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There have been significant developments in fungal genomics
over the past year. The recently released genome sequences
of Aspergillus fumigatus and Cryptococcus neoformans have
provided unprecedented opportunities for comparative
genomics studies of many clinically relevant fungal pathogens.
Emerging experimental analysis tools, such as fitness profiling
and protein microarrays, have greatly enhanced our ability to
conduct genome-wide functional studies. 
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Abbreviations
CaM calmodulin
Erαα estrogen receptor α
PI phosphoinositide
STM signature-tagged mutagenesis
TAP tandem-affinity purification
TOR target of rapamycin

Introduction
There is an acute need to develop new drugs to treat 
fungal infections. The urgency stems from the therapeutic
limitations of the two current antifungal drug classes, 
polyenes (such as amphotericin B) and azoles (such as 
fluconazole and itraconazole), which display toxicity and a
limited spectrum of efficacy, respectively. Compounding
this need is an increasing incidence in life-threatening 
fungal infections associated with immunosuppressed and
neutropenic individuals, as well as the emerging trend for
drug-resistant isolates in the clinic. Recent progress has
been made in the development of third-generation azoles
[1] and, significantly, in 2001 — for the first time in over
30 years — a member of a new therapeutic class of 
antifungal drugs, Caspofungin [2,3], entered the clinic.
However, to preclude wide-spread drug resistance and to
provide safer and more efficacious treatment of fungal
infections, a wider repertoire of antifungal drugs and new
approaches for their identification and development is 
still required.

The application of fungal genomics offers an unparalleled
opportunity to develop novel antifungals. The release of
the genome sequence of Candida albicans in 2000 started a
post-genomics era, and the subsequent release of the
sequences of two additional fungal pathogens and the
emergence of new genome-wide characterization tools

have further improved its application. In this review,
recent advances in fungal genome sequencing and strategies
for research tool development in the area of fungal
genomics are discussed, with special emphasis on their
impact on drug discovery.

Fungal genome sequences
The year 2001 saw the release of the nearly complete,
unannotated genomes of the human pathogens Aspergillus
fumigatus and Cryptococcus neoformans, and this contributed
greatly to the understanding of the degree of nucleotide
sequence conservation in these clinically relevant
pathogens. The A. fumigatus sequence assembly is available
from The Institute for Genomic Research (TIGR) [4],
with additional sequence available at the Sanger Institute
[5]. For C. neoformans, the nucleotide sequences obtained
from two strains are available from TIGR [6] and the
Stanford Genome Technology Center [7]. Although both
the A. fumigatus and C. neoformans sequencing projects are
now in the final phase, there sadly appears to be no clear
plan to complete sequencing of the entire eight-chromo-
some C. albicans genome, whose latest diploid assembly is
represented by 270 contigs [8]. To date, eight complete or
near-complete fungal genome sequences are publicly
available [4–13], covering members of both ascomycete
and basidiomycete subphyla, and providing a wealth of
comparative information. The annotation of the human
genome continues and the recent release of the mouse
genome sequence [14] should accelerate human proteome
annotation. Thus, the identification of the global set of
broad-spectrum antifungal drug targets absent from
humans, seemingly a dream a decade ago, is now an 
attainable goal.

Bioinformatics-based target prioritization has traditionally
demanded that targets be conserved amongst fungal
pathogens and lack a human counterpart. Although target
conservation amongst fungal pathogens is obviously
required for broad-spectrum drugs, examination of
antibacterial and antifungal targets suggests that the need
for the absence of a human counterpart is less clear. For
example, the cell wall murA gene encodes the drug target
of fosfomycin. Although the murA gene product has no
clear human homolog (the closest related human gene
product displays a BLAST Expect score of 5.0), the drug
fosfomycin is poorly tolerated. (BLAST (Basic Local
Alignment Search Tool) is a set of computer programs
designed to conduct similarity searches against protein 
or DNA sequence databases. The Expect value [E] is a 
parameter that describes the number of hits one can
‘expect’ to see just by random chance in a particular search.
For example, an E value of 5 assigned to the best murA hit
can be interpreted as meaning that one might expect to see
five matches with a similar alignment just by random chance,
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indicating the match has NO statistical significance at all.)
Conversely, azoles that inhibit ERG11 (which encodes
lanosterol 14α-demethylalase) are regarded as highly safe
and non-toxic, despite a high degree of amino acid
sequence conservation between the fungal (for example,
C. albicans) and human ERG11 proteins (BLAST Expect
score of E-77 [i.e. the observed sequence similarity
between yeast and human ERG11 has very high statistical
significance]). Therefore, target prioritization based on
bioinformatic analyses is necessary but may not be 
sufficient or fool-proof in predicting the spectrum or 
toxicity of drugs developed against selected targets.

