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Our understanding of the molecular mechanisms of bacte-
rial pathogenesis has been shaped largely by what we have
learned from genetic screens. Transposon mutagenesis, in par-
ticular, has streamlined genetic analysis and led to the identi-
fication of a multitude of virulence factors in a wide range of
bacterial pathogens (42). These mutant screens helped estab-
lish many of the paradigms in bacterial pathogenesis: two-
component regulatory systems, pilus- and fimbria-mediated
adhesion, type I to IV secretion systems, and pathogenicity
islands (24).

However, the bacterium is only one variable in the complex
equation that defines a host-pathogen interaction. Tractable
genetic systems to study host responses to bacterial infections
are largely lacking, presenting a stumbling block to the rapid
identification and characterization of the eukaryotic targets of
bacterial virulence factors. In overcoming these shortcomings,
several research groups have embraced alternative host sys-
tems to model the interplay between a bacterium and its host
(79). For example, the genetically tractable model organisms
Caenorhabditis elegans and Drosophila melanogaster appear to
mimic various aspects of mammalian disease and are suscep-
tible to infection by a range of important pathogens (3, 21).
Alternative strategies have used single-cell systems such as the
Dictyostelium and Acanthamoeba spp. to examine the interac-
tion of bacterial pathogens with individual cells (59, 76).

An increasingly popular model used to examine the function
of individual virulence factors is the budding yeast Saccharo-
myces cerevisiae. Many of the molecular mechanisms regulating
cellular processes that are affected during bacterial infection
are relatively conserved from yeast to mammals, including
DNA metabolism, programmed cell death (PCD), cell cycle
control, cytoskeletal dynamics, and membrane traffic (8, 10, 23,
35, 37, 38, 81) (see Table 1 for examples of conserved cellular
processes of particular relevance to bacterial pathogenesis).
Thus, the appeal of yeast as a model system is clear: superb
genetics, cell-free systems that reconstitute various cellular
functions, a plethora of postgenomic tools, and a fully inte-
grated genetic and phenotypic database spanning three de-
cades of basic research (16). In this review, I summarize some
of the recent examples of how several research groups are
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developing this powerful genetic system to identify and char-
acterize the function of bacterial virulence factors. In addition,
I briefly discuss some of the potential problems and challenges
in using S. cerevisiae as a system to study microbial pathogen-
esis and when this model system can be of benefit to investi-
gators.

MODELING BACTERIUM-HOST INTERACTIONS
IN YEAST

It is difficult to mimic in yeast the interactions between a
whole pathogen and its host because of the relative infre-
quency of bacterial attachment to and invasion of a fungal cell.
Although one report in the literature documents such an event,
this interaction seems to be limited to the hyphal form (see
below) (48). It is possible that the yeast cell wall represents a
barrier too formidable for bacterial invasion or for the efficient
delivery of toxins. Similarly, a productive pathogen-yeast inter-
action may not occur because the appropriate receptor(s) for
bacterial adhesins and/or invasins is not present in yeast or
because such receptor(s) are rendered inaccessible by the cell
wall.

In theory, removal of the cell wall by enzymatic digestion
could provide access to the underlying plasma membrane and
permit adherence and/or invasion by a variety of eukaryotic
pathogens. Indeed, for some DNA viruses such as bovine pap-
illomavirus type I, removal of the cell wall is sufficient to permit
attachment and entry into yeast cells (86, 87). Unfortunately,
in order to maintain structural integrity, yeast spheroplasts
must be maintained in an osmotic stabilizer (e.g., 1 M sorbitol).
It is not clear how these conditions may affect the expression or
delivery bacterial virulence factors. Therefore, the inability of
bacterial pathogens to attach or invade yeast spheroplasts may
not necessarily reflect a lack of receptors or the machinery
required for attachment or invasion but instead be an artifact
of the experimental conditions.

