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Abstract
Functional Genomics of Cell Wall Biogenesisin Fungi
Edimarlyn Gonzalez

Advisor: Professor Peter N. Lipke

In pathogenic fungi, glycosylphosphatidyl inositol cell wall pmos (GPI-
CWPs) mediate adhesion of the fungus to a host during infection —ahstejs
necessary for the fungus to be able to initiate and establistianfeGenes involved in
the biosynthetic pathway that incorporate GPI-CWPs to the walé trepresent
excellent targets for antifungal drug design. A mechanistiteled genomic screen
was developed and applied to search for genes involved in fungal tefliogenesis.
Specifically, the screen identifies genes required for the ¢irdseg of glycoproteins
(GPI-CWPs) to cell wall polysaccharides via GPI anchors.-@NPs are the most
abundant class of proteins at the wall and play both structuralbarsynthetic
functions.

The rationale for the screening assay was that cells utalgeperly
cross-link GPI-CWPs to the wall would either retain a GPI-Q@ffdrter protein within
the cell (hypo-excretors) or excrete the reporter protein Iing@towth medium (hyper-
excretors), relative to wild type cells. This idea was véddan cell wall mutants
known to hyper-excrete GPI-CWPs. To screen for the hypo- and -bBypestion
phenotypes, a GPI-CWP-marker protein was made by fusing the fjveeescent
protein (GFP) to the carboxyl end of the GPI-C\wHagglutinin. The marker protein
was expressed in 178 gene deletants missing genes previoushatetlic cell wall

biogenesis and in corresponding wild type parental strains. Strapressing the



reporter protein were examined for deficiencies in anchoringnéduger protein to the
wall. The screen used conditions that facilitated sample minceat large-scale and
enhanced marker protein yields while minimizing noise in markatepr expression.
These conditions required expression of the reporter protein from thetwores S.
cerevisiae GPD1 promoter at lower temperature than the standaftC3f the presence
of 1 M sorbitol, and growth of the cell cultures to similar celhcentrations in medium
buffered to pH 6.5. Sample analysis at large scale was possible by grbevicg)ls as 3
ml cultures in glass test tubes from which OD measuremeats taken directly.
Microliter volumes of cell-free supernatants were evaluatedsFP levels using a 96-
well plate reader fluorimeter. Interesting mutants were stédgeto secondary screens
using anti-GFP antibodies and by collecting complete fluorescpextra. The strains
were also analyzed for cell surface fluorescence and lefeigosolic and total protein
in the culture medium.

Deletions inMCD4, GPI13, TDH3 and GDAL caused hyper-excretion of the
reporter proteinMCD4 and GPI13 are essential genes that play a role in GPIl-anchor
biosynthesisGDAL is involved in GPI-CWP O-glycosylation afddH3 is a glycolytic
enzyme that resides at the cell wall and has been implicateckdiating adhesion of
fungal cells to host surfaces. The genomic screen was perforittealivthe use of
pepstatin A, which was found to inhibit GFP degradation by extraaelfriotease
activity and thus to enhance the sensitivity of the screening as@ut affecting cell
growth and viability. Identified mutants thus hyper-excrete lamgeugh amounts of the
GPI-CWP reporter protein to allow detection of the hyper-exargthenotype even in

the presence of GFP proteolysis. Deletion of the transglycesidaswpl and Dfg5p,



suspected of playing a direct role in cross-linking GPI-CWPthé cell wall, hyper-
excreted the reporter protein when grown in the presence of pegst&ene deletants
subjected to secondary screens exhibited 1.5-2.0 fold less fluorestaheewall than
wild type cells except foMCD4/mcd4 and GPI13/gpil3 cells which hyper-express the
marker protein at the wall 2-4-fold relative to wild type cellkis increase may be in
compensation for the high failure rate of adding the GPIl-anchor R6CB/Ps
precursors. All strains examined showed less than wild typelslesf the cytosolic
marker, 3-phosphoglycerate kinase (PGK) and wild type levels afpottein in cell-

free supernatants.
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Chapter 1

I ntroduction

1.1 On fungal infections and the need for new strategiesto treat them

Fungal infections continue to be a problem of concern due to the lad{eotisd
effective antifungals that can withstand the emergence ofaesi&rains. An increase in
the incidence of superficial and systemic opportunistic myoosesthe last two decades
stems from the growing number of patients susceptible to infedtierto severe illness
and immunosuppresion [1] and from the widespread use by clinicians r@nityr
available antifungals. Specifically, empirical and prophylatiterapy as a preventive
measure in high-risk patients promotes the emergence ofarégssstains [2, 3]. In these
patients, preventive measures usually result in positive outcomesvdgwhose who
nonetheless fall victim to infection, often battle hard to treat potkntially life-
threatening infections. A recent study shows that in contrasheamostly harmless
superficial infections, disseminated fungal infections involving r@sisstrains have a
high mortality rate of > 40% [4]. An additional study compared critically ill patients
receiving fluconazole as a preventive measure with patients wihonali receive
treatment and found a higher mortality rate (40% vs. 20%, respggtil@iger stays in
intensive care units, and overall longer hospital stays in trébtan in the non-treated
patients [2]. This group also had a higher rate of isolatidbaatiida species resistant to
fluconazole. This is an unfortunate outcome considering that flucanazalgreferred
method of treatment for candidiasis due to its lower toxicitgat$f compared to the

alternative choice, amphotericin B [5].



Advances in the medical field have led to an increase in théemaf patients
receiving hematopoietic stem cell transplantation, implantatiomaielling medical
devices (stents, catheters, prostheses, etc.) and an increasenumiber of patients
receiving organ transplants. Many of these patients are sedbjextprolonged empiric
and prophylactic antifungal treatment accompanied by admimstraif immuno-
suppressive drugs to control host-vs-graft disease and predispositiwasvé mycoses.
A rise in the frequency of preventive treatments is suspecte@ tiheb cause for an
increase in the incidence of fungal pathogens that were previonsgmmon such as

Candida krusei andCandida glabrata, and for an increase in invasive mycelial infections

other thanaspergillosis [1]. For instance, at a bone marrow transplantation center, the

incidence of aspergillosis and other mycelial infections inccedsen 18% in years
before the use of fluconazole prophylaxis to 30% in the period wdteof fluconazole
prophylaxis became routine [6]. Because these less common pahtayel to be
unresponsive to currently available antifungals [1], it is evideat there is a critical
need for more effective treatments. This need is heightened gdhéhat the use of
existing antifungals is limited due to low potency [7], poor solubjify narrow clinical

spectrum, and toxicity effects that range from mild to severe [9, 10].

In recent years, a new class of antifungal compounds was introdoctu:
market with very promising results due to their relativelyderiltoxicity effects and rapid

fungicidal activity against most isolates ofar@ida spp, Aspergillus spp, and

Pneumocystis carinii [11]. These compounds, collectively recognized as *“the

echinochandins” work by inhibiting synthesis of the cell wall polgkadde, -1,3

glucan. The desirable characteristics of echinochandins are badbdtdhese agents



disrupt a process that is unique to fungi, conserved across many &paga¢s and
essential for cell viability. The success of cell wall-targetedusngals makes it clear that
efforts into developing novel antifungals should ideally concentrate boralang agents

that target/damage the cell wall.

Some researchers believe that although prolonged prophylacapyharat-risk
patients can be effective toward eradicating susceptible mieoisrgs, it may also be
what later facilitates colonization and invasion from pathogens teahaately resistant
to the antimicrobial agent used [1]. A potentially effective waynhibit recurrence of
infection with more aggressive, resistant strains would be to ademithe patients with
agents capable of blocking adhesion of the fungus to host celiis & & prerequisite for
colonization. Antifungals with this mechanism of action are curremty available to
clinicians. The work described here seeks to indentify genetic etsrtieat contribute to
the adhesive properties of the fungal wall since these elemagtsarve as ideal targets
for novel antifungal strategies. Interfering with the abilityttod fungal cell to adhere to
its substrate/host would be of great value becguse inhibitor may not have to enter
the cell to exert its function, thus toxicity would be minimizieyl adherence to
substrate/host is a prerequisite for fungal cells to becometivde thus agents that

inhibit this process would likely be of broad-spectrum application.

In addition to the increasing incidence of resistant fungal sfraffective
treatments against fungal biofilms remains a challenge to ielmsicbecause of their
widespread tolerance to currently available antifungals. Biofilms microbial
“‘communities” that grow on biotic and abiotic surfaces (e.g. tesdsities, stents,

catheters, prostheses and plastic surfaces) and are thexd¢foeat not only to affected



patient but also to food-processing companies where adherent famgoen highly
resistant biofilms in industrial installations [12]. These fungammunities often share
substratum with bacterial agents and inevitably depend on they ailiungal cells to
adhere to each other and to a variety of other surfaces to te&bften multilayered
structure of the biofilm [13]. Biofiims not only offer the cellsofgction from
environmental assault but serve as a reservoir for infectilsethat can later disseminate

through the host’s bloodstream to other organs for infection [12-14].

Because fungal cells depend on being able to adhere tightly homstsbefore
becoming infectious, elucidation of the biosynthetic pathways that rtfakecells
“adhesive” represent excellent drug targets.. One such procélss oss-linking of
mannoproteins to cell wall polysaccharides through glycosylphosphatabjtol (GPI)-
anchors. These glycoproteins, commonly referred to as GPlppiaay a variety of
important cellular roles one of them being the role of adhesinsnidiaite attachment of
fungal cells to host surfaces. Studies show that pathogenic furlgredticed levels of
GPI-CWPs at the wall are less virulent and more susceptiblée Iytic actions of

macrophages [15].

The work presented here describes the development and applicatioenoinaeg
wide approach for screening tBecerevisiae gene deletion library for genes required for
anchorage of GPI-mannoprotein (GPI-CWPs) to the cell wall. Dhharli was purchased
from Invitrogen and a subset of 179 different gene deletion strains transformed in high
throughput with a reporter GPI-CWP (GFP-Saglp) and screened fioiedees in
anchoring the reporter protein to the cell wall. The reporter ipratensists of the

carboxyl end of the GPI-CWR-agglutinin encoded by the SAG1 gene, N-terminally



fused to the green fluorescent protein (GFP). All 179 strains cod&étions in genes
previously implicated in cell wall biogenesis. 10 of the 179 genetaseé:t harbor
deletions in essential genes and are therefore heterozygote for thendéle¢se mutants
were assayed for GFP-Saglp excretion into the growth mediutivee@wild-type cells
and those with interesting phenotypes were subjected to secondzsgpsto assess for
cell-surface fluorescence, amount of cytosolic protein in theurmedind total amount of
excreted protein. Chapters 2 and 3 describe development and applicdliersofeening
approach, respectively. The cytosolic enzyme, 3 -phosphoglycerate kitakg, was
used as a marker for intracellular protein. Controversy exssts whether PGK is a true
cytosolic marker since this enzyme has also been found in aklpreparations frons.
cerevisiae and C. albicans cells [16, 17]. However, a recent study suggests that the
presence of PGK in cell wall preparations may simply be a consequenceoftireonly
used cell wall purification techniques, which require the use of plasrambrane
disrupting agents that cause leakage of cytoplasmic components inteltheall
extracts. A novel cell wall fractionation approach has been propbatglields cell wall

fractions devoid of proteins of presumably cytosolic origin including PGK [18].

Application of the screen led to the identification MCD4 and GPI13 (two
putative essential genes thought to play a role in GPIl-anchor biosgl@&DAL (a
GDPase involved in GPI-protein O-mannosylation), and the glycolgizyme,
GAPDH/TDHS3, as required for GPI-CWP anchorage to the cell wall. Thentigce
discovered homologs of bacterial mannosidases, Dcwlp and Dfg5p, aretsdspe

playing a direct role in the transferring of GPI-CWPs fribia plasma membrane to cell-



wall glucan due to their combined glucosidase and transglycosidasdexctiie present

additional data that corroborates a role for these genes in this processr (@hapte

1.2 Cell wall synthesis and assembly astargetsfor drug design

Fungal pathogens cause significant morbidity and mortality cedlyeamong the
immunosuppressed and the chronically ill. This makes fungal infecéomsrging
diseases which is exemplified by findings tikaindida infections are the fourth most

common hospital-acquired disease and are rapidly rising to third [19].

However, the biological relatedness of fungi and animals hasintbat many
anti-fungal drugs are severely toxic to humans, so thereeaveclinically-approved
antifungals available compared to anti-bacterials. New approaodelead compounds
for antifungal development are therefore a critical medieald. Because fungi have cell
walls that animals lack, the walls are an obvious target for paitemtti-fungal drugs.
Many of the processes that assemble the cell walls ocderiax to the plasma
membrane [20-25]. Therefore inhibitors of the assembly process Wwewdtive even if

they did not reach the interior of the fungal cells.

Of the ~250,000 different species of fungi that populate the earth only a few
hundred (400-500) are capable of infecting animals and humans [26]. Tbie csla
wall components and molecular organization of the wall are gepehalled across fungi
although species-specific variations exist at the level ab @&t the components, how
these components cross-link with each other, and their special distrituoughout the
wall. Since the work presented here employs the fuBgcsharomyces cerevisiae as the

model organism for studying cell wall biology, description ofl cgéll synthesis,



architecture, and function would primarily focus on this organism.S leerevisiae cell
wall is a good studying model for inquiries into fungal wall bioldggause its general
body plan and composition resembles that of other (dimorphic) ascomygetsis such
as the human pathoge®@andida ssp. andExophiala dermatitidis, the fission yeasts
Schizosaccharomyces pombe, and mycelial pathogenic fungi suchAspergillus spp. and

Fusarium oxyxporum (klis et al.2007).