In view of this caveat, the wealth of genomic information
now applicable to antifungal drug discovery shifts the 
challenge from target identification to validating and prior-
itizing targets among large potential target sets for those
best suited for compound screening. Strategies are needed
that functionally interrogate these ‘in silico’ target sets, and
innovations in Saccharomyces cerevisiae functional genomics
continue to rise to this challenge.

Genome-wide gene disruptions in
Saccharomyces cerevisiae
The Saccharomyces Genome Deletion Project, in which an
international consortium constructed individual deletion
mutants in 5900 genes [15••], offers the only nearly 
complete collection of null mutants for any eukaryote.
This directed, global-mutant approach offers several 
significant advantages over traditional genetic methods.
Null-mutant phenotype screens are now possible, using
the entire collection of non-essential mutants, for genes
involved in a wide range of processes. Functional annota-
tion of the genome is immediately revealed, as mutants
displaying phenotypes under the condition of the screen
identify participating genes. In contrast to classic mutage-
nesis, ‘saturated’ mutant screens may now be performed,
with an accounting of which genes are involved, and which
are not, in a particular phenotype. It is now up to the 
creativity of the researcher to develop novel screens to
interrogate the deletion set.

Pertinent to antifungal lead discovery, the S. cerevisiae
genome deletion project uncovered the global set of essential
genes; 1105 genes were identified as essential for growth
on rich medium at 30°C [15••]. Although this number is
unlikely to exactly reflect the essential gene set in 
S. cerevisiae, it does ‘filter’ target sets to a subset that meets
the traditional criteria of a drug target, which are that it be
essential for cell growth and viability in vitro. The degree
to which functional information from S. cerevisiae can be
extended to fungal pathogens is unknown and large-scale
gene disruption projects in fungal pathogens will be needed
to address this important comparative question.

Chemogenomics
Recent reports have used the S. cerevisiae deletion set to
understand global responses of cells challenged by chemical

insults. For example, Chan et al. [16] studied global genetic
interactions with target of rapamycin (TOR), which is
encoded by the TOR1 and TOR2 genes. Rapamycin is an
immunosuppressive antibiotic that, when complexed with
its intracellular receptor FKBP12, binds and blocks TOR
function. Complete loss-of-function mutations in the yeast
TOR1 gene result in rapamycin sensitivity, whereas a specific
point-mutation, S1972I, leads to dominant rapamycin
resistance. To better understand TOR function, Chan et al.
examined the relative sensitivity of 2216 haploid non-
essential gene deletion mutants to rapamycin, and
identified 73 hypersensitive mutants and 27 resistant
mutants. They showed that the rapamycin-hypersensitive
phenotype was a direct effect of inhibition of TOR 
function, as none of the 73 mutants were hypersensitive to
rapamycin in the presence of the S1972I dominant-
resistant tor1 allele. In total, 100 genes that display
rapamycin ‘chemotypes’ as deletion mutants were identified,
allowing construction of a genetic interaction map for
TOR. The rapamycin sensitivity of 50 diploid strains 
containing heterozygous deletions of essential genes was
also examined, and six rapamycin-hypersensitive diploid
strains were identified, demonstrating that the approach is
equally applicable to essential genes.

