeds up this process. For example, we recently
prepared 96 analogues of an invasion inhibitor of
T. gondii, resulting in the identification of com-
pounds with increased potency and a clearer view
of the substituent-dependence of the biological
activity (Catti, Ward and Westwood, unpublished
data). However, there is often a lag period while
chemists become acquainted with the chemistry
associated with a particular hit. When the compound
has been selected using HT'S from a collection
previously prepared by the chemist this delay is
reduced.
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Fig. 3. Chemical technology that aids protein target identification. T'he main goal of this technology is to increase the
rate of analogue synthesis enabling the rapid acquisition of structure activity relationship (SAR) data (Hird, 1999).
Images A—D show examples of the technology used in our research group. A and B: semi- and fully-automated reaction
blocks often supplied with filtration and separation devices, enabling both solid and solution phase chemistry.
Maximum use of these systems requires automated purification systems (up to 10 compounds can be purified in
parallel, equipment not shown); C: focused microwave apparatus. This technology enables reactions that have been
traditionally carried out on the time scale of hours to be carried out in minutes. For a recent application from our
laboratory see Patterson et al. (2004); D: automated analytical systems. The liquid chromatography-mass spectrometry
system shown here enables the assessment of compound purity and structure 24 hours a day. Additional analytical
techniques include evaporative light scattering and both fully automated and flow NMR.} Solid phase technology has
also improved facilitating split and pool synthesis (e.g. IRORI and Mimotopes, not shown (Ley & Baxendale, 2000)).
In the majority of cases, the advancements in technology described here shift the rate determining step in analogue
synthesis away from practical issues and back to fundamental questions of chemical design and feasibility.

Insights into mechanisms of covalent modification act irreversibly. At least one of these acts through
of proteins covalent modification of its target protein(s). Whilst
the details of this work fall outside the scope of
this review article, chemical studies in our research
laboratory suggest that this inhibitor can covalently
label nitrogen nucleophiles (e.g. lysine residues)

During the course of our studies on invasion inhibi-
tors of T'. gondii we identified several compounds that

i A web based search identified the following companies as through a novel chemical mechanism (Pearson,
manufactures of technology required for library synthesis. Evans and Westwood, unpublished data). Identify-
The letters in brackets correspond to the type of instru- ing the mechanisms by which compounds covalently

mentation they supply. A=manual reaction blocks,
B =automated systems, C=Microwaves, D =LCMS sys- . . . . .
tems, E = HPLC systems, F= ELSD’s, G = NMR systems. techniques are to be recruited into target identifi-
Accelab (B), Advanced ChemTech (B), Agilent Technol-  cation studies.

ogies (D, E), Alltech Associates (F), Applied Biosystems/
MDS SCIEX (D), Argonaut Technologies (B, E), Biotage
(E), Brucker Biospin (G), Buchi (A, E), CEM Corporation
(C), Charbdis Technologies (A, B, E), Chemglass (A),
Chemspeed (A, B), CSPS Pharmaceuticals (A), FlexChem  One of the most inspiring reports of successful
(A), GBC Scientific Equipment PTY Ltd (E), Genevac target identification in parasitology comes from the

Eﬁ;’ EE?DI;?C(B()B’Ifrzé)l?bgsi}EA(g)Hllzizhirff)(’EI){?-dIzlepmh work of the Merck Research Laboratories (Gurnett

Scientific (A), Mettler Toledo (Bohdan) (A, B), Milestone ¢t al. 2002; Fig. 4). They showed that the pyrrole
Inc. (C), Orochem Technologies (A), Personal Chemistry/ containing compound 1 has broad spectrum activity
Biotage (C), Polymer Laboratories (F), Prolab Instru-  against Eimeria in poultry and T'. gondii in a murine
Eegts (Bi’l E), ARadlSey; (A, F]::)’ Slifpp dPOIY%er% (Aé B), toxoplasmosis model (Gurnett et al. 2002; Nare
R obosynthon (A), Sedere (F), Shimadzu (D, ‘)’ tem et al. 2002). The target of 1 was identified using a
corporation (A), Spyder Instruments (A), Tecan (B), . . .

Torviq (A), Varian Inc. (D, E, G), Waters (D, E) and tritiated version of 1 prepared in house at Merck. As
Zinsser Analytic (A, B). Fig. 4A and B show, very few proteins other than

label proteins are important if mass spectrometric

Radiolabeled analogue synthesis
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Fig. 4. Successful target identification in parasitology — radiolabeled analogue synthesis. A Chromatogram indicating
the two fractions (34 and 35) bound by radiolabled compound 1. B Silver stained gels indicate two bands at 150 kD and
120 kD which are present in both fractions 34 and 35 (Gunnett et al. 2002)**. C Structure of the radiolabeled

compound used in these target identification stuidies.

cGMP-dependent protein kinase (PKG, 120 kD
band), specifically associate with radiolabeled-1 in
a ligand-binding assay using soluble extracts of
unsporulated E. tenella oocysts. Further studies
showed that 1 inhibits the activity of PKG with an
IC;¢ of 0-:8 nM. The evidence in support of PKG
being the cellular target of 1 was further strength-
ened when mutant parasites that are resistant to 1
in vitro and in the mouse in vivo model were pro-
duced by incorporating mutations into the catalytic
site of PK G (Donald et al. 2002). More recently, 1 has
been used to study the role of PKG in a series of
parasite related processes (Wiersma et al. 2004).

This research emphasizes the dramatic effect that
compounds can have on biological research and in
part justifies the time and resources required. The
synthesis of sufficient quantities of radiolabeled
analogues can be difficult in an academic laboratory,
but our experience has shown that with the ‘cold’
synthetic route in hand there are several contract
synthesis companies that can help to progress this
approach to target identification (Patterson, West-
wood, unpublished data).

*% Reprinted from, The Journal of Biological Chemistry,
(2002) 277, 18. Gurnett A. M., Liberator, P. A., Dulski,
P. M., Salowe, S. P., Donald, R. G. K., Anderson, J. W.,
Wiltsie, J., Diaz, C. A., Blum, P. S., Misura, A. S., Tamas,
T., Sardana, M. K., Yuan, J., Biftu, T'. & Schmatz, D. M.
Purification and Molecular Characterization of ¢cGMP-
dependent Protein Kinase from Apicomplexan Parasites. A
Novel Chemothreapeutic Target, 15913-15922. Copyright
(2002), with permission from The American Society for
Biochemistry and Molecular Biology. http://www.jbc.org
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CONCLUSION

This review has focused on the use of unbiased
compound collections as a means of linking parasite
biology and synthetic chemistry. In particular, it
has described targeted and phenotype-based high
throughput screening approaches. The ultimate
driving force behind the marriage of chemistry
and parasitology is, of course, drug discovery. In this
context, the majority of the research discussed here
only impacts on the early phases of this complex
process (particularly when it is carried out in aca-
demia). However, the impact is still a crucial one
and, in our opinion, is set to increase as the tech-
nologies discussed here become more common-place
in academic environments (Verkman, 2004). A
recent review (Burdine & Kodadek, 2004) argues
the major challenge arising from phenotype-based
assays is identifying the protein target(s) of hit
compounds. There appears to be a renewed optimism
(or is it determination) about our ability to succeed
in target ID programmes. Whether this is misplaced
or not, it is clear that this venture is a multidisci-
plinary one that requires the input of biologists,
chemists, informatics experts and cutting edge
technology.
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