One fungal system has been described to model a host—
bacterial-pathogen interaction. Hogan and Kolter have shown
that Pseudomonas aeruginosa efficiently attaches to and kills
the pathogenic fungus Candida albicans (48). Interestingly, this
interaction is restricted to the hyphal but not the yeast form of
C. albicans. It is not clear why the hyphal stage of growth is
more sensitive to bacterial killing but it is possible that hypha-
specific cell surface factors permit more efficient bacterial at-
tachment. The fungicidal activity of Pseudomonas was depen-
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TABLE 1. Conservation among eukaryotic cellular processes relevant in bacterial pathogens”

EUKARYOT. CELL

Molecular components in:

. Review(s)
Cellular process Associated pathogen(s
P Mammals Yeast P gen(s) (reference)
Cytoskeleton

Actin dynamics Rho proteins Rho proteins Salmonella, Yersinia, Pseudomonas, EPEC, 23, 26, 36, 51
RhoGAP and GEF Cdc24p, Rom1-3p, Bem and Listeria spp.
Arp2/3 complex Arp2/3 complex
Type 1 myosins Myo3p, MyoSp
Fimbrin Sacbp
AAK, BIK Arklp, Prkl
WASP Las17p

Microtubule dynamics CDC42 Rho/Cdc42p Campylobacter, Chlamydia, and Shigella spp. 34, 37, 85
Dynein Dyn1-3p
Dynactin Nip100p
MDia Bnilp
APC (?) Kar9p
EBI1 Bimlp

Membrane traffic

ER transport Coatamer COPI Legionella and Brucella spp 28, 52,72
COoPII COPII
hSarl Sarlp
ARF1 Arflp
ARF GAP and GEF ARF GAP and GEF
Rabs Rablp

Endosomal transport Hrs, TSG101 ESCRT I to III Salmonella, Mycobacteria, Legionella, 51, 54, 58, 64
PIKFYVE Fablp and Chlamydia spp.
HVps34 Vps34p
Clathrin Clathrin
AP-1 and AP-3 AP-1 and AP-3
Rabs Yptop, Ypt31-32p
Syntaxins Pep12p, Tlglp, Tlg2p

Endocytosis Clathrin Clathrin Salmonella, Shigella, and Listeria spp. 19, 23
AP-2, AP180 AP-2, AP180A
Hipl Sal2p
Epsin Ent1-2p
Synaptojanin Inp51-53p
Amphiphysisn Rsv

Autophagy Tor pathway Tor kinases Legionella and Salmonella spp. 22, 33,45
Beclin 1 Apgbp
p150 Apgl4
Ulkl Apglp
MAPILC3 Apg8p

“ The information provided highlights the conservation between yeast and mammalian cells in cellular pathways relevant to bacterial pathogenesis. The examples

provided are covered in greater detail in the indicated reviews. EPEC, enteropathogenic E. coli.

dent on a subset of the virulence factors important for
infection of mammalian cells, particularly those involved in
biofilm formation (48). However, it is not clear whether other
virulence factors (e.g., proteins secreted by P. aeruginosa type

IIT secretion system) can modulate interactions with C. albi-
cans. It is possible that some Pseudomonas factors may have
evolved to inhibit the growth of eukaryotic competitors in their
natural habitats and have subsequently become part of the

TABLE 2. Expression of bacterial virulence factors in S. cerevisiae

Activity in:

Bacterial protein Reference(s)
Mammalian or plant cells Yeast

YopE RhoGAP RhoGAP 55, 83
ExoT RhoGAP and ADP ribosylation RhoGAP and cytotoxicity 27
SptP RhoGAP and tyrosine phosphatase RhoGAP and ND 70
SopE2 RhoGEF RhoGEF 70
SipA Binding of F-actin Binding of F-actin 55
YpkA Plasma membrane S/T kinase Plasma membrane 52,55
YopM Nuclear localization Nuclear localization 11, 55, 78
ExoU Lipase Lipase 68, 73
CdtB DNA damage and/or cell cycle arrest DNA damage and/or cell cycle arrest 41
YopJ Inhibition of MAP kinase signaling Inhibition of MAP kinase signaling 84
AvrPtoB Inhibition of PCD Inhibition of H,O,-mediated cell death 1
HopPtoE-G Inhibition of PCD Inhibition of Bax-induced cell death 50

“ ND, not determined.
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repertoire of virulence factors that can be used by these or-
ganisms during opportunistic infections.

MODELING THE FUNCTION OF BACTERIAL
VIRULENCE FACTORS IN YEAST

Although it is not currently feasible to model in yeast the
macro-interactions between bacterial pathogens and mamma-
lian cells, it is possible to characterize the function of individual
virulence factors or toxins by expressing them in yeast (Table
2).