1.2a Cell wall composition and organization

Like plant and bacterial cells, fungal cells are surrounded thyc& “woody”
layer or cell wall. Fungal walls are approximately 100-200 nimdewand differ
significantly from plant and bacterial walls in their structamed composition. In the
budding yeass§. cerevisiae, the cell wall is a bi-layered structure primarily commgbsé
polysaccharides and protein. The polysaccharide components in ordeurafaace
consist of p-1,3 and B-1,6 linked glucose monomers anfl-1,4 linked N-
acetylglucosamine residues or chitin. In addition to these strugbotgbaccharides,
elaborate O- and N-linked mannose side chains are added to mathg @irotein
molecules that reside in the cell wall. Electron microscopgaddssium permanganate
stained cell walls shows an electron dense outer layer emganiabm a mostly
translucent inner layer. The inner layer is in contact withpfasma membrane and
consist of long (1000-1,500 glucose residues), spring-like chaing-1o8 linked
polymers that interconnect through hydrogen bonds to form the flexéteetvork onto
which a densely populated outer layer of GPI-CWPs is covalendlys-linked. The
majority of cell wall mannoproteins are cross-linked to flé,3 glucan network

indirectly through shorter (300-500 glucose residues), more brafichgl chains [27,



28]. Figure 1.1 shows a schematic of the fungal cell wall. [B8maller subgroup of
glycoproteins, dubbed PIR proteins, “proteins with internal repeatsfirestly cross-
linked to thep-1,3 glucan network through ester linkages between glutamine resmdues
the proteins’ repeat sequences and non-reducing engld ,8f glucan chains [29]. PIR
proteins may therefore contribute to strengthening the cdlbyaross-linking different
B-1,3 glucan chains (Figure 1.1). Consistent with this view is Rt proteins can be
found throughout the cell wall. Mannoproteins cross-linke 193 through-1,6 glucan
chains are known as GPIl-dependent proteins (GPI-CWPs) becaisehitough a
trimmed version of the GPI anchor that they are covalently boungetmdn-reducing
ends off-1,6 glucan chains. These proteins receive a preformed GPI andher BR
[30, 31] prior to being delivered to the cell surface via theesegr pathway. At the cell
surface, the protein remains tethered to the plasma membranenttiedgpid part of the
GPI anchor which may or may not undergo further processing depemdihg protein’s

final cellular role. For details on GPI-CWP structure and function, seesdct.
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1.2b Cell wall polysaccharide synthesis and processing

1.2b1 Chitin

Chitin is a minor but important component of the wall. It account$-f8#6 of the
total polysaccharide content of the wall and is mostly found aptineary septum that
separates dividing cells [32]. The primary septum is later tiddsy chitinases to allow
for cell separation following cytokenesis. A secondary septum cimgsimostly of -
glucans and protein forms around the primary septum and serves asiiidation for
daughter cell wall synthesis [33]. Chitin can also be found at bud stanother cells
and sparingly throughout the cell wall serving as a linker éet-1,3 glucan chains
[34]. It may also cross-linig-1,6 glucan chains and in this manner contribute to the
mechanical strength and insolubility of the wall [20]. Cell-wallitamts often up-regulate
their wall chitin content to compensate for cell wall debila§35-37]. Chitin synthesis
takes place at the plasma membrane through the action of anatitzgomplex encoded
by the Chs group of integral membrane proteins, known as Chslp, Chs2p and Chs3p
([38, 39]. Chitin chains are extruded into the cell wall periplasspece and assembled

and cross-linked to other cell wall polymers by the GPI-CWPs, Crhlp and Crh2p [40]

1.2b2. Mannan

The mannan content of the wall is a consequence of extensivendN-Oa
mannosylation of GPI-CWPs, PIR, and other secreted glycoprotesspatagine, and
serine and threonine residues, respectively. Protein N- and O-méatmorsiegins at the
ER where the first mannosyl residues are added in a proaggdy honserved among

eukaryotes. Subsequent elongation of the mannan chains is fungi-spedificoceeds at
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the Golgi. ThePMT and, MNT and MNN, families of mannosyltransferases carry-out
protein glycosylation at the ER and Golgi, respectively [41-43]. §leegymes depend
on Dolichol-Phosphate-mannose (Dol-P-mann) and GDP-mannose as the mannosyl
donors for mannan synthesis [44], although the initial N- and O-mantiosykteps
occurring at the ER depend on Dol-P-Mann only as the mannosyl donorddain
elongation occurring at the Golgi depends on the GDPase, Gdalp, to ecsmstaamt
supply of GDP-mannose as the mannosyl donor [46]. In this SRl was identified
as required for anchorage of GPI-CWPs to the cell wall syde&/gdal cells excrete
larger than wild type amounts of the GPI-CWP reporter protein, &€p, and have
lower levels of the reporter protein at the wall relativevild-type cellsgdal/gdal Cells
also appear to form large aggregates possibly because ofpagthtsen defects (Chapter

21).

Both N- andO-linked side-chains of CWPs may contain phosphodiester linkages.
At most physiological pHs, these phosphodiester groups are negatiagtyed and are
thus responsible for the numerous negative charges at the furdigauidace. The
mannan phosphate groups are added by members of the MNN gene FaNNy, and
MNNG6 [47]. The fungal cell wall therefore acts a cation exchgrigas allowing them to
bind positively charged proteins, for example, proteins released tfrencytosol, and
explaining the stainability of many fungi with the positively rigfead dye Alcian blue
[21]. Negative charges at the fungal cell surface may alsmperiant for helping the
cell adapt to environmental changes and changing conditions withimate thus
contributing to pathogenicity [48]. A recent review on mannoproteinaglyen fungi is

provided in (Gonzaleet al., 2008).
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1.2b3. #-1,6 glucan

Among the various cell wall polysaccharidg$,1,6 glucan synthesis and
processing remains the least understood. Whether the polysacclarsyathesized
inside the cell or at the cell surface prior to its incorporainto the wall and what
enzymes process these reactions remains to be resolved. Tondalepsynthetic
precursors for the glucan have been recovered 8orarevisiae cell extracts devoid of
cell walls, thus doubts as to an intracellular origin for tiettesis of the polymer
remain. The same does not apply fahizosaccharomyces pombe for which B-1,6
polymers have been detected in the Golgi [49]. Additional expersm@ith mutants
exhibiting reduced levels @ 1,6 glucan at the wall show that many of the missing genes
localize throughout the secretory pathway which implies that ssistiod the polymer
may begin at the ER and proceed at the Golgi with the last gingesteps taking place
at the cell surface or periplasmic space through the actionotdips like Krelp [50].
The GPI-dependent protein Krelp, which resides both at the plasmaramemand the
cell wall has been implicated ifi-1,6 glucan branching and assembling [51, 52].
Additional enzymes in th&RE (killer toxin resistant) gene family appear to play a role
in B-1,6 glucan synthesis although the implication is indirect. Forrinstadeletion of
the KRES gene results in reduced levels pfl,6 glucan at the wall presumably because
of its putative role as a ER chaperone that promotes foldinghafmees involved in

synthesizing the polymer [53].
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1.2b4. p-1,3 glucan

In the case of-1,3 glucan, its synthesis, processing and assembly is better
understood. The Fkslp and Fks2p gene products have been identified as thadiiosynt
subunits [54, 55] whose activity is closely regulated by the GimBing protein Rholp
[56]. The Fks proteins are integral plasma membrane proteins valssseiation with
Rholp at the cell surface has been demonstrated by immunoprecipjig]ofiholp
acts a “switch” that can rapidly turn synthesis of the polyomeand off by interchanging
between its GTP and GDP-bound forms, respectively. This meanavosild enable the
cell to quickly respond to demands for changes in cell wall conmposishape and
organization as the cell adapts to its environment. As the glunscare synthesized
by the Fkslp-Rholp complex, newly generated molecules are extmoidethe wall
space where members of the GAS family, such as the glucaaosjtrase GAS1p
further process and assemble the chains into the flexible netthatk serves as
foundation to which all other wall components are added. Gaslp adtsteogally
splitting ap-1,3 glucan molecule and transferihg@ newly generated reducing end to the
non-reducing end of anoth&l,3 glucan molecule. This results in the formation of a new
B-1,3-linkage that elongates and cross-linkspie3 glucan chains [57]. The mechanical
strength of the-1,3 lattice is further fortified by cross-links to chitin apd,6 glucan

[20].

1.2b5. GPI anchors

Mannoproteins with a carboxy-terminal signal peptide for GPl-ainuoeceive a GPI-

anchor in the lumen of the ER [58]. This step is mediated by aatradase, which
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cleaves the protein at about 20-30 amino acids from the C-termmtlsdds a pre-
assembled glycolipid anchor to the new carboxyterminal residuthelriransamidase
reaction, an amide linkage is formed between the protein and the ethamphosphate
of the third mannose residue (Figure 1.2). GPl-anchoring ties airpnotth its C-
terminus to the membrane, allowing it to travel to the cell sarfaithin the lumen of
cellular vesicles. GPIl-anchoring of mannoproteins is an esseftation in
ascomycetous yeasts but not, for example, in the clinical, filtous fungusispergillus
fumigatus [59]. The preassembled glycolipid anchor consists of a phospliadisiybl
group, a glucosamine residue (GIcN, obtained by deacetylation BAG)cand four or
five mannose residues (Figure 1.2). The first three mannose resdoh receive an
ethanolamine phosphate group added by three different enzymes of dde fahaily
[60]. Modification of the GPI anchor has been reported to occur in ¢hgi Guring the
translocation of GPI-mannoproteins to the cell surface. In balea,yabout 50% of the
GPI-protein molecules become covalently linked to the cell, wa remainder being
retained at the plasma membrane. Some GPI-proteins are knotypicsd cell wall
resident proteinse(@. ScCwpl, ScSagl, CaAlsl, CaHwpl), and others as abundant
plasma membrane proteins (SCEcm33, Sc Gasl); however, interntksliabeitions also
occur. The distribution between wall and plasma membrane depends actehstics of
the sequence immediately upstream of the GPI addition site. Camedaasic residues
in this region seem to stimulate plasma membrane retention;vhowthis may be
overridden when they are preceded by long stretches of serine tnefmine residues
[61]. Cleavage of GPI anchors of proteins destined for wall incaiparaccurs between

glucosamine and the first mannose residue [62] (Figure 1.2). In the saseparate



15

reaction, the active sugar end of the trimmed anchor is cross tmkedon-reducing end

of B-1,6-glucan [25, 63] (Figure 1.2). This positions the protein in the outéfeyes of

the cell while covalently linking it to the cell wall framewoiMVhich protein or protein
complex is responsible for anchor cleavage is still uncertairrebitieg candidates are
the paralogs Dfgp and Dcwlp, belonging to subfamily 76 according to the
carbohydrate-active enzyme classification. Both are plasmabraeetlocalized GPI
proteins and homologs of bacterial endomannosidases. Their coupled delkd®rde
synthetic lethality in botts cerevisae andC. albicans [64]. In this study we find that

null mutants of these genes hyper-excrete a GPI-CWP repootein (GFP-Saglp) and

localize reduced levels of the marker protein to the cell wall relativeldetyyie cells.

Transglycosylation to B-1,6 glucan
N by Dewlp/DfgSp?

Added by Gpi13p,_

Added by Mcddp N

Processing
by Dewl1p/Dfgbp?

PM

ﬁ NGIcN
Pl OMan GPI-CWP
B>EtN-P  @Gic

Figure 1.2. Amodel for anchorage of GPI-C\WPs to the cell wall in fungi
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1.2c. Additional cell wall components

Additional cell wall components are important for ensuring ttlencd!’s role as
a protective and selectively permeable barrier. Many proteiside at the wall as soluble
proteins that can be extracted with reducing agents sudhnasrcaptoethanol and
dithiothreitol or in the presence of hot SDS. In contrast, relehgeoteins covalently
bound to cell-wall glucan requires chemical treatment (e.i,ngpilh 30 mM NaOH) or
digesting withp-glucanases. Other proteins are linked to the wall via disutitoels to
other cell wall glycoproteins or through ionic interactions. Additigna number of
glycolytic enzymes such as PGK and the Tdh proteins, tradityomlaiught of as
cytosolic proteins, are increasingly being detected at theva#l[65]. Their presence at
the wall is mysterious as these proteins lack secretionlsignd are not glycosylated.
Among the many ideas postulated for how these proteins might mikéhe wall are:
via a non-classical secretory pathway, yet to be elucidatethitah-hikers” of secretory
vesicles, or they may just be by-products from lysed cellslabet on to hydrophobic
surfaces on the wall. Most recently, the proteins are describptblhable intracellular
contaminants resulting from the cell wall purification techniqueed [66]. Interestingly,
we identify the glycolytic enzyme, Glyceraldehyde-3-phosphatgdiegenase, isozyme
3 (TDH3) as required for normal anchoring of GPI-CWPs to the cell siate null
mutants of this enzyme exhibit reduced levels of the GPI-CWP tezparotein (GFP-
Saglp) at the wall and excrete more of the fluorescent proteithaigrowth media than

wild-type cells (Chapter 2I).
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1.2d. Fungal cell wall function

The fungal wall is an essential organelle that comprises 20e3@B& dry weight
of the cell [67]. Its essentiality stems from the cellewence on the wall for
protection against environmental assault, for maintaining intermablasty, and for
attaining the morphogenetic changes that most take place dulirgjvegon, cell-cell
contact, cell mating, and transitioning from a non-infectious to attiols state, in the

case of pathogenic fungi.