Furthermore, Desmoucelles et al. [17] screened 4787 non-
essential gene deletion mutants for their relative growth in
the presence of mycophenolic acid (MPA), a candidate
immunosuppressive drug. The authors identified 100 new
genes that affect MPA resistance, in the areas of transcription,
ergosterol biosynthesis, vacuole biogenesis and glycosylation.
These results suggest possible ways to potentiate a drug
and to limit its natural detoxification.

Chemical genomics is thus a powerful tool in the under-
standing of gene function and is one amenable to
mode-of-action studies for drug discovery. As drug sensitivity
screening uses relative cell growth as a read-out, the procedure
could be readily automated using, for example, the recently
developed high-density cell microarray [18], which contains
more than 5000 distinct yeast deletion strains.

Fitness profiling
A major advantage of the Saccharomyces deletion mutant set
is the ability to examine phenotypes of all deletion strains
simultaneously in a single culture [15••]. This is achieved
by the introduction of two unique 20-nucleotide tags, or
‘bar codes’, that are internally assigned to the disruption
allele in each deletion strain. These bar codes can be used
as hybridization probes against a high-density oligonucleotide
microarray containing the complementary tag sequences.
The resulting hybridization intensities are then used to
deduce the relative growth rate, or fitness, of each strain
within the pool according to their relative abundance in
the pool (that is, presence or absence, or under- or over-
representation) after growth under a particular condition.
Several papers attest to the utility of this ‘parallel deletion
analysis’ or ‘fitness profiling’ approach. For instance,
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Birrell et al. [19] treated a pool of 4627 deletion strains with
low doses of UV radiation and successfully identified most
of the previously known UV-sensitive strains present in
the pool, as well as three deletion strains identifying genes
not previously known to be UV-responsive. Using a pool
containing 4757 deletion mutants, Giaever et al. [15••] 
performed fitness profiling studies under six different
growth conditions: high salt, sorbitol, galactose, altered
pH, minimal medium and nystatin treatment. Again, both
known and novel genes required for optimal growth under
each of these well-studied conditions were identified.

In other studies, Tong et al. [20] used the deletion mutant
set to perform global synthetic lethal interaction studies.
Millennium Pharmaceuticals (Cambridge, MA, USA) has
elegantly used the fitness test assay, in conjunction with
transcript profiling, to confirm the mechanism of action
and cellular consequences of a new class of proteasome
inhibitors [21•].

Although the S. cerevisiae deletion mutant set is a valuable
resource, it has limitations. The deletion sets used in the
above large-scale studies usually lack the essential genes,
which are the preferred targets for antifungal lead discovery.
Furthermore, achieving its full potential in the antifungal
lead discovery area will require use of the heterozygous
deletion strains covering both essential and non-essential
genes [16,22]. Finally, S. cerevisiae is not a human fungal
pathogen, which has significant drawbacks. Thus, the 
creation of a comprehensive deletion mutant set in a
human fungal pathogen, such as C. albicans, may provide a
better understanding of the genes that encode clinically
relevant drug targets for human antifungal lead discovery.

Transcript profiling
An established approach in drug discovery is the use of
transcript profiling, and two recent papers illustrate its
extension to antifungal targets. Lorenz and Fink [23] 
studied the effects of phagocytosis on yeast cells by co-cul-
turing S. cerevisiae cells and mammalian macrophages,
isolating the phagocytosed yeast cells, and performing
DNA microarray analysis. After phagocytosis, 11 out of the
15 most highly upregulated genes encode proteins related
to the glyoxylate cycle, through which two-carbon com-
pounds are assimilated into the tricarboxylic acid (TCA)
cycle. The authors focused on two genes, ICL1 (which
encodes isocitrate lysase) and MLS1 (which encodes malate
synthase), whose activities are both specific and limited to
the glyoxylate cycle. Northern analysis confirmed that both
genes are upregulated by macrophage ingestion in both 
S. cerevisiae and C. albicans. They examined C. albicans,
using a homozygous ∆icl1/∆icl1 deletion mutant, and showed
that this mutant was less virulent in mice. These results
identify the glyoxylate cycle enzymes, which are not found
in mammals, as potential antifungal target candidates.