Inhibitors of cytoskeletal function. Many of the virulence
factors exported by invasive or adherent bacterial pathogens
target regulators of cytoskeletal assembly (36). Because the
basic principles controlling cytoskeletal dynamics are con-
served among eukaryotic cells (6, 15), yeast provides an attrac-
tive system in which to model the function of these bacterial
toxins. In pioneering studies, Lesser and Miller (55) and Wolf-
Watz and coworkers (83) characterized the function of the
Yersinia enterocolitica cytotoxin YopE in yeast cells. YopE is
one of several proteins injected by Yersinia directly into the
cytoplasm of infected mammalian cells and is required for the
localized disruption of the actin network (4). YopE is homol-
ogous to a family of bacterial virulence factors that act as
GTPase activating proteins (GAP) on the mammalian Rho
family of small G proteins (4, 15).

Underscoring the functional conservation of cytoskeletal
function, the expression of YopE in yeast was highly toxic and,
as predicted from studies in mammalian cells, cytotoxicity
could be attributed to defects in actin dynamics (55, 83). In
yeast, the actin cytoskeleton is mostly present as actin cables
and cortical patches (6). In small budded cells, actin cables are
aligned toward sites of new growth and cortical patches are
polarized toward the new bud (6). YopE expression did not
depolymerize these actin structures but caused phenotypes in-
dicative of a loss of control in actin reorganization (55). Cor-
tical patches failed to polarize to sites of active growth, actin
rings failed to form at the bud-neck region and displayed
defective cytokinesis (55). A likely reason for why yeast cells
are highly susceptible to YopE expression is because interfer-
ence with the actin cytoskeleton triggers a morphogenesis
checkpoint, leading to an arrest in nuclear division (56).

The interference of YopE with actin dynamics in yeast re-
quires GAP activity since mutants lacking a crucial arginine
residue at the putative active site are no longer cytotoxic (55).
In yeast there are six members of the Rho family of GTPases:
Rhol to Rho5 and Cdc42p (5). One of the best-characterized
Rho-regulated pathways in yeast controls cell wall integrity.
Upon cell wall perturbation, the GTP exchange factors (GEF)
Romlp and Rom2p activate Rholp by exchanging GDP with
GTP. Rholp-GTP, in turn, activates the atypical protein ki-
nase C (Pkclp) (43). Pkclp phosphorylates and activates
Bcklp, the first kinase in a mitogen-activated protein (MAP)
kinase cascade required for the transcription of genes involved
in maintaining cell wall integrity (39, 43). Wolf-Watz and co-
workers showed that the cytopathic effects of YopE expression
are suppressed by overexpression of activators of Rholp (the
GEF Rom2p) or downstream effectors of Rholp-dependent
signaling (Bcklp) (83). In addition, overexpression of Ste20p,
a kinase that can activate Bck1p independently of Rholp, also
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partially rescued YopE cytotoxicity (83). These results suggest
that inhibition of a Rholp-regulated pathway is responsible for
YopE-mediated toxicity. Interestingly, overexpression of mam-
malian RhoA, a close homologue of Rholp, and activated
forms of mammalian Racl and Cdc42 also suppressed the
cytotoxic effects of YopE (83), suggesting that the function of
these Rho proteins is conserved between yeast and mammals.
It should be pointed out that although Rholp is one of the
targets of YopE in yeast and is responsible for its cytotoxic
effect, it is unlikely to be the only target. In mammalian cells,
YopE shows GAP activity on multiple GTPases, including
Cdc42, RhoA, and Rac (12).

Small G proteins appear to be common targets of bacterial
virulence factors (2). Salmonella enterica injects two proteins
into mammalian cells, SopE2 and SptP, which act as a GEF
and a GAP, respectively, for Rho proteins (88). During infec-
tion, SopE2 has been postulated to initiate the actin rearrange-
ments required for bacterial invasion, whereas SptP reverses
the SopE2-mediated stimulation of Rho proteins after entry
(26). In yeast, SopE2 expression activated a series of Cdc42p-
dependent MAP kinases, most notably the filamentous growth
MAP kinase Kss1p (70). A less-pronounced activation of MAP
kinases of the pheromone response and the cell wall integrity
pathway was also observed (70). It is not clear whether the
simultaneous activation of these pathways reflects cross talk
among upstream regulators of the various MAP kinase path-
ways or SopE2’s activation of multiple Rho proteins. The avail-
ability of well-characterized conditional alleles of cdc42 in
yeast (31, 60) should allow for a rigorous characterization of
the molecular function of SopE2.