The cell wall acts as a selectively permeable bathat allows passage of
essential nutrients and metabolites into the cell while proteittingm extracellular cell
wall digesting enzymes from other organisms [68]. The wall stisiees soluble proteins
that are important for cell-wall function. Despite its strongnamical strength, the wall
is not rigid but rather flexible and dynamic in nature. The migtof the wall is critical
for preserving cell wall integrity and stability through tregious morphological changes
that a cell goes through throughout its life cycle. The cell seales as the reservoir for
a multitude of proteins and enzymes that inform the cell ofm&r@ment and help it
coordinate the appropriate response to a particular environmentalustiraior example,
when cells of opposite mating type come into proximity, the cellsase specific
pheromonesaanda factor froma anda cells, respectively) that promote the synthesis
and display at the wall of unique mating adhesins that mediatectbetaveen the cells.
These GPI-CWPs are known asnd « agglutinins and are displayed on the surface of a
anda cells, respectively. Contact between agglutinins of opposite migpegpromotes
the formation of a mating structure know as a “smooch” that nesdiatsion of the

haploid cells into a diploid organism [69].
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As the cell's first point of contact with the environment, thd eall is at
constant risk of [70] damage and must therefore be equipped with riadmyf
biosynthetic and remodeling enzymes that rapidly repair it aridrees integrity and
prevent cell lysis. The important role that the cell wall pldysng pathogenicity also
depends on the proteins that reside within it, most of which are-latked to the wall
via GPI anchors. In their role as adhesins, GPI-proteins hefpriges bind tightly to its
host as the primary and required step for initiation and establghohenfection [12,
70]. Cell wall GPI-proteins also help the fungus survive within the bpgirotecting it
from the host’s innate immune response [12, 71, 72]. In this particularGBleCWPs
mask underlying cell-wall glucans that can be recognizeuably cells as immunogens to
mount an immune response. Other GPI-proteins may act as hydesiytfmes of host
tissue that help the fungus “dig” for new binding sites thus helpingerdissemination
of infection [73]. Clearly, cell wall formation, integrity and function tighdlepend on the
proteins and enzymes that built and remodel the wall as wealhahose proteins that
keep it in contact with the extracellular environment. The majooty these
enzymes/proteins are anchored to the cell wall via GPIl-anchors. Enssgoue®d for the
incorporation of these proteins at the wall represent excédiegets for antifungal drug-

design.

1.3 Cell wall GPI-mannoproteins (GPI-CWPs)

1.3a. Synthesis and structure

GPI-CWPs account for close to 1% of the total eukaryotic celépno¢ [58]. The

proteins consist of multiple domains with distinct functiona hydrophobic N-terminal
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secretion signal that targets the protein to the ER for fugyrahesisji) a N-terminal
region that harbors the catalytic or functional domain of the praig¢ia central region
rich in tandem stretches of serine/threonine repeats that sesitesfor multiple N- and
O-glycosylation andiv) a mostly hydrophobic C-terminal region that signals addition of
a GPI anchor [74] . The GPI anchor addition signal which for mosp@eins consists

of the last 30-40 C-terminal amino acids residues, harbors a putatiweall targeting
signal and the amino acid residue ofsite at which the protein is cleaved and
subsequently linked to a GPI anchor [75, 76]. The presence of a dibasic amino acid motif
upstream of the»-site has been postulated to act as a plasma membrane resaigin
while absence of these residues appears to favor cell wdlzbigan. Additional studies
suggest that the absence of a dibasic motif N-terminal tethiée is not a definitive
signal for cell wall localization and that it may be overriddgnldng serine/threonine
rich stretches in the central region of the protein [77, 78]. kample, a protein may
have the dibasic motif but a long enough ser/thr repeat region wogéd the protein to

the cell wall.

GPI-protein synthesis begins in the cytoplasm where signagmémon particles
(SRPs) bind the secretion signal and target it to the ER mamlwéere protein
synthesis resumes as the protein is translocated into the lurtrenER. A transamidase
enzyme complex at the ER membrane recognizes the proteisite, cleaves at this
residue and replaces the GPI anchor additional signal for aspreled GPIl-anchor.
GPIl-anchor biosynthesis takes place at the ER membrane wheamarsy as 20-30
different enzymes participate in a stepwise chain of eventsgtadually incorporate

each component of the GPI anchor. Each step is carried out byisubwinit enzymatic
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complex. Many of these enzymes have been identified through coemmigtion
experiments in mammalian cells, and their homologs found throughamiteukaryotic
organisms implying that the GPIl-anchor biosynthetic pathway wvslugonarily
conserved. Although the core structure of the GPI anchor is slmetgst most
eukaryotes, differences exists at the level of side chain ekams and the number of
mannose residues attached. For instance, fungal GPI anchors tequadglition of four
mannose residues whereas many GPIl-anchors of mammalian ceds albave a fourth
mannose and addition of this residue may be tissue-specific. Ih pelaition of the
fourth mannose is a pre-requisite for incorporation of a phosphoethanoléatiie)
group to the third mannose residue of the GPI anchor. EtINPdg@ed #o mannoses one,
two and three by the ethanolamine transferadgi2D4, LAS21/GPI7 and GPI13,
respectively (Figure 1.2). It is through the ethanolamine group add&pid3p to the
hydroxyl group on carbon 6 of the third mannose of the GPI anchor, thahther is
linked to the protein’s carboxyl end via an amide bond [60]. In thidystve identify
GPI13 andMCD4 as required for GPI-dependent anchoring of mannoprotein to the cell
wall since heterozygote deletants of these genes hyperexgFR-Saglp, relative to
wild-type cells.MCD4/mcd4 and GPI13/gpil13 cells appear to up-regulate expression of
the reporter protein (likely to compensate for deficits in &Rdhor attachment to GPI-
CWPs) since they show ~2-fold more GFP-Saglp at the celtsutian wild-type cells.
Although the phenotypes we observe are not surprising considering ém¢éiassles of
MCD4 andGPI13 in GPIl-anchor biosynthesis, we are the first to show thage¢hes are
haploinsufficient and that heterozygote deletants hyper-excret€@Ps, have altered

levels of GPI-CWPs at the wall and in the cas&BF13/gpi13 deletions, the cells fail to
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separate following cytokenesis (chapter 3). Important to note is thatigh Gpil3p and
Mcd4p are essential for cell viability in fungi, their actiz# are dispensable in mammals

and may thus represent ideal targets for antifungal drug design.

Following addition of the GPI anchor and of precursor groups foard O-
glycosylation at the ER, pre-GPI-proteins are packaged intoatped COPII-coated
vesicles for transport to the Golgi, where the N- and O-linked cgdoate chains and
the GPIl-anchor are extended and modified [79]. Mature GPI-protenthem delivered
to the cell surface via secretory vesicles where they retattiered to the outer leaflet of
the plasma membrane through the lipid part of the GPI anchor. Atthsurface, some
GPI-mannoproteins function as integral plasma membrane proteins, méuilg others
are released from the membrane to become cross-linked to wadkpoharides. This
transitioning from the cell membrane to the wall is believedbe mediated by
glucosidases and transglycosylases that in principle would cteav&PIl anchor and
subsequently cross-link the GPI anchor-protein remnanf-196 glucan acceptor
molecules in the wall. Evidence that such enzymatic reactions scpuovided by the

elegant experiments performed by Lu et al [25, 63].

GPI anchors are cleaved at their glycan part likely invéen the glucosamine
and first mannose residue in a reaction that leads to loskeofjlicosamine and
phosphoinositol groups from the GPI anchor (Figure 1.2). A glycosidic bdralieved
to form between mannose one of the trimmed GPI-anchor-protein reaméihe non-
reducing end of 8-1,6 glucan acceptor molecule, thus covalently linking the GPI-protein

to the wall. Recently, evidence has amounted for a direct roldheofmannosidase
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homologs Dcwlp and Dfgs5p in cleaving the GPlI anchor and mediating

transglycosylation of the GPIt-protein remnant to wall polysaccharides.

1.3b. Functional roles of GPI-CWPs as structural, biosynthetic and virulent

components of the cell wall.

The fungal cell wall accounts for 15-30% of the cell dry weigihthe cell of
which 1-3% is constituted by GPI-CWPs [23, 67]. Genome-wiellico studies have
identified as many as 70 different GPI-protein encoding geneghioh more than a half
encode proteins that localize to the cell wall [80]. Despiteathendant amount of GPI-
encoding genes, only 15-20 of them may be expressed at the cedlt \&ai} given time.
For example, when cell walls purified from actively growingscealre treated with hot
SDS to remove soluble proteins and subjected to hydrolysis f#itl8 glucanases.
Western blotting of the digests with afitit,6 -glucan antibodies, revealed®0 proteins
of differing molecular weights [81]. Likewise, mass spectroimetnalysis of log-phase
SDS-extracted cell walls treated with proteinases, idedtiieptides frora20 different
putative GPI-cell wall proteins [82]. This was not surprising aterang the high level of
redundancy in the fungal genome and the dependence of fungal célis oall wall
proteome to adjust to continuously changing environments outside and witinost.
Many studies show that cells vary the composition of their call pvoteome according
to growth conditions, growth stage, nutrient availability and their ctides-state
(example, yeasts hyphal form). Moreover, a number of structural and biosynthetic GPI-
proteins are up-regulated in response to cell wall stress cagdafB83, 84]. Our recent
reviews (Gonzalez et al. 2008, and Gonzalez et al. 2009) provide up iofdatetion

on GPI-CWP structure and function.
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14. The S. cerevisiae gene deletion library as a tool for studying GPI-CWP

anchorageto thefungal cell wall.

Systematic mutation and subsequent phenotypic analysis of everytguegkne
offers the potential to assess all genes for a role inteydar biological process. F&
cerevisiae, the availability of a complete genome sequence made possible the
construction of a gene deletion library encompassing 8200 predicted genes in the
genome [85]. The library was generated through the combined effodsesrch teams
around the world, using PCR-based homologous recombination and is now
commercially available [86, 87]. Targeted deletion of each gerseashieved using
deletion cassettes consisting of #amMX4 selection marker flanked by unique 20 bp
“barcodes”, dubbed, uptags and downtags. Additional 45 bp oligonucleotides flank the
ends of the deletion cassettes and are homologous to the 5 and Ifdhdsgene
targeted for deletion [86]. The 20 bp barcodes marking the deletedsgeve as strain
identifiers that allow simultaneous analysis of large numbedeletants. For instance,
the growth fitness (under various environmental conditions) for all 6200ahestrains
has been simultaneously determined by growing the strainsmgla sulture, removing
small culture aliquots at various times, and isolating genomic DdfAeach sample.
Isolated DNA was subjected to PCR using 2 pairs of universaleps designed to
amplify the 20 bp uptag and downtag sequences of each of the ptesest at the start
of the experiment. Amplified tags were hybridized to high-densitgroarray chips
bearing complementary sequences for the barcodes. The abundanck straa was
assessed based on the intensity of the hybridization signal;i¢fitebrthe signal for a

particular strain, the more that strain must be representéteiculture [88]. It then
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follows that strains showing weak hybridization signals must issing a gene that is

required for normal growth under a specified condition.

Development of the library led to the identification ~4f105 essential genes
which are present as heterozygotes in diploid libraries. The moo#attions can be
obtained in either pool or microtiter plate format. The entire vieblection is available
in 54 96-well plates in which each well stores a single genetaigl Diploid
heterozygote essentials can be obtained in a single pool that caltdi®®5 deletants
represented equally at a concentration ofcélls/mL. The strength of this approach
relative to conventional methods (genetic footprinting, random mutagenkesisigh
which genetic saturation is seldom achieved, has been demonstratsevénal
phenotypic screens of all 5100 viable mutants. Such screens have suigcessf
determined alterations in drug sensitivity [89], defects in @&l and morphology [90],

and cell surface function, bud site selection and vacuolar protein sorting [91].

This study describes the development and application of a fundemamics
approach to search for genes required for anchorage of GPI-CWHesftmgal cell wall.
178 gene deletion strains, each missing a gene previously imglicateell wall
biogenesis were transformed with a GPI-CWP reporter g&tPSaglp) and the
transformants screened for deficiencies in anchoring the repodiein to the cell wall.
Of the 178 ORFs, 4 genddCD4, GPI13, GDAL1 andTDH3 were identified as required
for GPI-CWP anchorage to the cell wall based on their abilithyjper-excrete the
reporter protein. Additional findings and known functions of these genelsaressed in
Chapter 2I. Development and validation of the approach to identifgnts defective in

GPI-CWP anchorage to the wall are described in Chapter 2.
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Chapter 2

High expression yield and control of expression noise of a GFP-labeled cell wall

GPI-CWP in Saccharomyces cerevisiae

2.1. Introduction

The use of green fluorescent protein (GFP) to visualize the ewmmesand
localization patterns of a protein of interest is common in bickbgiesearch [92-94].
Unlike alternative reporters p{galacturonidase,p-glucuronidase, chloramphenicol
acetyltransferase, and firefly luciferase), which rely on cofaaosubstrates for activity,
in vivo observation of GFP expression is possible with individual celi) cell
populations, or in whole organisms in real time by simply illunmmgatthe GFP-
expressing organism with UV light /blue light in the presenama@tcular oxygen. GFP
and chimeric proteins consisting of other protein domains fused to G-Pfi@n
successfully expressed in both prokaryotic and eukaryotic organisdssHited GFPs
that can be excited by blue light have lessened the problem ahdiMed toxicity and
photobleaching, thus fusions to these GFP are usually well tolevatezh-toxic to the
cells [95]. Moreover, protein domains fused to red-shifted GFPs @&taim the ability to
properly fold and be processed by the cell’'s machinery, ensuriirgctikilar activity
and expected cellular localization. Visualization and quantificatfoBFP on cells and
tissues is generally accomplished by laser scanning confocatostopy and
conventional epifluorescence microscopy. Data gathered by emle¢hod can be
analyzed with image analysis software. Spear et al. providexegllent review on

methods for visualizing and quantifying GFP [96]. Reviews detaiBiRd® applications
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are prevalent in the literature and are summarized by Zinetak in a comprehensive
review of the chemistry and functional properties of GFP [97]. @piBlications in cell

biology and biotechnology are thoroughly reviewed in [98].