Lane et al. [24] used DNA microarrays containing PCR
products from ~700 C. albicans genes. Despite their limited

coverage, these microarrays allowed transcript profiling
studies in the pathogen. By monitoring expression profiles
under normal and hypha-inducing growth conditions,
many virulence factor genes were found to be co-regulated
by three transcriptional pathways. De Backer et al. [25]
performed a more comprehensive transcript profiling using
the Incyte C. albicans microarray to examine the effect of
itraconazole, a broad-spectrum antifungal drug. A global
upregulation of ergosterol-related genes was observed,
with most of the genes that exhibited the highest level of
upregulation encoding ergosterol biosynthetic enzymes.
Interestingly, the target gene ERG11 was not the only gene
highly responsive to itraconazole treatment, precluding its
unique identification.

Although these studies demonstrate the utility of 
transcript profiling analysis in target identification and
mode-of-action studies, they also show that transcript 
profiling has limitations. One is lack of specificity, with
transcript profiling analyses typically identifying simultaneous
expression changes in hundreds of genes. Also important is
the correlation between changes in gene expression in
response to a particular condition and the function of such
genes. Several recent studies uncover surprisingly little
correlation between genes shown by transcript profiling to
be upregulated in response to a particular condition and
mutants of such genes showing any observable phenotypes
under identical conditions. Giaever et al. [15••] compared
fitness profiling results with transcript profiling data for all
conditions tested (see above), and found that less than 7%
of genes showing significant upregulation in transcript 
levels displayed a reduced fitness under the same growth
conditions. Birrell and colleagues [26••] also found little
overlap between the set of genes important for cell survival
to DNA-damaging agents with those whose transcription is
increased after exposure to these agents. These observa-
tions urge caution in interpreting transcript profiles for
prioritizing antifungal targets for lead discovery. Part of the
explanation for these counterintuitive observations probably
rests in the redundancy of cellular genetic networks. In
any event, target identification and mode of action studies
will require additional, independent experimentation to
distinguish the direct and specific responses from the
numerous indirect ones.

Proteomics
Over the past year, significant advances have occurred in
the field of proteomics that are applicable to antifungal
lead discovery. For example, Zhu et al. [27••] fused the
GST-HisX6 tags to the amino-terminals of 5800 genes,
individually purified these fusion proteins, and robotically
arrayed these proteins to glass slides. As more than 80% of
the fusion proteins were successfully expressed, these
high-density protein arrays allow enzymatic or binding
assays to be performed simultaneously on ~80% of the
S. cerevisiae proteome. In a calmodulin (CaM)-binding
assay, most of the known CaM-binding proteins present on
the chip were successfully identified, as were many new
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CaM-binding proteins. Furthermore, Zhu et al. probed the
protein microarray with liposomes containing five different
types of phosphoinositides (PIs), and identified several
PI-binding proteins with various specificities towards 
different PI molecules. The biochemical screening capacity
offered by the protein microarray makes it a promising tool
in antifungal lead discovery.

Two reports described large-scale analyses of protein 
complexes in S. cerevisiae. Gavin et al. [28•] inserted a 
tandem-affinity purification (TAP) tag at the 3′ end of nearly
30% of the yeast genome. The TAP-tagged gene set was
expressed with the TAP-tagged proteins serving as ‘bait’ to
fish out the respective in vivo protein complexes. Complex
proteins were subsequently identified by SDS-PAGE and
mass spectrometry. After processing 1739 3′-TAP-tagged
genes, 589 protein complexes comprising 1440 distinct
gene products were successfully obtained, defining 232
non-redundant multiprotein complexes that contained
between two and 38 protein components. This study also
identified 304 proteins with previously unknown functions
in complexes with proteins of known function, providing
‘guilt-by-association’ evidence for their cellular roles.
Using a similar approach, Ho et al. [29] constructed 725
‘bait’ proteins by using the Flag-epitope tag. From these
bait proteins, 3617 interacting proteins were identified,
representing 1578 different gene products. Of these, 531
corresponded to previously uncharacterized proteins.
These studies herald the construction of a proteome-wide
protein interaction map.