In contrast, SptP may specifically down regulate Cdc42p in
yeast (70). Molina and coworkers have shown that the hyper-
activation of Ksslp in yeast strain lacking the Cdc42p GAPs
Bem3 and Rga2p was suppressed by expression of SptP (70). In
addition to GAP-dependent modulation of Rho protein func-
tion, other virulence factors possess other enzymatic activities
that can inhibit actin dynamics. P. aeruginosa secretes two
closely related toxins, ExoS and ExoT, which possess both Rho
GAP and ADP-ribosyltransferase activities (2, 9). Engel and
coworkers have recently shown that expression of either the
GAP or the ADP-ribosylation domains inhibited growth in
yeast, indicating that both domains independently contribute
to cytotoxicity (27). Indeed, expression of either domain in
mammalian cells led to actin cytoskeleton disruption (27).
These results suggest that a target of the ADP-ribosylation
activity of ExoT is a regulator of actin dynamics, and this target
is probably conserved in yeast.

Other virulence factors directly target the actin cytoskeleton.
For example Salmonella sp. SipA (SspA) modulates actin dy-
namics in mammalian cells that (46). In vitro, SspA binds
filamentous actin and inhibits its depolymerization (57). In
yeast, SipA colocalized with cortical patches and actin cables
(55). These actin structures became resistant to the depoly-
merizing effects of latrunculin A, a monomeric actin-binding
drug, suggesting that SipA stabilizes yeast actin structures in
vivo (55).

The analysis of cytoskeleton-disrupting bacterial factors in
yeast is particularly well suited for genetic and proteomic anal-
ysis. Large collections of conditional alleles of various regula-
tors and components of the actin cytoskeleton and compre-
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hensive maps of their genetic and protein-protein interactions
(32) should provide attractive systems for identifying targets of
these virulence factors.

Inhibitors of DNA metabolism. A novel theme in cellular
microbiology is the ability of pathogens to interfere with the
cell cycle of host cells (44). Several unrelated pathogens (e.g.,
Campylobacter sp., Escherichia coli isolates, Shigella sp., and
Haemophilus ducreyi) secrete a cytolethal distending toxin
(CDT) that blocks cell cycle progression in mammalian cells at
G,/M (20, 65). CDT is composed of three subunits: CdtA,
CdtB, and CdtC. CdtB alone appears to be responsible for
toxicity since its expression in mammalian cells recapitulates
the effects of CDT (53). CdtB shares limited homology with
nucleases but shows very weak DNase activity in vitro (53).

Pickett and coworkers demonstrated that CdtB has geno-
toxic activity in yeast (41). By combining flow cytometric anal-
ysis of DNA content and morphological analysis of cells ex-
pressing CtdB, Pickett’s group concluded that yeast cells, like
mammalian cells, arrested at the G,/M transition point in the
cell cycle (41). It was possible that CtdB caused cell cycle arrest
either by inducing DNA damage or by activating signaling
pathways that sense DNA damage. To distinguish between
these possibilities, Pickett’s group tested whether mecl mu-
tants (encoding an ATM-like protein responsible for inducing
the G,/M checkpoint) (71) arrested at G,/M during CtdB in-
toxication. Because mecl mutants were still sensitive to CtdB,
it is likely that the observed toxicity is due to direct DNA
damage rather than activation of proteins involved in sensing
damage (41). In support of these observations, prolonged ex-
pression of CtdB in yeast cells led to fragmented nuclei and
chromosomal degradation. Furthermore, expression of RNE2,
a DNA damage-inducible gene, was upregulated during CtdB
expression and CtdB toxicity was abolished by mutations in the
putative nuclease active site (41). Therefore, the CDTs appear
to induce cell cycle arrest by directly damaging DNA. How-
ever, it is not clear why CtdB-induced DNA damage does not
activate a G,/S checkpoint arrest or what is the Mecl-indepen-
dent mechanism that senses this damage. A yeast model system
for CtdB could significantly streamline the molecular analysis
of this problem by taking advantage of the large number of
conditional mutants available for studying DNA damage in
yeast (13).

Inhibitors of membrane structure and function. In addition
to manipulating the cytoskeleton, various intracellular and ex-
tracellular pathogens have managed to develop mechanisms to
manipulate the endomembrane system of mammalian cells
(51, 58). The consequences of these manipulations can range
from the selective arrest of vesicular and endosomal traffic to
the inactivation of signaling lipids to the degradation of mem-
branes.