GFP is a 238-amino acid, 27-Kda protein which absorbs light at maxima of 395 or
488 nm in the case of GFP enhanced for fluorescence, and emits lightaximum of
508 nm. GFP variants enhanced for fluorescence harbor amino acid sobstitutthe
region of the chromophore. These amino acid changes contribute to #ie’prstability
at higher temperatures, and increase the protein’'s solubility asttance to
photobleaching [99-101]. Despite its important advantages over d&Nernmaporter
genes, common obstacles encountered when using GFP in yeast andutrgotic
systems include) low signal to noise ratios [102, 103] ii) poor yields that require
optimization of expression conditions before detectable signal can dieeib{103-106]
and iii) variation (noise) in signal levels across expectedigparable or clone samples
[107, 108]. The low signal to noise ratios often result from the cuivelaffects of
interference fluorescence from cellular metabolites and loweipraxpression yields.
Among the substances identified to contribute to background fluoresesecoxidized
flavins and NADH, which have emission maxima that overlap with dfhaBFP, the
amino acids tyrosine, tryptophan and phenylalanine, as well as dedicminamides
and the poorly characterized group of chemicals called lipofusdird, v@hich emit at a
range of 280-490 nm [109]. To improve GFP expression yields in yeagbyoteins are
often expressed from strong promoters in multi-copy episomal plasi8idong GFP
signals can be achieved under these conditions in intracellular dcomepés and at the

cell surface that allow for efficient GFP detection and quaatibn. The use of a GFP as
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a reporter has however remained primarily for tracking eveiitsnvwthe cell, and only a
few studies describe the use of GFP as a reporter of protaietise into the growth
medium [106, 110].The scarcity of this type of approach may teftex difficulties
posed by extracellular interference fluorescence and the comtoanljields of soluble
protein due to protein aggregation [97] and degradation by extracgllol@ases [106] .

In a study where a fusion of GFP to the extracellular enzyheogmylase, was
expressed iMspergillus niger, the protein could be recovered from culture filtrates only
when the cells were grown in medium containing protease inhibitanshdfmore,
concentration of the culture filtrates was required to obtain @tiecGFP levels and the
signal was observed to decline with culture age, presumably leecdusumulative

protein degradation [106].

Variability in protein levels (noise) among clonal populationsedfsgresents a
problem when a study depends on reproducibility of phenotype for each rdlatiee to
a genetically different cell population. However, few studies haea bene to identify
the source/s of noise in gene expression [108, 111-113]. Interestinglgpribensus
findings appear to be that extrinsic factors, most of which arendieistic and therefore
possibly controllable, contribute to the majority of noise in gemeession [108, 114] .
Extrinsic factors of a deterministic nature result from fluctuating enwilental variables,
whereas those which are stochastic or unavoidable stem froma@siaii the elements
of the protein transcriptional machinery [112]. Intrinsic sourcesasfability, on the
other hand, are believed to originate from the small number ofategylmolecules
(example, gene promoters and transcription factors), that pamidipahe inherently

noisy biochemical reactions leading to gene expression, and maytkdsefminimized
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by increasing the number of molecules involved in mediating ggmession [112, 115].
Consistent with this prediction is the finding that expression véitiais minimal for
highly expressed genes or genes under regulation of strong, congyitudntere
promoters like those of genes essential for cell viability. Fstance, when the
expression levels of GFP fusions of ten highly expressemrevisiae proteins were
compared, near-constant level of expression variability was olodsameng all construct
fusions [108]. A different experiment demonstrates the larger contbudf
deterministic, experimentally controllable elements, to gepeession variability. Using
the native GAL1 promoter fromS. cerevisiae, and enhanced GFP as a quantifiable
marker, five different yeast strains, engineered to diffethen number of GFP copies
integrated into th&AL1-10 locus, were assessed for GFP expression upon induction of
GAL1 with galactose. Researchers observed increases in expressiability when
GAL1 was poorly induced. For example, more noise in GFP signal vezsvelol among
clone populations induced with 0.1% galactose than with 2% galactose. Afauttoer
these researchers took into account was the effect of populatiomidgna expression
noise. A larger than 50% reduction in GFP signal noise was observed aghen
populations were made as similar as possible in terms of gretatfe and cell size.
Mathematical analysis of expression data from @#$.1 system led to the conclusions
that each promoter-gene pair transcribes at the same meanddteat extrinsic sources
dominate the observed variations in gene expression [108].

In this study, high expression yields with minimal expressiamability among
clonal populations of cells was accomplished for a fusion of the cdrbog of the cell

wall GPIl-mannoproteiri-agglutinin to GFP to generate, GFP-Saglp. The protein was
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engineered to test the idea that it could be used as a repordeficiencies in GPI-CWP
anchorage to the cell wall fa cerevisiae. The protein was expressed from the promoter
of the S cerevisiae gene, glycerol 3-phosphate dehydrogend&fD1) which is
constitutively expressed. Cells transformed with the reporter wene grown to similar
cell concentrations under conditions determined to increase GFP (§idldsorbitol,
lower temperature, and non-lethal amounts of the aspartyl protgabéar, pepstatin
A). When the reporter protein was expressefl rerevisiae cell-wall mutants previously
identified as hyper-excretors of GPI-CWPs, more than wilé tgpels of excreted GFP
could be detected in these mutants in as low gd 40cell-free supernatant from 3 mL
cultures grown to mid-log phase. The specific phenotype was reprodicrilelech tested
strain. Supernatant GFP was visualized by immunoblotting and thel sgmnained
within linear range at volumes of 40-1pD In this study yeast enhanced GKFEGFP),
Mut3-GFP which contains a serine-to-glycine substitution at amino acf88®s), and a
serine to alanine substitution at amino acid 72 (S72A) and hastexciéead emission
maxima of 488 and 512 nm, respectively, was fused to the carboxyd GRI cell wall
proteina-agglutinin encoded by tHeAG1 gene.

The achievable high expression yields and low expression noiseyartmral
cultures for excreted GFP-Saglp made possible the scaling-apsays designed to
identify mutants unable to properly anchor the reporter protein toethevall. Chapters
Il and IV describe the development, application and findings of a-thigpughput
approach for screening the commercially avail&bleerevisiae gene deletion library for

genes required for anchorage of GPI-CWPs to the cell wall.
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2.2. Materialsand Methods

2.2a. Strains, Media and Reagents

Homozygous and heterozygote diploid deletion strains in the BY4743 backgri®ind (
isogenic to the sequenced strain S288c, were used for viable and deld@ons,
respectively. All of the yeast strains were constructed duneadcUROFAN project and
obtained from thdnvitrogen collection. Yeast was grown in either YPD medium (1%
yeast extract, 2% peptone, 2% glucose) or defined medium (0.2% nyeagen base
without amino acids, 0.5% ammonium sulfate, 2% glucose, and 0.08% complete
synthetic media (CSM) lacking uracyl), containing 1 M sorbitad &uffered to pH 6.5

with 50 mM MOPS, supplemented with 2081 geneticin (Sigma Co.). For growth in the
presence of pepstatin A, 1 mM pepstatin A stock solutions were pepamethanol

and stored at -20 OC for no more than 9.0 monthd/ pepstatin A concentrations were
used during cell growthEscherichia coli strains DHo and XL10-Gold (Stratagene)
were used as hosts for recombinant DNA manipulakali were grown in LB medium

(1% tryptone, 0.5% yeast extract, 0.5% sodium chloride, 0.1% glucose, 0.01%

ampicillin). Methyene blue stain was obtained from Sigma Chemical Co.

2.2b. Construction of reporter plasmid, pGFP-Saglp and yeast transformation

Plasmid pGFP-Saglp was constructed as follows: An EcoRI-Bgldinfent of
the yeast enhanced GFP (yEGFP) gene fAmouorea victoria was prepared by PCR
using pMut3-yEGFP as the PCR template (pMut3 was provided by Btughes. Yale
Univ.USA). A Bglll-Xhol fragment encoding the last 300 residaeshe C- terminus of
the cell wall glycoproteiru-agglutinin was similarly prepared using pH27 as the PCR

template [116]. A Spel-EcoRI fragment encoding the invertaseetsat signal and
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cleavage site was synthesized using overlapping oligomers of 51 da$&Pairs each.
Extension of the non-overlapping regions was achieved using DNA podge | Large
Fragment (Klenow) (New England BioLabs). Table 2.1 listshaloligonucleotides used
in this work. Each fragment was subjected to restriction digestithnthe indicated
enzymes. Restriction fragments were subjected to agaroselamtophoresis and
recovered from the gel usir@ Aquick Gel Extraction Kits (Fisher Sientifics). A four-
fold ligation reaction involving all 3 restriction fragments ddsedi above and vector
p41685PD1 (ATCC, Mannasas, VA, USA) bearing Spel-Xhol sticky ends wdsrpged
using T4 DNA Ligase (New England BioLabs). Constructs werdie® by restriction
analysis in 1.0% agarose gels and sequenced to exclude possiblertP&iRs.aNo
mutations were found that would affect the amino acid sequence afsibe tonstructs.
The resulting plasmids were propagated in and purified fitorooli using aQiagen
plasmid purification kit according to the instructions of the mactufar. The plasmids

were transformed into yeast strains by the lithium acetate néthod

2.2c. Fluorescence Microscopy

Yeast strains transformed with pGFP-Saglp plasmid and control esatnghsformed

with plasmid lacking the reporter gene were grown in CSM-URA mediyhl &.5 at 18

°C to an ORgo between 0.4-0.6. A fluorescence microscope (Olympus ??) was used to
visualize GFP with a fluorescein isothiocyanate (FITC) rfilexcitation at 470 nm,
emission at 530 nm) and a 60X immersion objective with a numepeatuse of 1.2.

Prior to observing for cell-surface fluorescence, cell sampés washed two times in

distilled water and incubated in 10 mM Tris-HCL, pH 7.5 for 2 hourgprumote
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maximal GFP folding. For visualization of cell-surface fluessce of cell-wall mutants,

1 M sorbitol was added to the Tris buffer to prevent cell bursting.

2.2d. Cell wall extraction

For cell wall purifications, 50 mL of a cell suspension &tc&l/mL was washed
3 times in Tris-PMSF buffer (10 mM Tris-HCL, 1 mM PMSF pH 7a8)4°C. After
washing, the cells were resuspended in the same buffer (Tri&PdtBtaining glass
beads (diameter 0.45 mm) at a ratio of 1:1:1 (cell:buffer:glaadshev/v/v). The cells
were then homogenized by vortexing 10 times (each 1 min) witinlcooling intervals
on iced water. The cell lysate was separated from the bgadpbated washings with 1
M NaCl (pH 7.5). The lysate was centrifuged at 3000x g for 10 nsndtee cell wall
fraction recovered as insoluble material after centrifugatios washed twice with 1M
NaCl. This fraction was then treated with 1% SDS for 20 minutescan temperature,
rather than with heat, to prevent denaturation of the GFP protein.uflaetants were
removed by repeated washings with 1 M NaCl followed by 3 washinitp Tris-PMSF
buffer (10 min each). The cell wall fractions were stored mM. PMSF (pH 7.5) at 0.1g
cell wall/mL at —20°C if not immediately analyzed for fluorescence by fluorescence
microscopy. Cell wall fractions from control cells not expmegsGFP-Saglp were

similarly prepared.
2.2e. Immunoelectron microscopy

To confirm cross-linking of the GFP-Saglp to cell wall polybaddes,
immunoelectron micrographs were prepared from wild-type eslifollows: cells were

grown to mid-log phase, washed twice with 1% SDS and twidh @ mM Tris-
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chloride, pH 7.5. Following, a 3-4 mm cell pellet was incubated oVarimg30 mL of a
1:500 monoclonal mouse anti-GFP solution. The cells were then washeds3foini0
minutes in 1X PBS, 0.5 % twin 20 and incubated overnight in 1:2000 gold-labeléd Goa
anti-mouse antibody. Following antibody labeling, the cells weredfixn 5%
formaldehyde and brought to Dr. Ron Gordon’s lab in Mount Sinai Medical Sétool

preparation of the electron micrographs.
2.2f. Dot blotting

Yeast supernatants were recovered by high-speed ceniofughatt ensured
removal of all yeast prior to dot blotting. Supernatants were appienitrocellulose
membranes using a 96-well BioRad dot blotter/protein concentratecasimended by
the manufacturer. Supernatants from cultures grown to mid-log p&&%g,(0.5-0.6)
were applied to individual wells in 100 microliter volumes. Membrame® allowed to
dry overnight and assayed for GFP levels using mouse anti-GFP RifdaHeled goat
anti-mouse as follows: incubate membrane in blocking buffer (1X RBSBSA, 0.5%
tween-20) for 2 hours at room temperature or &C4overnight, with mild shaking.
Incubate in primary antibody (mouse anti-GFP, prepared in blockinfgrbat 1:500
dilution) for 1 hour at room temperature or’@ overnight. Wash in 1X PBS, 0.5%
tween-20, 1X for 5 minutes, 1X for 20 minutes and 3X for 10 minwek.dncubate in
secondary antibody (HRP-labeled goat anti-mouse at a 1:2000 dilutig@atReashing
as above and develop for chemiluminescence using PIERCE-ECLrnvdstdting
substrate. Working solutions of the substrates were prepared asnrended by the

manufacturer and added to the blots for 1 minute. The membraneserereed from
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the substrates and placed in plastic sheet protectors. Each memiamexposed to CL-

XPosure Film for periods of 30 seconds to 5 minutes.