Signature-tagged mutagenesis
Antifungal drug discovery has focused on compounds that
display cidal (such as amphothericin B) or static (such as flu-
conazole) activity towards the pathogen. Drugs that rapidly
kill a pathogen are preferred when treating life-threatening
infections. A long-term weakness of this approach is a strong
selection for drug-resistant strains, especially as such drugs
are increasingly being used prophylactically. An alternative
strategy is to use virulence factors that contribute to patho-
genesis as drug targets. For example, pathways contributing
to bacterial pathogenesis, including secretion, two-compo-
nent signaling and quorum sensing, are being leveraged for
novel targets (see [30] and references therein). Resistance to
drugs developed against virulence targets may be less likely,
as selective pressure is reduced on non-essential targets
required only to colonize host environments.

A major limitation, however, to identifying virulence genes
is the need for genomic manipulations to be performed
directly in the desired pathogen. Although the power of
S. cerevisiae may often be usefully ‘bent’ toward this
endeavour [23,31,32], only a limited coverage of the genes
involved in pathogenesis can be obtained because substantial
genomic and physiological non-overlap exists between the
model organism and the pathogen. Therefore, verification
of candidate genes contributing to virulence must be made
directly in the pathogen of choice.

One potential solution to this problem is to use 
signature-tagged mutagenesis (STM). This method was
first developed in bacteria to identify genes required for
growth in vivo. STM involves creation of a mutant strain
collection that contains unique strain-identifying tags. The
resulting strain collection is pooled and used to infect a
host animal. By comparing the relative abundance of 
individual strains in the pool before and after infection,
mutants required for in vivo growth and/or virulence may
be identified. Again, analogous to the S. cerevisiae bar code
and DNA microarray technologies, the unique tags may be
used to deconvolute which strains fail to grow in vivo and,
hence, which gene products are required for virulence.
STM offers an advantage over in vivo expression methods
because a phenotype for a gene is identified directly.
Although, in principle, STM can be performed on a
genome-wide scale, it is currently restricted to non-essential
genes, and several technical issues, such as pool and 
inoculum size and route of injection, can confound the
interpretation of results.

STM has now been applied to several haploid pathogenic
fungi, including Candida glabrata [33], A. fumigatus [34], and
C. neoformans [35]. These studies lay down a technical
framework for performing STM, but have implicated only a
limited assortment of mutants defective for in vivo growth.
Most notable is a convincing demonstration that the 
A. fumigatus gene, pabaA, which encodes para-amino-
benzoic acid synthetase, is required for virulence. Validation
that pabaA is necessary for in vivo growth was demonstrated
by independent gene disruption and in vivo re-confirmation
of the mutant phenotype. As the nucleotide sequence of
major fungal pathogen genomes are largely complete [4–8]
and as additional genomes become available, systematic
application of STM may be increasingly possible. However,
as C. albicans is an asexual diploid, use of the STM 
technique appears more problematic.