P. aeruginosa secretes a range of proteins (ExoS, ExoT,
ExoY, and ExoU) directly into the cytoplasm of mammalian
cells. ExoU is particularly cytotoxic and Pseudomonas strains
expressing this protein are associated with accelerated lung
injury and increased development of septic shock (74). Given
the high toxicity of this protein, it has been difficult to perform
functional analysis in transiently transfected mammalian cells.
To address these shortcomings, Rabin and Hauser (68) and
Frank and coworkers (73) used yeast as a model system to gain
a better understanding of ExoU function. Consistent with ob-
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servations in mammalian cells, yeast cells rapidly lost viability
after expression of ExoU. Frank’s group isolated spontaneous
suppressors of ExoU toxicity, but the mutations were restricted
to alterations or rearrangements within ExoU itself (73). These
results suggest that ExoU may act on multiple targets making
the isolation of single suppressor mutations rare. To further
understand how ExoU functions, the morphology of ExoU-
expressing yeast cells was carefully examined, resulting in the
demonstration that ExoU fragmented vacuolar membranes
(73). Fragmentation of vacuolar membranes can occur as a
result of a block in protein and membrane transport to vacu-
oles or by disruption of vacuolar components (18). To identify
the affected pathways, Frank’s group tested a range of phar-
macological inhibitors of lipases, proteases, and vacuolar func-
tion in ExoU-expressing yeast cells. Interestingly, a subclass of
lipase inhibitors (haloenol lactone suicide substrate and methyl
arachidonyl fluorophosphates) could inhibit ExoU-mediated
toxicity in yeast (73). These inhibitors also relieved ExoU-
dependent cytotoxicity during P. aeruginosa infection of mam-
malian cells (73).

This lipase activity is consistent with the presence of a weak
but conserved patatin-like phospholipase domain in ExoU
(47). This family has a conserved GXSXG serine hydrolase
motif and DX-G/A active site (47). Disruption of the catalytic
dyad abolished ExoU toxicity in yeast and in mammalian cells
(73). The lipolytic activity of ExoU in yeast has broad substrate
specificity; both neutral lipids and phospholipids are degraded.
Interestingly, recombinant ExoU did not display lipase activity
on synthetic liposomes unless it was coincubated with yeast
extracts (73). This suggests that ExoU requires eukaryotic fac-
tor(s) to achieve full biochemical activity. Therefore, even
though the initial screen for ExoU-resistant yeast failed to
yield extragenic suppressors (73), mutations in these factor(s)
should be forthcoming and will help elucidate the molecular
mechanism of ExoU function.

Inhibitors of MAP kinase signaling and PCD. Members of
the YopJ/Avr family of proteins show structural similarities to
adenoviral cysteine proteases and ubiquitin-like protein pro-
teases (63). YopJ/Avr proteins inhibit intracellular signaling
required for inflammatory cytokine secretion (mammals) or
for the activation of PCD (mammals and plants). For example,
in Yersinia sp., YopJ inhibits the phosphorylation and activa-
tion of MAP kinase kinases and the IkB kinase 3 (62).

Orth and coworkers have recently shown that expression of
YopJ in yeast cells led to a decreased response to mating
pheromones, lowered mating efficiencies, and increased sensi-
tivity to high salt concentrations and sorbitol (84). These phe-
notypes are characteristic of impaired MAP kinase signaling
cascades required either in the mating response or for growth
under hypo-osmotic conditions (39). Indeed, YopJ expression
reduced the levels of phosphorylated Fus3p and Hoglp (tar-
gets of these MAP kinase pathways during exposure to pher-
omones and sorbitol, respectively) and suppressed the lethality
of snll mutants, an osmolarity sensor that inhibits Hoglp ac-
tivation (84). These results suggest that virulence proteins such
as YopJ target common structural components of eukaryotic
MAP kinases cascades even though the outcomes of these
pathways may not be necessarily conserved.