2.29. Methylene blue exclusion assay for estimating effect of pepstatin A on cell

viability

Six 3 mL cultures of wild-type cells were grown at 48 in CSM-URA, 1 M
sorbitol (pH 6.5) to early log phase (@ 0.2-0.3). Three of the cultures were
supplemented with g8l of a 1 mM stock solution of pepstatin A prepared in methanol, to
give a final concentration of IM. The other 3 cultures were supplemented wiiti 8f
methanol only. The cultures were put back to grow with shaking at 20Gamgncell
samples collected immediately after addition of pepstatinmAe@0 hrs), and two more
times at 6 hrs and 2 hrs. For each culture sample collected, pesibmteath was
determined by methylene blue staining, as follows: the mediuscesmtrifuged at 10000
g for 5 min, and the yeast pellets re-suspended in a pH 7.2 phosphate hliffer s
solution (PBS; 0.13 M NaCl in 10 mM MNdPQy). The methylene blue solution, which
contained 0.01% Methylene Blue and 2% (w/v) sodium citrate dihydnaRBE, was
mixed with an equal volume of yeast solution for 10 min. The stairlkedicéhe mixture
were quantified using a light microscope and a hemoyctometeredah of the six
cultures, a total of 1000 cells were counted three times for tgaehpoint collected.
Percentage cell death was estimated by taking the rasitaioied (blue) cells over total
number of cells counted and multiplying by 100. Average percenh deatach time
point was calculated from percent cell death averages from thdependent clone

cultures. The latter values were plotted with their corresponding standansl err
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2.3. Reaults

2.3a. Construction of the cell wall GPI reporter protein GFP-Saglp

A reporter cell wall GPI-mannoprotein was engineeredsbthe hypothesis that
mutants defective in GPI-mannoprotein anchorage to cell wall catebgfied based on
their ability to hypo or hyper-excrete the reporter proteirtiveldo wild type levels. The
reporter construct was created by fusing a fungi-optimized &MPA upstream of the
last 900 base pairs of tf& cerevisiae SAG1 cDNA. SAG1 encodes the cell wall GPI-
mannoproteina-agglutinin. The signal sequence and cleavage site of thesud#ce
enzyme, invertase, was generated using overlapping oligomerasanted upstream of
the GFP cDNA. The resulting recombinant gene was insertedoimt 6f the GPD1
promoter inCEN plasmid p416PD1. The authenticity of the construct was confirmed
by DNA restriction analysis as shown in figure 2.1B and by sequencin@ridregement

of individual components of the reporter gene is shown in figure 2.1A.
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2.3b. Fluorescence and immunoelectron microscopy show expression and localization

of GFP-Saglp to the cell wall

Cells transformed with the reporter construct were assaygaRBrexpression by
fluorescence microscopy. Because irreversible damage to thdl@iFéphore occurs at
pH levels below 3.0 anfl cerevisiae cultures can quickly reach pH levels below 3 due to
acidifying waste products, cells were grown in media buffeoegH 6.5 with 50 mM
MOPS and titrating to desired pH with Tris-base. Visualizatio®GBP fluorescence at
the cell surface confirmed that the reporter protein was suuoligsexpressed and
processed as a cell surface protein (Figure 2.2 A and B)a Wegative control, cells
were independently transformed with vector lacking the reporter genee délésdid not
show cell-surface fluorescence (Figure 2.2C). Cell-surfélc®rescence was

significantly less prominent in cells grown in unbuffered media (data not shown).
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Fluorescence microscopy indicated expression of the reporter pabteie cell
surface but was not sufficient to prove cell wall localization. é&tablish cell wall
localization, cell walls were purified following a procedure tvauld remove soluble
protein from the wall without disrupting GFP fluorescence [66]. @allls were also
purified from cells transformed with empty plasmid. Figure 2.3C shbaisisolated cell
walls purified in this manner retain GFP suggesting that theipraicalizes to the cell

wall and is not present as a soluble protein.
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Cell walls from cells transformed with empty plasmid did not wshany
fluorescence (Figure 2.3D). Covalent attachment of the GFenrfysobtein to cell-wall
glucan was further confirmed by immunoelectron microscopyuregy2.3A and 2.3B
show electron micrographs of wild-type cells expressing -G&§1lp and of wild-type
cells not expressing the fusion protein, respectively. For preparatf electron
micrographs, intact cells were labeled with monoclonal mouse aftigdibodies as the
primary antibody and gold-labeled goat anti-mouse as the secomddibody as

described in Materials and Methods.
2.3c. IM sorbitol and 1uM pepstatin A increase yields of excreted GFP-Saglp.

The cell-wall mutantsgwpl/cwpl, krel/kreland KRES/kreb, previously shown to
hyper-excrete GPI-CWPs were transformed with the repodestaict (pGFP-Saglp)
and assayed for GFP levels in cell-free supernatants retatiw@d-type cells. 20 mL
cultures of GFP-Saglp-expressing cells were grown (in duplicaieg phase at 38C
in defined media lacking uracil for selection of the transfornplagmid. An identical set
of duplicate cultures were similarly grown with the exception that 1 M sbsés added
to the growth medium to provide osmotic support. Following growth telogicphase
(ODeggp 0.5-0.6), 200ul of cell-free supernatants were assayed for GFP leyeldob
blotting. Surprisingly, GFP could be detected in supernatants fromesilguown in the
presence of 1 M sorbitol and not in those from cultures grown withobitaofFigure
2.4A). Furthermore, in contrast to expectations, more GFP was detecapernatants
from wild-type cells than in supernatants frewpl/cwpl and krel/krel cells (Figure 2.4

A).
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The lower levels of excreted GFP ewpl/cwpl and krel/krel is likely due to
GFP degradation by secreted extracellular proteases sincethéhealls were grown in
the presence of the aspartyl protease inhibitor, pepstatin A, sanlfi more GFP is
found in the supernatants froowpl/cwpl and krel/krel cells than in those from wild-
type cells (Figure 2.5). At the concentration used @fMl, pepstatin A did not affect
growth rate (Figure 2.7A) or lead to losses in cell viabilfigure 2.7B) in wild-type
cells. These observations were further confirmed in the cellrnatntsdcwl/dcwl and

dfg5/dfgs (Chapter 1V).

As expected foKRES/kreb cells, more GFP was detected in cell-free supernatants
from these cells than in those from wild type (Figure 2.4BE5/ kre5 cells have been
previously shown to excrete more than wild type levels of GPPEWito the growth
medium presumably because of diminished level$b6 glucan at the wall, which acts
as anchoring sites for the proteins [50, 52]. For this experimant, 8ultures of wild
type andKRES/kre5 cells were grown in triplicates to mid-log phase, in sorbitol-
containing media. The cells were pelleted and dl0&f cultures supernatant assayed for
GFP-Sagl levels by immunoblotting. Figure 2.4B shows that under treseth
conditions, GFP signal is detectable and consistent among clonalesuditown from
independent tranformants of these strain with the reporter plagp@&P-Saglp.
Furthermore, in wild-type cells, GFP signal could be detectatbi blots from 8Qul of
cell-free supernatant from 3 mL cultures and the signal inedeagh increasing volume
in the range of 40 to 140 microliters (Figure 2.4D). Based on tresdts, 100

microliters was chosen as the volume to use in subsequent blottingrexqs for all
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tested strainsKRES/kre5 cells also show significantly less cell-surface fluoreseghan

wild-type cells (Figure 2.2B)
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Wild type

KREbS/kreb

Figure 24 B . immunoblot analysis shows
hyper-excretion of GFP-Sagip in
KREbS/Kreb celfs refative to wild type celis.
Clonal cultures were grown in triplicates to
late-log phase at 30 C in CSM-URA
containing 1 M sorbitol, without pepstatin A,
and 100 pl of cell-free supernatants assayed
for GFP levels using mouse anti-GFP as
primary antibody and HRP-labeled goat anti-
mouse.

Growth
temperature

- - @® | 30cC

® - @ :sc

Figure 24C. Growth at lower temperatire
increases GFP-Sag1p yields. Clonal cultures of
wild type cells were grown in triplicate to mid-log
phase in CSM-URA containing 1M sorbitol and
without pepstatin A at 18 °C and 30 °C. 100 pl of
their corresponding cell-free supernatants were
assayed for GFP levels by immunoblotting.
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Figure 24D. Determination of linear range for GFP-Sagip
excretion from wild type cells by dot biot
immiunnoanalysis. Duplicate subclone cultures were grown
to mid-log phase at 18 IC in CSM-URA containing 1 M
sorbitol. Supernatant volumes of 20-220 ul were blotted to
nitrocellulose using a BioRad dot blotterfprotein concentrator.
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OD ;onm 0.1 0.20.3 0.50.6 1-1.2

0D, 0.7-0.8

Figure 2.6. Subclone cuiltures grown to similar cefl concentrations excrete
similar amounts of GFP-Sag1p. Wild type cells were grown as 3 ml cultures

in CSM-URA containing 1 M sorbitol, to specified ODs. All cultures were grown at
18 0C. GFP was detected by immunoblotting. Subclone cultures are boxed.

2.3d. Growth at lower temperature further increases yields of excreted GFP-Saglp

To test the effect of growth temperature on GFP-Saglp yiegdsyate sets of 3
mL cultures were grown at £& and 30°C to mid log (ORso 0.5-0.6). The cultures were
grown in triplicate in 13x100 borosilicate test tubes. Following, gb8amples of
culture supernatant were assayed for GFP levels by immunoglots can be observed
from figure 2.4 C, similar GFP levels were observed among clone culturashagewth

temperature used. Significantly more GFP was detected in stgresdrom cultures
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grown at 1&€C. Due to the elevated expression levels d(C18his temperature was used

in subsequent GFP-Saglp expression experiments.

2.3e. Expression variability/noise of excreted GFP-Saglp is minimal among clonal

cultures grown to similar cell concentrations.

An experiment was done to determine the level of noise in expresfssacreted
GFP-Saglp. Wild type cultures were grown in duplicate and te¢ ¢¢ GFP released
into the growth medium determined by immunoblotting at various cultdinmgs. The
cultures were grown at 18 as 3 mL cultures in sorbitol-containing medium, and
samples were collected at approximate optical density valued%f0.3, 0.6 and 1.2 at
660 nm (O.Rsg). When grown under these conditions, cultures do not reach O.D values
beyond 1.2 and the transition to stationary phase lies betweenau&s\of 0.8-1.2. To
assay for GFP levels at the various growth stages, 200 misabteculture would be
removed from the 3 mL cultures and centrifuged at high speed to reteveells.
Supernatant were then transferred to silicon-coated microceetriéies and stored at -
80 °C in the presence of protease inhibitor cocktail to inhibit estialar proteolytic
activity. Remaining cultures were put back to grow and samplectiolh continued for
the rest of O.D values, as just described, until all desireghlsamvere collected. The
supernatants were then removed from the’@@reezer and allowed to thaw in ice for
immunoblotting. As can be observed from figure 2.6, GFP excretion ¢hestk®.D
values of close to 0.6 and diminished thereafter, whereas tiad sigs barely detectable
at earlier cell concentrations. Importantly, the amount of ee@tr&fP seems consistent
among cultures grown to similar cell concentrations and diffieratly among cultures at

different cell concentrations.
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Fig. 2.7A. Pepstatin A does not affect growth rate. Wild type cells
were grown to early log (OD,;, 0.2) at 18 °C in CSM-URA, 1 M sorbitol
and added 1 pM pepstatin A ( & ) and solvent alone (e ). ODgy
measurements were taken at t=0 (immediately after addition of pepstatin
A) and t=4, t=6, t=9, t=12, t=15, t=25 and t=30 hours after addition of
pepstatin A.
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Figure 2.7B. Pepstatin A does nol significantly affect cell viability.
Percent cell death for wild type cells was determine by the methylene
blue exclusion assay. Cells were grown to early log (OD,, 0.2) at 18 °C
in CSM-URA, 1 M sorbitol and added 1M pepstatin A (+) and solvent {-).
Cell samples for staining with methylene blue were collected at O hrs, 6
hrs and 12 hrs after addition of pepstatin A.