Assay development
To exploit the avalanche of novel drug targets, the develop-
ment of suitable high-throughput assays to screen targets
against chemical libraries becomes critical. Moreover, as the
precise molecular function of many targets is unknown,
novel assays are needed to solve this bottleneck in lead 
discovery. To this end, Tucker and Fields developed a novel
assay, which detects the binding of small-molecule ligands to
their protein targets by a simple growth assay in S. cerevisiae
[36•]. This assay is based on two basic observations. The first
relates to the common phenomenon that ligand–protein
interaction often leads to conformational alteration or 
stabilization in the protein. The second observation is that
for some yeast mutants harboring temperature-sensitive
mutations, subtle alterations in the activity or stability of the
temperature-sensitive proteins usually result in detectable
changes in growth rate. To build their assay, Tucker and
Fields replaced the endogenous yeast DHFR gene (which
encodes dihydrolate reductase) with two different temperature-
sensitive (ts) alleles of the mouse DHFR (mDHFR) gene.
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One mDHFR ts allele contains the human FKBP12
(FK506-binding) domain, whereas the other allele contains
the human Erα (estrogen receptor α) ligand-binding domain.
Both ligand-binding domains were inserted into the mouse
DHFR protein at residue 107, where introduction of exogenous
protein fragments are well tolerated without abolishing the
catalytic activity. As a proof of principle, Tucker and Fields
assayed the effects of the FK506–FKBP12 binding on the
growth of the corresponding temperature-sensitive strain,
and observed that FK506 improved the growth rate of the
temperature-sensitive strain specifically and in a dose-
dependent manner. Similar results were also obtained for 
the estrogen–Erα interaction. Furthermore, the authors
screened these two temperature-sensitive strains against a
panel of 20 compounds, and were able to successfully 
identify ligands that bind to FKBP12 or Erα. Although this
study only tested two different ligand-binding domains, in 
principle, this assay could be used to study ligand–protein
interactions for any protein fragment (including those 
without known functions) that could be inserted into the
mDFHR gene. This report clearly demonstrated the utility
and potential of this whole cell assay in various high-through-
put screens for lead discovery.

Another novel assay that has promising potentials in anti-
fungal lead discovery is the small-molecule microarray
approach developed by Schreiber and colleagues. Kuruvilla
et al. [37] constructed small-molecule microarrays by immo-
bilizing 3780 structurally diverse chemical compounds on
glass slides. These small-molecule microarrays allow pro-
tein-binding assays to be performed simultaneously against
3780 compounds by probing the microarrays with any fluo-
rescently labeled protein. Using this approach, the authors
identified a compound that specifically bound to the yeast
protein Ure2p. Furthermore, Kuruvilla et al. demonstrated
that this compound also inhibited the Ure2p function 
in vivo. Being highly scalable, the small-molecule micro-
array method could potentially be applied in many future
antifungal high-throughput screens.

Conclusions
Fungal genomics is poised to play a central role in antifungal
drug discovery. It is directly applicable to target identification
and validation, to target prioritization and assay development,
and when compounds are discovered, in confirming their
mechanism of action and in toxicity-related issues. Critical
analyses of the resulting data followed by independent experi-
mental confirmation by genetic and/or biochemical means are
paramount. Furthermore, combining genomic strategies (for
example, transcript profiling and fitness tests [15••,21•]) proba-
bly provides deeper insights than either alone. Whether or not
the promise of a rational drug discovery process fully reliant on
genomic strategies can successfully accelerate novel anti-
infective drug discovery remains to be demonstrated by their
introduction into the marketplace. However, as this process
may take a decade to complete, and both fungal genomics and
its application to antifungals are relatively recent, its confirma-
tion will probably only require patience and commitment.

Acknowledgements
The authors thank all members of Elitra Canada for their ongoing support,
and Jeff Winkelman for suggestions on the manuscript.

References and recommended reading
Papers of particular interest, published within the annual period of review,
have been highlighted as:

• of special interest
••of outstanding interest

1. Tkacz JS, DiDomenico B: Antifungals: what’s in the pipeline. Curr
Opin Microbiol 2001, 4:540-545.

2. Stone EA, Fung HB, Kirschenbaum HL: Caspofungin: an
echinocandin antifungal agent. Clin Ther 2002, 24:351-377.

3. Denning DW: Echinocandins: a new class of antifungal.
J Antimicrob Chemother 2002, 49:889-891.

4. The Institute for Genome Research: Aspergillus fumigatus Genome
Database. URL: http://www.tigr.org/tdb/e2k1/afu1/.

5. Sanger Institute: Aspergillus fumigatus Project. URL:
ftp://ftp.sanger.ac.uk/pub/pathogens/A_fumigatus.

6. The Institute for Genome Research: Cryptococcus neoformans
Database. URL: ftp://ftp.tigr.org/pub/data/c_neoformans.

7. Stanford Genome Technology Center: Cryptococcus neoformans
Genome Project. URL:
http://baggage.stanford.edu/group/C.neoformans/menu.html.