In plant immunity, resistance to bacterial pathogens begins
with the recognition of a bacterial protein (avirulence protein
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[Avr]) by a plant protein (resistance protein [R]) (17). In re-
sponse to an Avr-R protein interaction, plants cells activate the
hypersensitive response (HR). HR is characterized by rapid
cell death that bears all of the hallmarks of PCD and whose
ultimate goal is to limit the spread of the pathogen (17). Some
plant pathogens bypass the HR response by producing factors
that inhibit PCD. For example, Pseudomonas syringae produces
two proteins, AvrPto and AvrPtoB, that are recognized by the
R protein Pto. The AvrPto-Pto interaction elicits an HR re-
sponse. In contrast, the AvrPtoB-Pto interaction does not
cause an HR response but also inhibits the HR response elic-
ited by AvrPto-Pto (1). AvrPtoB is conserved among very di-
verse plant pathogens, suggesting that AvrPtoB is a ubiquitous
mechanism enhancing infectivity by inhibiting PCD and the
HR response.

Like most eukaryotic cells, yeast undergoes PCD in response
to oxidative stress or expression of mammalian proapoptotic
factors such as Bax (14). PCD in yeast, as in mammalian
apoptosis, includes cytochrome ¢ release, DNA fragmentation,
and chromatin condensation (14). However, there is consider-
able debate as to whether yeast undergo true apoptotic events
as opposed to an autophagy-dependent death (33, 66). Martin
and coworkers have shown that AvrPtoB suppresses PCD in
yeast cells in response to proapoptotic conditions such as oxi-
dative stress or extreme heat shock (1). In contrast to plants,
AvrPtoB did not suppress Bax-induced cell death in yeast cells
(1). Although these results may reflect important differences
between plant and fungal PCD, one must be wary of overex-
pression artifacts. For example, if Bax and AvrPtoB are not
expressed at similar levels, true phenotypic suppression may be
missed. A similar observation has been made for multicopy
suppressors of YopE function. Expression of YopE from the
weak MET3 promoter, but not the stronger GALI promoter,
was efficiently suppressed by overexpression of Rho activators
(55, 83).

More recently, Alfano and coworkers have shown that a new
set of Avr proteins—AvrPrphEpTo, HopPtoG, HoptoF, and
HopPtoE—suppress PCD in plant and yeast cells (50). Inter-
estingly, these Avr proteins can suppress Bax-mediated but not
peroxide-induced PCD in yeast (50). These results highlight
the diversity in potential targets of various Avr proteins and
their relative conservation among eukaryotic cells.

Subcellular tropism in yeast. Other bacterial virulence fac-
tors have been expressed in yeast, but their function has not
been fully characterized. For example, Lesser and Miller have
reported that the Yersinia Ser/Thr kinase YpkA localizes to the
plasma membrane after expression in yeast cells (55). YpkA
translocated by Yersinia during infection also localizes to the
plasma membrane (40). Another Yersinia virulence factor,
YopM, a member of the Leu-rich-repeat family of proteins
(LRR), localizes to the nucleus of mammalian cells during
infections (77). YopM expressed in yeast also localizes to the
nucleus, indicating that other bacterial factors are not required
for YopM nuclear import (55, 78). Two research groups have
independently used yeast to determine the molecular require-
ments for YopM transport into the nucleus (11, 78). Through
deletion analysis, Straley’s group demonstrated that the amino-
terminal LRR region of YopM was required for YopM trans-
location into the yeast nucleus (78). The Cornelis group
showed that the last 32 amino acids of the YopM were suffi-
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cient for nuclear localization of a heterologous protein in both
yeast and mammalian cells. Interestingly, this acidic peptide is
similar to the nuclear localization signal from the influenza
virus nucleoprotein, suggesting a conserved mechanism of nu-
clear import (11).

Surprisingly, in secl/8 temperature-sensitive mutants, which
are conditionally defective in membrane fusion, YopM accu-
mulated in the cytoplasm (78). Since Secl8p is required at
various stages of membrane traffic, Straley’s group concluded
that YopM transport to the yeast nucleus requires vesicular
transport. Although this is possible, it should be pointed out
that prolonged blocks in protein secretion (>2 h) in yeast lead
to a phenomena termed an arrest in secretion response (ASR)
(61). The consequences of ASR are varied and include a block
in transcription and translation, inhibition in nuclear import,
and redistribution of nuclear proteins (61). Therefore, addi-
tional study is required to elucidate whether YopM indeed
defines a novel vesicle-mediated transport pathway to the eu-
karyotic nucleus. Nonetheless, because the import of YopM
into the yeast nucleus appears to be independent of the major
yeast nuclear importins (11), it would not be surprising if
YopM utilizes a novel mechanism for accumulation in the
eukaryotic nucleus.