2.4. Discussion and Conclusions
2.4a. Theeffect of pepstatin A in increasing GFP-Saglp yields.

To screen for deficiencies in GPI-CWP anchorage to thevedlll a reporter GPI-
protein was built by fusing GFP to the carboxyl end of the GPI-maatepradhesing-
agglutinin. The reporter protein was expressed in yeast cetlgnform processing and

cell wall localization. Fluorescence microscopy, preparationetif extracts devoid of
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soluble protein, and immunoelectron microscopy of cells expressinmgploger protein
confirmed proper folding and localization of the reporter protein to ¢lena@ll. The
reporter protein was also expressed in the cell-wall mutav$/cwpl and krel/krel.
These mutants have been shown in previous studies to excrete arovalthtype levels
of the GPI-CWPs Cwp2p [117, 118] and Saglp and were thus chosen as positios
for deficiencies in cell wall anchorage of GPI-CWPs. Sunpgilyi it was necessary to
grow these mutants in the presence of non-lethal amounts of plaetyhsprotease
inhibitor, pepstatin A to see the expected hyper-excretion phenotypassible reason
for this is that without the addition of Pepstatin A, proteolytigvdagtin the medium
leads to destruction of GFP. The inhibitors are apparently not aegdéss detection of
excreted Cwp2p.Unlike GFP, Cwp2p has many glycan side chainsitathie access of
proteases to the peptide chain and thus protect it from degradatiorl2019,However,
it was possible to detect GFP-Saglp hyper-excretion from eretiff cell wall mutant
without a need for adding pepstatin A. This cell wall mutant harlzoKRES/kre5
deletion, has reduced levelsfi,6 glucan at the wall and has been previously shown to
excrete more the wild type levels of the GPI-CWP, Cwp2p [118, 121]. B¢ glucan
chains act as acceptor molecules for GPI-mannoproteins, theiagh@t the wall leads
to secretion of GPI-proteins unable to find cross-linking siteshignmutant, the extent
to which the reporter protein is hyper-excreted is appareathel enough to permit

detection of the hyper-excretion phenotype even on the face of GFP proteolysis.

In S. cerevisiae and Candida spp, a class of aspartyl proteases known as yapsins
have been found to reside at the plasma membrane and anchored td th& twadimed

GPl-anchors [122, 123]. Evidence exists for a possible yapsin adcs/ftgheddases” of
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GPI-CWPs to promote GPI-CWP turn-over at the wall [122, 124, 125]e $equsins are
GPI-CWPs themselves, their activity at the wall would presiynehuse their own
cleavage from the cell surface into the growth media. Growttheénpresence of
pepstatin A may act to enhance the sensitivity of GFP-Saglpeg®der by preventing
shedding of aspartyl proteases from the wall and thus loweratgagbytic activity in the
media and by inhibiting aspartyl proteases in the medium. Thist effegepstatin A
would help explain our observation that in some cell-wall mutants krtowmyper-
excrete GPI-CWPs, GFP-Saglp hyper-excretion is deteciahjen the presence of the
inhibitor. It would also help explain why less GFP-Saglp is exdrieom wild-type cells
grown in the presence of pepstatin A than without, since only botadl faction of
GFP-Saglp is expected to be excreted from wild-type cellgbition of GPI-CWPs
shedding from the wall should further decrease the number of GFP-&agé&pules

released from the wall in wild-type cells.

2.4b. 1 M sorbitol improves soluble GFP-Saglp expression yields by promoting protein

folding and enhancing expression from the GPD1 promoter

All cultures were grown in the presence of 1 M sorbitol to providaeotis
support for cells with weakened cell walls. Studies show that dsatiptstable media
minimizes cell lysis due to cell wall damage and may eeenediate cell wall defects
[126, 127]. Surprisingly, significantly higher yields of soluble exed GFP-Saglp were
observed in supernatants from cells grown in the presence of 1 Mokt in those
from cells grown without sorbitol. This effect may be attréiné to observations that in
S cerevisiae, high osmolarity in the surrounding medium leads to activation oHM&

(high osmolarity glycerol) pathway, which in turn up-regulates esqioe of genes
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involved in glycerol biosynthesis and genes encoding heat shock prdi28:431]. For
instance, a study shows that increased salinity in the grondiumdeads to a 30-40%
increase in the specific activity of glycerol-3-phosphate delygirase which in
conjunction with a phosphatase catalyzes the production of cytoplglmérol [132]. A
different study shows close to eightfold increase in the spexitivity of this enzyme in
gpd14 cells transformed with an episomal plasmid encoding a healthyafape GPD1
gene. The increase in enzyme activity was observed after egpibs& cells to 1.8 M

sucrose for 4 hours [133].

Glycerol has been shown to act as a protein folding aid by corgbtat protein
solubility and inhibiting the formation of protein aggregates that can hipd#ein
folding and lead to significant losses in protein yield [134, 135]. Astimned above, 1
M sorbitol, through activation of the HOG pathway, can also induce &sipreof heat
shock proteins which can further help in stabilizing proteins bistasg in their proper
folding. 1 M sorbitol would therefore enhance soluble GFP-Saglp yglgsncreasing
transcription from th&PD1 promoterii) increasing protein solubility through the action
of glycerol (soluble protein molecules are more likely to be ¢ngpfolded and
processed by the cell) and by) further enhancing protein folding though the action of
chaperones. In a study, GFP was found to associate with molelcafmrones ifk. coli
[136] while different GFP folding rates observed in mammalian actebal cells imply
differential associations with the protein folding machinery is¢harganisms [137]. It is
therefore conceivable that manipulation of the yeast cell foleltviyonment also has the

potential to elevate GFP and GFP-protein fusion expression yields.
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2.4c. Temperature dependence of GFP-Saglp secretion

The secretion level of GFP-Saglp was highest at the lowastigtemperature
tested (1&C). This dependence could be due to the intrinsic characteristios GfFP
protein given that GFP originates from the cold wategulsrea victoria jellyfish species
[97]. Similar temperature dependence results were found for cytaipl&-P expression
in S cerevisiae [138] and mammalian cells [139]. Since GFP has exposed hydrophobic
patches on its surface that can promote dimerization [97], it ssilje that lower
temperature enhances excretion yields by diminishing aggregatfentsef Similar
temperature dependency has been observed for aggregation-pronelsanglantibodies
[140] and T-cell receptors [141] as well as for excreted @84de-agglutinin (our lab,
unpublished results). At higher growth temperatures, the aggregatext afay also
contribute to loss of promoter robustness by saturating the petitein quality control

apparatus to create an overall decline in protein expression yields.

Because cross-linking of GPI-CWPs to the cell wall isesthacross various fungi
including those capable of infecting animals and plants, the GFtirep system
described here can be extended to these organisms as well. Sviceipattempts to
screen for deficiencies in GPI-CWP anchorage to the wall depended on the use of
non-commercially available antibodies which are difficult to haveess to at the
guantities required for large-scale studies, an additional valuket use of GFP as a

reporter is that both GFP and GFP-antisera are commercially agailabl



56

Chapter 3

Large-scale screening for new yeast mutants affected in anchorage of GPI-

mannoproteinsto the cell wall

3.1. Introduction

The cell walls of fungi are rich in glycoproteins essentaldell wall formation
and function. Of the glycoprotein subfamilies that reside at thg thake anchored to
cell wall polysaccharides through trimmed GPI anchors (GPI-§WdPe the most
abundant. GPI-CWPs serve as structural and biosynthetic components veélthen
addition to providing the cell with its adhesive properties. In pathodgang such as
Candida spp, GPI-CWPs play an essential role in pathogenesis by medathegsion of
the fungal cell to its host which is a prerequisite for theattth and establishment of
infection. Because the cellular processes that mediate GPs@\¥essing at the cell
wall are unique to fungi and highly conserved throughout the fungal kingdogymesz

that carry out these processes represent excellent targets for nouelgahtifrug design.

A number of studies have used collectionSaferevisiae gene deletion mutants
to screen for genes involved in cell wall biogenesis [51, 84, 142, 143]. Tise m
comprehensive screen of this type interrogates ~ five % ofahenge and leaves the
remaining 15 % of the approximately 1200 genes implicated in edllblogenesis, open
to question as to their specific role in cell wall formation andcfion [144]. New
genomic approaches to investigate the specific function of gemudisated in cell wall
biogenesis are needed to advance on the understanding of how tHecélingailds and

uses its cell wall. One such study screened a collection ofyé@6 deletants of non-
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essential ORFs for cell wall deficiencies. Of the 620 genetai#ts, 145 were found to
exhibit cell wall damage and were screened further usingsasdéarigher specificity to
discriminate between mutants related to different aspects lloive# formation and
mutants that presented a more general phenotype. After seconadayss®6 cell-wall
mutants were chosen to be screened for deficiencies in @Rioprotein anchorage to
the wall. Three genesgffi74, ydi231c 4 andecm33 4 ) were identified as required for
this process. The 56 strains were screened for levels of GPI-mateingrin culture
supernatants by dot-blot immunoanalysis using antibodies agairStatrevisiae GPI-
CWPs, Cwplp and Ssrlp [144]. For this assay the researchers tapdoiv protein
yields to allow for detection of mutants showing less than wild kgpels of GPI-CWPs
in the culture supernatant. To our knowledge, this is the only mechaltystased
genomic screen performed so far to search for genes requiretPfeCWP anchorage to
the wall. Novel approaches that offer increased sensitivitytlaatdhave the potential to
be applied to any fungus of interest would be of great value. Thentwtudy describes

the development of a genomic screen with the potential to address these needs.

To screen for genes involved in cross-linking GPI-proteins to ¢henall, we
designed a reporter GPI-cell wall protein tagged with GFP {&&d1p), and tested the
idea that mutants missing genes required for anchoring GPigwdtethe wall would
either retain the reporter protein inside the cell or at tlsnph membrane (hypo-
excretors) or fail to anchor the reporter to the wall andet@dt into the growth media
(hyper-excretors). GFP was selected as the reporter rpriateithis screen for three
reasons:i) fluorescence levels in culture supernatants would be conveniently and

systematically measured using a microplate-reading fliedeini) gene deletants could
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be assessed for levels of the reporter protein at the cdliceuby fluorescence
microscopyii) we did not have access to antisera to GPI-CWPs used in pretuidiess
The reporter protein was expressed in cell-wall mutants previadeshgified to hyper-
excrete GPI-CWPs to validate the idea that mutants ofygpsdould be identified using
our approach. The screened was performed using conditions that siglyifioarease
GFP-saglp yields (Chapter 2). Growth in the presence of non-ithalints of the
aspartyl protease inhibitor Pepstatin A was required in some rautasee the expected
GFP-Saglp hyper-excretion phenotype, presumably because of idcesdsscellular

protease activity in these mutants that leads to destruction of the GFP.

In this study, 178S cerevisiae gene deletion strains from the EUROFAN
collection were selected for screening for deficienciegSPi-CWP anchorage to the cell
wall. The selected ORFs were chosen because of their previplisaition in cell wall
biogenesis. Among the screened ORFs, 60 were identified in a prawisliso study as
putative GPI-CWP-encoding genes [74, 80, 145, 146] on the basis that. thevdDIRF
contains i) an N-terminal signal peptide, ii) a serine/threorigte aentral domain, and
iii) a hydrophobic C-terminal GPI-anchor addition signal. The eimg 118 ORFs were
selected from the list of genes listed on $heereviaie Genome Database (SGD) website
as required for cell wall biogenesis. Most of these genes Vieund to confer
sensitivities to cell wall disrupting agents when deleted, wilsieggests that their

function is important for cell wall biogenesis and integrity.

Using the proposed approach we identified four geh&2D@d, GPI13, TDH3
and GDALl) as required for GPI-CWP anchorage since deletants of thass ggcreted

more than wild type levels of the reporter GPI-CWP, GFP-Sagi@.génomic screen
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was performed without the use of pepstatin A, which implies thaethritants excrete
large enough amounts of the reporter protein to allow detection dfyfier-excretion
phenotype, relative to wild type levels, even in the presence of degRadation by

extracellular proteases.

Recent studies strongly suggest a role for the cell veaksPCW1 andDFG5 in
the transitioning of GPI-CWPs from the plasma membrane to theva# likely by
cleaving the GPI anchor and cross-linking the GPI-remnant-proteielttevall glucan
[64, 147, 148]. We find that null mutants of these genes hyper-egcoetr reporter
protein when grown in the presence of pepstatin A and had reduceddktredsreporter

protein at the wall (see Chapter 1V for details).