8. Stanford Genome Technology Center: Candida albicans Genome
Project. On World Wide Web URL:
ftp://cycle.stanford.edu/pub/projects/candida

9. Stanford University: Saccharomyces Genome Database.
URL: http://genome-www.stanford.edu/Saccharomyces/

10. Whitehead Institute: Neurospora crassa Database.
URL: http://www-genome.wi.mit.edu/annotation/fungi/neurospora/

11. Department of Energy Joint Genome Institute: White Rot Genome
Project. URL: http://www.jgi.doe.gov/programs/whiterot.htm.

12. Sanger Institute: Schizosaccharomyces pombe Genome
Sequencing Project. URL:
http://www.sanger.ac.uk/Projects/S_pombe/

13. Whitehead Institute: Magnaporthe grisea Database.
URL: http://www-genome.wi.mit.edu/annotation/fungi/magnaporthe/

14. Mouse Genome Sequencing Consortium: Ensembl Mouse Genome
Server. URL: http://www.ensembl.org/Mus_musculus/stats/

15. Giaever G, Chu AM, Ni L, Connelly C, Riles L, Veronneau S, Dow S,
•• Lucau-Danila A, Anderson K, Andre B et al.: Functional profiling of

the Saccharomyces cerevisiae genome. Nature 2002,
418:387-391.

This paper reports the construction of the unprecedented, near-complete set
(covering 95% of all annotated open reading frames) of deletion mutants in
S. cerevisiae. It also describes initial characterizations and applications for
this deletion mutant collection, as determined by whole-genome parallel 
phenotytic analyses under six different growth conditions.

16. Chan TF, Carvalho J, Riles L, Zheng XF: A chemical genomics
approach toward understanding the global functions of the target
of rapamycin protein (TOR). Proc Natl Acad Sci USA 2000,
97:13227-13232.

17. Desmoucelles C, Pinson B, Saint-Marc C, Daignan-Fornier B:
Screening the yeast ‘disruptome’ for mutants affecting resistance
to the immunosuppressive drug, mycophenolic acid. J Biol Chem
2002, 277:27036-27044.

18. Xu CW: High-density cell microarrays for parallel functional
determinations. Genome Res 2002, 12:482-486.

19. Birrell GW, Giaever G, Chu AM, Davis RW, Brown JM: A genome-
wide screen in Saccharomyces cerevisiae for genes affecting UV
radiation sensitivity. Proc Natl Acad Sci USA 2001,
98:12608-12613.

20. Tong AH, Evangelista M, Parsons AB, Xu H, Bader GD, Page N,
Robinson M, Raghibizadeh S, Hogue CW, Bussey H et al.:
Systematic genetic analysis with ordered arrays of yeast deletion
mutants. Science 2001, 294:2364-2368.



Novel strategies in antifungal lead discovery Jiang, Bussey and Roemer    471

21. Fleming JA, Lightcap ES, Sadis S, Thoroddsen V, Bulawa CE,
• Blackman RK: Complementary whole-genome technologies reveal

the cellular response to proteasome inhibition by PS-341. Proc
Natl Acad Sci USA 2002, 99:1461-1466.

The authors of this paper demonstrate that a combination of transcript 
profiling with fitness profiling allows a better understanding for the mode of
action of a new class of proteasome inhibitors.

22. Giaever G, Shoemaker DD, Jones TW, Liang H, Winzeler EA,
Astromoff A, Davis RW: Genomic profiling of drug sensitivities via
induced haploinsufficiency. Nat Genet 1999, 21:278-283.

23. Lorenz MC, Fink GR: The glyoxylate cycle is required for fungal
virulence. Nature 2001, 412:83-86.

24. Lane S, Birse C, Zhou S, Matson R, Liu H: DNA array studies
demonstrate convergent regulation of virulence factors by Cph1, Cph2,
and Efg1 in Candida albicans. J Biol Chem 2001, 276:48988-48996.