YEAST FUNCTIONAL GENOMICS AND VIRULENCE
GENE IDENTIFICATION

In the last few years, postgenomic tools in yeast have ad-
vanced at a breathtaking pace (16). The generation of com-
prehensive protein-protein interaction maps (75), maps de-
tailing all known genetic interactions (7), global surveys of
subcellular localization of all yeast proteins (49), and the avail-
ability of strain collections where all nonessential open reading
frame (ORF) have been epitope tagged or deleted (67) have
revolutionized how researchers approach biological questions
in yeast and how experiments are designed and executed (7).
For a thorough discussion of these tools, the reader is directed
to a number of recent reviews (16, 25, 30, 67, 80, 82).

Functional genomic approaches have made yeast an organ-
ism of choice to model basic disease-related processes involv-
ing cell cycle control, signal transduction, cytoskeletal dynam-
ics, and protein transport (81). Therefore, with the basic
premise that some bacterial virulence factors can elicit similar
responses in yeast and mammalian cells, it is clear that inves-
tigators will soon take full advantage of the genetic, biochem-
ical, and genomic tools available in yeast to identify the targets
of bacterial toxins. Lau and coworkers, for example, have re-
cently used the yeast gene deletion collection to identify mu-
tants that were either more susceptible or resistant to the P.
aeruginosa phenazine pyocyanin (PCN) (69). Lau’s group
found that mutations that compromised the function of the
yeast vacuolar proton ATPase (either directly or by affecting
protein sorting and vesicular transport) were particularly sen-
sitive to PCN (69). The genome-wide screen in yeast led Lau’s
group to test whether v-ATPases are the target of PCN in
mammalian cells. Interestingly, the mammalian v-ATPases,
like their yeast counterparts, appear to be inhibited by reactive
oxygen intermediates produced in response to PCN (69).
These experiments illustrate how yeast functional genomics
can be readily adapted to facilitate the identification of mam-
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malian processes affected by a bacterial toxin. With the advent
of robotic systems and mass transformation protocols, we pre-
dict that genome-scale suppression and/or epistatic analysis in
yeast can be readily adapted to create short lists of potential
targets of a wide range of bacterial virulence factors. Some
potential applications of yeast genetic and genomic tools to
identify bacterial virulence factors and their corresponding tar-
gets in eukaryotic cells include the following targeted screens
for virulence factors: (i) toxicity (the major cellular process is
disrupted, e.g., membrane traffic), (ii) conditional phenotypes
(the sensitivity or resistance to various environmental condi-
tions, drugs, etc., can highlight the disruption of particular
cellular pathways, e.g., some cytoskeletal functions), (iii) re-
porter gene fusions (assessment of the signaling pathways, e.g.,
MAP kinase signaling), and (iv) reporter protein fusions (the
activity of reporter protein can be used to monitor the disrup-
tion of protein localization machinery, e.g., organelle target-
ing). Genome-wide approaches to identify disrupted cellular
pathways include the following: (i) yeast collection of TAP
(tandem-affinity purification)-, glutathione S-transferase- or
FLAG-tagged ORFs (this can be used to screen for yeast
proteins that bind to bacterial proteins) (30), (ii) yeast collec-
tion of green fluorescent protein-tagged ORFs (29) (to deter-
mine mislocalization of key organelle markers), (iii) synthetic
lethal screens, i.e., the expression of bacterial protein in strain
collections of haploid gene deletions (~4,000 ORFs; nones-
sential) or a heterozygous diploid strain collection (~6,000
ORFs) (a mutation in some cellular pathway may sensitize the
strain to growth defects induced by the bacterial toxin; this type
of analysis can also be performed in a yeast strain collection
where each ORF deletion is bar coded with a unique probe;
loss of fitness can be monitored by the loss of probe signal in
DNA microarrays [30]), (iv) phenomic analysis of recombinant
yeast strains (comparison of the growth kinetics of recombi-
nant yeast strains to a set of known yeast strains), and (v)
transcriptional profiling (genes induced or repressed in re-
sponse to bacterial protein expression can be used to identify
affected cellular pathways).