3.2. Materialsand M ethods

3.2a. Strainsand Media

Homozygous and heterozygote diploid deletion strains in the BY4743 background
(13), isogenic to the sequenced strain S288c, were used for viabletlalddeletions,
respectively. All yeast strains used in this study weretoaeted during the EUROFAN
project and obtained from tHavitrogen collection. All strains, apart from the deleted
gene share the genotype; MAda/hisAl/hisAl, leuA /leu2A, lys2A/LYS2,
MET15/metl3, urad\ /urad\. Tables 3.1 and 3.2 list the 178 gene deletants used in this
study. Yeast was grown in either YPD medium (1% yeast @xte2 peptone, 2%
glucose) or defined medium (0.2% yeast nitrogen base without argide, &.5%

ammonium sulfate, 2% glucose, and 0.08% complete synthetic medid) (@&king
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uracyl), containing 1 M sorbitol and buffered to pH 6.5 with 165 mM R&Oand

supplemented with 200M geneticin §gma Co.)
3.2b. High-throughput transformation and growth of gene deletion strains

High-throughput transformation of gene deletants was accomplissiad the
biol01 EZ-yeast transformation kit designed for large scale transformation of yeast. 100
transformations were done simultaneously in about 3 hrs where prepafacompetent
cells was not required. Cells to be transformed were obtainedfifesim growth patches
in sterile 127.8 x 85.5 mm rectangular Petri disi@shér Sci. Co.). Approximately 2-3
mm cell clumps were picked for each individual strain using stevibod sticks and
transferred to 125 ul dfansformation mix buffer, previously added to wells of a sterile
96-well microtiter plate. Following, 2 micrograms of transfargiplasmid DNA (pGFP-
Saglp) and 5 pls dZ-yeast carrier DNA were added to cell suspensions in the wells.
The 96-well micro plate was gently shaken and incubated % 36r 30 min. Following
incubation, the entire content of each well was plated in 10 @ am Petri plates in
plasmid selective media containing geneticin to which gene deletentesistant. Cell
spreading on transformant-selection plates was done by addimgsteigle 5 mm glass
beads into the plate and swirling the plates either by hand or taygptitem in a rotating

platform. The glass beads were recycled for next use.

3 mL cultures of transformed colonies (of similar size) wgnewvn at 18°C in
13x100 mm borosilicate tubes in plasmid-selective medium containilg sbrbitol.
Growth in small test tubes permits easy monitoring of cellvgr by taking OD readings

from the tubes directly. We have in the lab a set up that allesvgrowth of up to 100 3
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mL cultures simultaneously. The cultures were grown using the pamaeneters under
which GPI-Saglp hyper-excretion was observed for cell-wall msitased as positive
controls ¢wpl/cwpl, krel/krel and KRES/kreb) with the exception that no pepstatin A
was added to the growth media (Chapter 2). To account for differencgewth rate
among the mutants, OD readings were taken regularly. Cultures at thel €&3ige (0.5-
0.6) were centrifuged and 5@0of their cell-free supernatant stored at %80in silicon-
coated tubes in the presence of fungi-specific protease inhibitdtado(Sgma), a
condition we found leads to least protein loss (data not shown). Storedatapés were
then thawed on ice and assayed for GFP fluorescence by siagiewgth fluorescence

spectroscopy using a 96-well microtiter plate suitable for fluorescapesurements.

3.2c. High-throughput quantification of GFP levels in mutant and wild type

supernatants by fluorescence spectroscopy and dot blot immunoanalysis

GFP cell wall marker protein levels in supernatants of 178a@dllmutants and
corresponding wild type parental strains were determined byglesiavelength
fluorescence spectroscopy usingFRUOstar Optima microplate-reading fluorimeter
from BMG labtechnologies. Triplicates of each mutant were grown to similar cell
concentrations, the supernatants collected and their fluorescensaretea black 96-
well microtiter plates. Having replicate trials allowed estimatiomefrhean fluorescence
and variance. These values were ranked and plotted, comparing aluke for wild

type parental cells.

To quantify the amount of excreted GFP by multi-wavelength dkmance

spectroscopy, complete fluorescence spectra were collected@mematants of samples
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of interest. All spectra including that of wild-type cells weiound to contain a
background spectrum that was easily distinguished from purefl@éfescence based
upon the wavelength of the peaks and their width at half height. The QR
fluorescence can be seen as a peak centered somewhere betweenZIDnm with a
width at half height of 56 nm (1200 & The background spectrum consists of a single
broad peak centered at 536 nm (18657 cmith a width at half height of 90 nm (3500
cm™). Spectra obtained from supernatants from wild-type cells temsfi with empty
plasmid were used as the representative data of this backgrouncurspsuice it is
identical to each of the mutants except that it does not contdih Ths background
spectrum was interactively subtracted from each experimgrgatram to obtain spectra
reflecting only the fluorescence from GFP. In other words, theeci®d spectra were

calculated as the difference,
Corrected Fluorescence Spectrum = Experimental Spectrum — Constant*ddackgr

for many different values of the constant. The criterion forbtdsevalue of the constant
was to produce a corrected spectrum that matched as closelysddeptusthe spectrum

of the pure GFP frorClonetech. In order to match the two spectra, the spectrum of pure
GFP was shifted 0-15 nm to move its maximum to the same evagthl as the maxima

in the corrected spectrum of the GFP-containing supernatants (peré#s fluorescence
maximum at 509 nm, and inclusion in a fusion protein is expected to aaist in the
fluorescence maxima). In most cases it was possible to hacerieeted spectra almost
perfectly overlay that of pure GFP. The only exception was m@eht3/gpil3. The
corrected spectrum produced had a shoulder at 552 nm that is largdratha@en in the

spectra of pure GFP. The size of this shoulder has been obsehedaoable in GFP
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mutants designed for enhanced for fluorescence [149]. Despite tieewite in relative
intensity of this shoulder to the maximum for this mutant, the spactiearly reflects
fluorescence from GFP, since the wavelength of both this shouldetha maximum
peak fall in the range previously observed from GFP proteins enhéorciaorescence

[149].

The relative fluorescence for each sample was taken as the halght@aximum
point in the corrected spectrum (Figure 3.4G). In the cadee@RI13/gpi13 this clearly
underestimates the fluorescence, since this mutant emits roarete peak at 552 nm
than other mutants. This suggests a simple explanation for whytitést appears to be
a much stronger secretor by anti-body measurements thanduay filirorescence. This
mutant is most likely the most prominent secretor of the GHRvedllfusion protein, but
some of its fluorescence intensity is shifted into this shouldeding to an
underestimation by direct fluorescence measurements. DeteonirdtiGFP levels by

immunoblotting was carried out as described in Chapter 2.

3.2d. Western Blotting

Specificity of mouse anti-PGKMolecular Probes) for yeast PGK was confirmed
by western blotting of yeast extracts prepared from parstit@hs. Yeast extracts for
SDS-PAGE were prepared as describedviethods of Yeast Genetics (Cold spring
Harbor 2005). 4-20 % Tris-Glycine gradient gels were used@-BAGE and the gels
run using theSE 280 Tall Mighty Small Sab Gel Electrophoresis Unit from Amersham
Biosciences as specified by the manufacturer. 1X Tris-Glycine-Six% used as the

running buffer. Protein blotting onto nitrocellulose membrane wasedaout using the
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TE 22 Mighty Small Transphor Tank Transfer Unit from Amersham Biosciences
following standard western blotting techniguBsnchMark Pre-Sained from Invitrogen

was used as the protein standard. Following protein transfer toefiiifose membrane,

the membrane was allowed to dry and then probed with mouse aftigP@ary
antibody and HRP-labeled goat anti-mouse secondary antibody. An bptima
concentration range of Qud/mL-0.3.g/mL was determined for anti-PGK solutions. A
titer of 1:2000 was used for secondary antibody. Pure PGK #igma was used as a
positive control. Membrane blocking, washing, antibody probing and devele@asg

carried-out was as described in Chapter 2.
3.2e. Total protein assay

5 mL cultures were grown to mid-log phase @®.6-0.8), centrifuged at high
speed to remove cells and the resultant 5 mL supernatant frof#h’&tovernight. The
following day, the samples were freeze-dried (lyophilized) overrfigghtoncentration
since several attempts to measure total protein from non-coateehsupernatants failed
to give any signal due to extremely dilute samples and loveiprgields. Dehydrated
samples were then reconstituted in 408terile dHO prior to assaying for total protein
using theCoomassie Plus-The Better Bradford Assay Reagent from Pierce (catalog
number 23238). This reagent was chosen since unlike the BSA and Lesaysaor
total protein determination it did not react with the growth medianth afered superior
sensitivity. Each 40Ql sample was assayed for total protein in triplicates qfl®sch as
instructed by the manufacturer. Three independent 5 mL culturesgnese for each

tested strain (wild type and select mutants) thus, 9 independdrprimtgin assays were
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performed for each strain. BSA standard curves were prepareéexti@polation of

protein concentration of unknowns.

To determine total protein secreted into the medium per celfpoliogving was
done: Average protein concentration for each unknown was divided bgribentration
factor 12.5 (example; 5 mL supernatant samples were concentoad®0 ul, thus each
sample was concentrated by 12.5 fold) to estimate protein coatemtm micrograms
per/mL for original 5 mL non-concentrated supernatants. Total praeiount in
micrograms was determined by multiplying each average coatientrug/mL) by 5
mL. Amount of protein released into the medium per cell wasmdéeted by diving total
protein mass in micrograms by total number of cells in thgirai 5 mL culture. Cell
numbers were estimated from @pmeasurements using the conversion factor éf 10

cells/mL*0.3 O.D"
3.2f. Deletion strain confirmation by diagnostic PCR

Diagnostic PCRs to confirm gene deletions in rstraif interest were carried out
using unique primer sequences (A-KanB or D-Kan@pmemended at th& cerevisae
genome deletion project website: (www-sequence.stanford.edu/group/yeasitioiel project)
for each individual gene deletants. Figure 3.7A shows the primer comptiam
sequences within the genome. PCR reactions for were perfornieitbas: for a source
of genomic DNA, a small amount of cells was mixed withu06f a Zymolyase solution
(Molecular Probes Inc.) at 0.06 unitg/l in a standard PCR tube, and the mixture
incubated at 37C for 30 minutes. This was followed by a10 minute incubation 4€95

to disrupt the cell walls. This step was carried out in a P@&Rrtal cycler. 10 ul of
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Zymolyase-treated cells were used in standard PCR readoraininglx Tag DNA
polymerase buffer, 0.2 mM dNTPs each, 0\ forward primers (A or D) and reverse
primers (KanA or KanC) and 2.5 units Taq DNA polymerase. Sincpriatiers were
designed to have similar melting temperatures and the expeCiedpkoducts are of
similar size, all PCR reactions were run simultaneously usiedgollowing parameters
for 35 cycles of amplification: 3 min, 94 °C (initial denaturatjdr§ sec, 94 °C (further
denaturation), 15 sec, 57 °C (primer annealing), 60 sec, 72 °C (chaini@xtearsd 3
min, 72 °C (final elongation). Resultant PCR products were analgge®NA gel
electrophoresis using 1.0 % agarose gels and 1 kb DNA laddersNearrEngland

Biolabs.

3.3. Results

GFP cell wall marker protein levels in supernatants of 178a@dllmutants and
corresponding wild type parental strains, were determined hygleswavelength
fluorescence spectroscopy using a microplate-reading flu@imétiplicates of each
mutant were grown to similar cell concentrations using growthmpaters defined in
Chapter 2 to increase GFP-Saglp expression yields. Cefifpsgnatants were collected
and their relative fluorescence measured in 96-well black nterqtiates relative to
reference wells containing known amounts of pure GFP (clonetech). Heapligate
trials allowed estimation of the mean fluorescence and variahicese values were
ranked and plotted, comparing to the values for wild type parentsl Eaglures 3.1A and
3.1B display the average relative supernatant fluorescence amadhceafior all tested

strains. Screened ORFs represented in figures 3.1A and 3.1Btadeinigables 3.1 and
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3.2, respectively. 17 gene deletants were identified as hypestesscof the GFP-Saglp
reporter protein of which sevenYGR192CA (tdh3/tdh3), YMROO6CA (plb2A),
YLLO31CA (GPI113/gpi13), YKL165C4 (MCD4/mcd4), YGR159CA (nsrl/nsrl),
YGR020C4 (vma7/vma7), and YELO42W4 (gdal/gdal) show statistically validated
differences from wild type. All 17 potential hyper-excretaere selected based on their
mean fluorescence appearing higher than (above) the error bawilfbr type.
Approximately 66 of the 178 gene deletants excreted significkegty GFP-Saglp than

wild-type cells.
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Table 3.1. Genes 1-96 screened for their involvement in GPI-CWP anchorage tol tivaltii

S cerevisiae. Genes are listed in the order that they appear in figure 3.1 A froto hajht

Mutant Excretion of GFP-Saglp
Number
ORF Gene Name relative to Wild Type (WT)

Cells

1 YGR159C NSR1/SHES5* Hypo

2 YGR192C TDH3 Hyper

3 YMR006C PLB2* Hypo

4 YGR020C VMAT* Hypo
5 YLLO43W FPS1 Like WT
6 YHR156C LIN1 Like WT
7 YLLO24C SSA2 Like WT
8 YHR143W DSE2 Like WT
9 YGL228W SHE10 Like WT
10 YHR204W MNL1 Like WT
11 YJL186W MNN5 Like WT
12 YNL160W YGP1 Like WT
13 YCLO51W LRE1 Like WT
14 YKR042W UTH1 Like WT
15 YPL154C PEP4 Like WT
16 YGLO027C CWH4 Like WT
17 YOLO30W GAS5 Like WT
18 YOR214C Undetermined Like WT
19 YDR297W SUR2 Like WT
20 YMR307W GAS1 Like WT
21 YLR213C CRR1 Like WT
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22 YJL159W HSP150/PIR2 Like WT
23 YELO49W PAU2 Like WT
24 YNL322C KRE1 Like WT
25 YLR144C ACF2 Like WT
26 YKRO13W PRY2 Like WT
27 YGLO27C CWHA41 Like WT
28 YHR126C Undetermined Like WT
29 YNL327W EGT2 Like WT
30 YLR042C Undetermined Like WT
31 YMR244W Undetermined Like WT
32 YELO40W UTR2 Like WT
33 YJL171C Undetermined Like WT
34 YGR279C SCw4 Like WT
35 YLRO40C Undetermined Like WT
36 YLR120C YPS1/YAP3 Like WT
37 YJL158C CIS3 Like WT
38 YLLO25W PAU17 Like WT
39 YPL163C SVS1 Like WT
40 YNL190W Undetermined Like WT
41 YILO15W BAR1 Like WT
42 YDR349C YPS7 Hypo