25. De Backer MD, Ilyina T, Ma XJ, Vandoninck S, Luyten WH, Vanden
Bossche H: Genomic profiling of the response of Candida
albicans to itraconazole treatment using a DNA microarray.
Antimicrob Agents Chemother 2001, 45:1660-1670.

26. Birrell GW, Brown JA, Wu HI, Giaever G, Chu AM, Davis RW, 
•• Brown JM: Transcriptional response of Saccharomyces cerevisiae

to DNA-damaging agents does not identify the genes that protect
against these agents. Proc Natl Acad Sci USA 2002, 99:8778-8783.

This paper describes the first systematic, genome-wide comparison
between results from transcript profiling with data obtained from fitness 
profiling. These comparisons led to the surprising finding that little correlation
exists between the genes necessary for survival to the DNA-damaging
agents and those whose transcription is increased after exposure.

27. Zhu H, Bilgin M, Bangham R, Hall D, Casamayor A, Bertone P, Lan N,
•• Jansen R, Bidlingmaier S, Houfek T et al.: Global analysis of protein

activities using proteome chips. Science 2001, 293:2101-2105.
This paper describes the construction of the first proteome-scale protein micro-
array, which covers more than 80% of the S. cerevisiae proteome. The paper
also demonstrated the powerful applications for these protein microarrays in the
large-scale protein–protein and small-molecule–protein interaction studies.

28. Gavin AC, Bosche M, Krause R, Grandi P, Marzioch M, Bauer A,
• Schultz J, Rick JM, Michon AM, Cruciat CM et al.: Functional

organization of the yeast proteome by systematic analysis of
protein complexes. Nature 2002, 415:141-147.

This paper describes the first large-scale systematic protein-complex 
purification and characterization in S. cerevisiae. The authors successfully

identified 232 distinct protein complexes comprising a total of 1440 
proteins (~25% of the proteome).

29. Ho Y, Gruhler A, Heilbut A, Bader GD, Moore L, Adams SL, Millar A,
Taylor P, Bennett K, Boutilier K et al.: Systematic identification of
protein complexes in Saccharomyces cerevisiae by mass
spectrometry. Nature 2002, 415:180-183.

30. Walsh C: Molecular mechanisms that confer antibacterial drug
resistance. Nature 2000, 406:775-781.

31. Reynolds TB, Fink GR: Bakers’ yeast, a model for fungal biofilm
formation. Science 2001, 291:878-881.

32. Goldstein AL, McCusker JH: Development of Saccharomyces
cerevisiae as a model pathogen. A system for the 
genetic identification of gene products required for survival 
in the mammalian host environment. Genetics 2001, 
159:499-513.

33. Cormack BP, Ghori N, Falkow S: An adhesin of the yeast pathogen
Candida glabrata mediating adherence to human epithelial cells.
Science 1999, 285:578-582.

34. Brown JS, Aufauvre-Brown A, Brown J, Jennings JM, Arst H Jr,
Holden DW: Signature-tagged and directed mutagenesis identify
PABA synthetase as essential for Aspergillus fumigatus
pathogenicity. Mol Microbiol 2000, 36:1371-1380.

35. Nelson RT, Hua J, Pryor B, Lodge JK: Identification of 
virulence mutants of the fungal pathogen Cryptococcus
neoformans using signature-tagged mutagenesis. Genetics 2001,
157:935-947.

36. Tucker CL, Fields S: A yeast sensor of ligand binding. Nat
• Biotechnol 2001, 19:1042-1046.
This paper describes the development of a yeast-cell-based assay that 
displays the interaction between small molecules to proteins as alterations in
growth of temperature-sensitive mutants. Because the assay is, in principle,
applicable to any proteins (including proteins of unknown functions), it has
great potential in antifungal drug discovery.

37. Kuruvilla FG, Shamji AF, Sternson SM, Hergenrother PJ, 
Schreiber SL: Dissecting glucose signalling with diversity-oriented
synthesis and small-molecule microarrays. Nature 2002,
416:653-657.