Yeast expression systems can also be used to identify novel
virulence factors in less-well-understood pathogens. Our labo-
ratory is currently using yeast as a tool to identify virulence
factors from the obligate intracellular pathogen Chlamydia tra-
chomatis (unpublished data). Because chlamydiae are not cur-
rently amenable to genetic manipulation, our understanding of
the molecular basis of how these pathogens coopt the eukary-
otic host is limited. By screening yeast libraries expressing all
Chlamydia ORFs of unknown function, we can identify and
cluster putative bacterial virulence factors by the phenotypes
they induce in yeast cells. Quantitative phenotyping can also be
used to characterize the eukaryotic pathways affected in these
recombinant strains by identifying mutants from ordered yeast
deletion sets that match the phenotypic fingerprint induced by
expression of bacterial toxin.

IS YEAST THE SYSTEM FOR ME?

Before launching into using yeast as a model system to study
a toxin or virulence factor of interest, one should critically
assess whether the expected target molecule(s) are conserved
among eukaryotes. Although the internal architecture of yeast

EUKARYOT. CELL

and mammals share many molecular features, an additional
layer of complexity is needed to build and maintain a multi-
cellular organism. For example, the proteins and factors re-
quired to coordinate intercellular communication, control tis-
sue formation and specialization, regulate cell death, and build
innate and adaptive immunity are not present in fungal cells. If
one’s pathogen of interest targets any of these specialized
processes, it is unlikely that yeast will provide a good model
system. Furthermore, it is also possible that even when some
cellular functions are conserved (e.g., SNARESs in membrane
fusion), individual molecular components are different enough
to be recognized by bacterial toxins (e.g., clostridia neurotox-
ins).

Another potential concern in modeling the function of indi-
vidual bacterial virulence factors is that these proteins are
being expressed at nonphysiological levels and in the absence
of other factors normally present during infection. Virulence
proteins that are posttranslationally processed in the bacte-
rium, inserted into a membrane by a bacterium-encoded ap-
paratus (e.g., type III secretion system), or part of a multipro-
tein complex may not retain biological activity when expressed
in yeast. The expression of integral membrane proteins can be
particularly problematic. Membrane proteins without the ap-
propriate targeting signals are prone to aggregation or sub-
jected to posttranslational modifications and/or degradation.
Therefore, one should exercise caution when assigning a role
to a bacterial factor based on phenotypes induced in yeast.

Since the first description of using yeast to characterize bac-
terial factors, relatively few reports have fully explored the use
of this system. Most of these studies confirmed, and in few
cases extended, what was already known about the molecular
mechanism of a few select model virulence factors. Very few
research articles have moved past the “proof-of-principle” con-
cept and made full use of yeast genetic, biochemical, and
genomic tools to either identify of fully dissect the function of
a novel virulence factor. Most bacterial pathogenesis research-
ers may be wary of investing the energy and time required to
navigate through the vast yeast cell biology and genetics liter-
ature. Therefore, although the possibility of performing genet-
ics and genome-scale studies in a host system is appealing, it
may not be sufficiently enticing, especially when one is not
certain as to whether the findings will be relevant to mamma-
lian pathogenesis. A potential short-term solution is to estab-
lish collaborations with the yeast research community, espe-
cially those interested in cytoskeletal and membrane dynamics,
a common target of bacterial virulence factors. In addition,
many research institutions are building resource centers for
genome sciences, which often include tools for functional
genomics in model organisms. In the near future, researchers
should have access to core facilities that will aid with the design
and implementation of genome-wide screens in yeast with the
same ease as for other yeast-based technologies (e.g., two-
hybrid screens). Nonetheless, the interpretation of results ob-
tained from such experiments will still require a basic knowl-
edge of yeast cell biology. Fortunately, the yeast research
community is rapidly moving toward a systems biology ap-
proach where much of our current understanding of yeast cell
biology is available as cross-referenced, searchable public da-
tabases (e.g., www.yeastgenome.org, yeast.cellzome.com, and
mips.gsf.de).
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The full potential of yeast as a tool for virulence gene dis-
covery and eukaryotic target identification remains to be real-
ized. Modeling the interaction of bacterial virulence factors
with eukaryotic cellular pathways in yeast should further allow
the implementation of simple cell-based assays to screen for
inhibitors of these interactions (82). These methodologies can
be adapted to design new generations of antimicrobial agents
that prevent the association of virulence factors with their
respective eukaryotic targets. In the process we can gain new
insights into both the basic mechanisms of microbial patho-
genesis and the eukaryotic cell biology.
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