43 YOR190W SPR1 Like WT
44 YFLO51C Undetermined Like WT
45 YGL032C AGA?2 Hypo

46 YKLO96W CWP1 Hypo
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47 YIR019C MUC1/FLO11/ STA4 Like WT
48 YERO044C ERG28 Hypo
49 YMR251W-A HOR7 Like WT
50 YORO010C TIR2 Hypo
51 YKL163W PIR3 Hypo
52 YIR039C YPS6 Like WT
53 YALO35W FUN12 Hypo
54 YBR229C ROT2 Like WT
55 YGR189C CRH1 Like WT
56 YGL028C SCW11 Like WT
57 YLR194C Undetermined Like WT
58 YDR134C pseudogene Like WT
59 YOR383C FIT3 Hypo
60 YDR261C EXG2 Hypo
61 YGL259W YPS5 Hypo
62 YDRO77W SED1 Hypo
63 YMR008C PLB1 Hypo
64 YALO68C PAUS Hypo
65 YMR215W GAS3 Like WT
66 YOR382W FIT2 Hypo
67 YOR247W SRL1 Hypo
68 YORO02W ALG6 Like WT
69 YALOO5C SSAlL Hypo
70 YKRO73C dubious ORF Hypo
71 YMR305C SCW10 Hypo
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72 YLR0O37C DAN2 Hypo
73 YOR009W TIR4 Hypo
74 YFL020C PAU5 Hypo
75 YLR121C YPS3/YPS4 Like WT
76 YCLO48W SPS22 Hypo
77 YKL164C PIR1 Hypo
78 YALO65C Undetermined Like WT
79 YOLO011W PLB3 Hypo
80 YBLO75C SSA3 Hypo
81 YLR300W EXG1 Hypo
82 YPL106C SSE1 Hypo
83 YPL130W SPO19 Hypo
84 YARO020C PAU7 Hypo
85 YOL132W GAS4 Hypo
86 YGL261C PAU11 Like WT
87 YELO30W ECM10 Hypo
88 YERO11W TIR1 Hypo
89 YERO20W GPA2 Hypo
90 YDRO55W PST1 Hypo
91 YGR282C BGL2 Hypo
92 YKLO73W LHS1 Hypo
93 YILO11W TIR3 Hypo
94 YDR144C MKC7 Hypo
95 YKL046C DCW1 Hypo
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Table 3.2. Genes 97-179 screened for their involvement in GPI-CWP anchorggedell wall

in S cerevisiae. Genes are listed in the order that they appear in figure 3.1 B froto taght

Mutant Excretion of GFP-Saglp
Number ORF Gene Name relative to Wild Type (WT)

Cells

97 YKL165C MCD4 Hyper

98 YBRO78W ECM33 Like WT

99 YLLO31C GPI13 Hyper

100 YBR282W MRPL27 Like WT

101 YDR522C SPS2 Like WT

102 YLR337C VRP1 Like WT

103 YPR163C TIF3 Like WT

104 YBR162C TOS1 Like WT

105 YFLO39C ACT1 Like WT

106 YPR186C PZF1 Like WT

107 YOR275C RIM20 Like WT

108 YDLO55C PSA1 Like WT

109 YDR528W HLR1 Like WT

110 YJL174W KRE9 Like WT

111 YKL104C GFAl Like WT

112 YLR286C CTSs1 Like WT

113 YBR092C PHO3 Like WT




114 YKLO35W UGP1 Like WT
115 YDR446W ECM11 Like WT
116 YBRO40OW FIG1 Like WT
117 YBRO67C TIP1 Like WT
118 YNLO66W SUN4 Like WT
119 YFLO20C PAUS Like WT
120 YDR245W MNN210 Like WT
121 YMR200W ROT1 Like WT
122 YDL143W CCT4 Like WT
123 YBR301W DAN3 Like WT
124 YJLO62W LAS21/GPI7 Like WT
125 YNLO12W SPO1 Like WT
126 YBL105C PKC1 Like WT
127 YDR534C FIT1 Like WT
128 YKLO96W-A CWpP2 Like WT
129 YBR023C CHS3 Like WT
130 YDR483W KRE2 Like WT
131 YHR101C BIG1 Like WT
132 YBR093C PHO5 Like WT
133 YFRO39C Uncharacterized Like WT
134 YJL116C NCA3 Like WT
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135 YALO17W PSK1 Like WT
136 YJR009C TDH2 Like WT
137 YBLO61C SKT5 Like WT
138 YJLO79C PRY1 Like WT
139 YLR390W-A CCwi4 Like WT
140 YCRO89W FIG2 Like WT
141 YDL049C KNH1 Like WT
142 YKR102W FLO10 Like WT
143 YER150W SPI1 Like WT
144 YLLO43W FPS1 Like WT
145 YDLO37C BSC1 Like WT
146 YJR150C DAN1 Like WT
147 YBR169C SSE2 Like WT
148 YGR282C BGL2 Like WT
149 YJR004C SAG1 Like WT
150 YJL117TW PHO86 Like WT
151 YIL123W SIM1 Like WT
152 YOL155C HPF1 Like WT
153 YIR019C MUC1/FLO11/STA4 Like WT
154 YDL229W SSB1 Like WT
155 YLR461W PAU4 Like WT

76



156 YARO50W FLO1 Like WT
157 YMRO082C Dubious Like WT
158 YALO64C-A Uncharacterized Like WT
159 YGR279C SCw4 Like WT
160 YJR153W PGU1 Like WT
161 YJLO78C PRY3 Like WT
162 YJL160C ORF, Uncharacterized Like WT
163 YLR110C CCW12 Like WT
164 YER177W BMH1 Like WT
165 YER103W SSA4 Like WT
167 YJRO045C SSC1 Like WT
168 YDL222C FMP45 Like WT
169 YNRO67C DSE4/ ENG1 Like WT
170 YLR343W GAS2 Like WT
171 YFLO51C ORF, Uncharacterized Hypo

172 YDL024C DIA3 Hypo

173 YLRO40C ORF, Uncharacterized Like WT
174 YJLO52W TDH1 Like WT
175 YLRO37C DAN2 Like WT
176 YER125W RSP5 Hypo

177 YIR039C YPS6 Hypo

77
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178 YMR103C ORF, Dubious Hypo

179 YOL132W GAS4 Hypo

The hyper-excretion phenotype was corroborated for all seven tmutana
second round of screening by single-wavelength fluorescenceasmegy (Figure 3.2).
To further confirm the hyper-excretion phenotype of all seveme ggeletants, their
supernatants were assayed for GFP levels, relative to thesklitype supernatants by
dot-blot immunoanalysis. Five independent subcultures of each mutant anid-ofps
cells were grown to similar cell concentrations for this ysial(Figure 3.3A). Analysis
of dot blot in figure 3.3A is illustrated in figure 3.3B. Of théhyper-excretors, three:
YMRO06CA (plb2/pbl2), YGR159C4 (nsr1l/nsrl) and YGR020C4 (vma7/vmar)), excreted
less than wild type by immunoblotting. Hyper-excretors confirmedidityblot analysis
((YGR192C4 (tdh3/tdh3), YLLO31CA (GPI13/gpil3), YKL165C4 (MCD4/mcd4) and
YELO42WA4 (gdal/gdal)) were further corroborated by continuous-wavelength
fluorescence spectroscopy. For these four mutants and for hypeiesxasrl/nsrl,
complete fluorescence spectra of their respective cell-tipersatants were collected
and corrected for background fluorescence (Figure 3.4C-G) ashiskariMaterials and
Methods. After subtraction of background fluorescence, a fluoresceaker@mained at
the expected emission wavelength for pure GFP (Figure 3.4Axlfofour hyper-
excretors that was larger than the observed for wild type supernatgoi (8.4 B-F). In
accordance with what was observed by immunoblot analysis, backgrowedted
fluorescence spectra fronsr1/nsr1 cells showed a fluorescence peak substantially lower

than the observed for wild-type cells (Figure 3.4G). The reldlw@escence for each
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sample was taken as the height at the maximum point in thetealrgpectrum (Figure

3.4H).

In the case ofGPI13/gpil3, this clearly underestimates the fluorescence, since
this mutant emits more from the peak at 552 nm than other mutdmsssdggests a
simple explanation for why this mutant appears to be a stroxgeeter by dot blot
immunoanalysis (Figure 3.3A) than by direct fluorescence. Thiamhis most likely the
most prominent excretor of the GPI-CWP reporter protein, but soritg fdiorescence
intensity is shifted into this shoulder leading to an underestimbgiatirect fluorescence

measurements.

2.0 4

1.5

1.0 1

Relative GFP Fluorescence

0.5 4

0.0 -

WT WT  tdh3/ pbl2! GPI13/ MCD4/ nsr1/ vma7f gdall
No GFP GFP itdh3 phbi2 gpil3 mcdd4d nsrt vma7 gdaft

Figure 3.2. Confirmation of GFP-Sagip hyper-excretion for all seven mutants identified
as hyper-excretors in primary screens (see Figures 3.1 A and 3.1B). Cultures were
grown as 3 ml cultures in CSM-URA containing 1 M sorbitol to mid-log phase (OD&660
0.5-0.6) at 18 "C. 200 ul of corresponding cell-free supernatant were assayed for
fluorescence using a 96-well microplate reading-fluorimeter. Excitation and emission
wavelengths were set at 488 and 520 nm, respectively.
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Figure 3.4A. Emission spectra from 1.0 nanogram of pure GFP (Clonetech)
and from supernatant from wild type cells transformed with empty plasmid,
thus not expressing GFP.
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Figure 3.4 B-H. Fluorescence spectrum of pure GFP and background-corrected fluorescence
for supemantants of wild type cells (B) mutants confirmed as true hyper-excretors (C-F) and for
hypo-excretor nsrifsri (G) of GFP-Sag1p, by dot blot immuno-analysis. All mutants that
showed more GFP excretion by dot blotting also have spectra of higher fluorescence intensity
than that of wild type cells. As observed by immunoblotting nsri/nsri cells show very little GFP
in culture supematants. The relative fluorescence for each sample was taken as the height at
the maximum point in the corrected spectrum (H).



Figure 3.5. Immunodetection of 3-PhosphoGlycerate Kinase (PGK)
protein by western blotting of cell extracts from wild type S. cerevisiae
cells. PGK has an apparent molecular size of 55 KDa.
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100 4

Femtograms of excreted protein per cell

nsri/ tdha/ McD4/ Wild Type  gdai/ GPI13/
nsri tdh3 mcd4 gdaf gpi13

Figure 3.6. Total amount of protein excreted into the growth medium is similar

among true GFP-Sag1p hyper-excretors and wild type cells. Total protein in cell-free
supernatants was estimated by the Bradford method.



90

(a) Unsuccessful Deletion, ORF still present

A primer C primer
—» —
L e - e —
e e
-+
B prim o D prim er
(b) Successful Deletion , kanM¥X4 module replaces ORF
A primar kanC primer
. —» .
B-U1y. B-Da-comp —g.
_
+— EB-U2-omp 4-BD1
+— -—
kanE primer D prim er

Figure 3.7A. Regions within the genome complementary to primer pairs used for
diagnostic PCR. Primer pairs A-KanB and D-KanC were used to confirm deletion
junctions. PCR products of the expected size were obtained for all checked
strains



B MCD4/imcd4

1 2 3 Lane
bp

860 1000

500 526
250

Lane 1:1 kb DNA ladder

Lane 2: Expected PCR product when using primer pair
D-KanC (860 bp).

Lane 3: Expected PCR product when using primer pair
A-KanB (526 bp).
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c GPH 34gpi13 and gdat/gdat

1 2 3 4 5 Lane

951
619

Lane 1. Expected PCR product when using primer pair
A-KanB (619 bp) and primer pair D-KanC (951 bp)
to confirm GF/13/gpi13 deletions.

Lane 2. Expected PCR product when using primer pair
A-KanB (555 bp) to confirm gdai/gda T deletions.

Lane 3. Expected PCR product when using primer pair

D-KanC (1012 bp) to confirm gdal/gdai deletions.

Lane 4. 250 bp DNA ladder
Lane 5. 1 kb DNA ladder

D tdh3Adh3
1 2 Lane

1000
882

Lane 1: Expected PCR product when using primer pair

D-KanC (882 bp).
Lane 2: 1 kb DNA ladder
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1 2 gdal/gdal s Lane

1000
922

689

<+— 500

+— 250

Lane 1. Expected PCR product when using primer pair A-KanB {689 bp)
Lane 2. Expected PCR product when using primer pair D-KanC {922 bp}
Lane 3. 1kb DNA ladder

Figure 3.7 B-E. Gene deletions were confirmed for true hyper-excretors
and for hypo-excretor nsri/sri by diagnostic PCR. Primer sequences and
expected sizes for PCR products were obtained from http:/Asww-

sequence stanford.edu/groupfyeast_deletion_project/strain_heterozygous_

diploid.b«t.

In summary, of the 178 gene deletants screened, s¥@R192C4 (tdh3/tdh3),
YMROO06CA (plb2A), YLLO31CA (GPI13/gpil3), YKL165C4 (MCD4/mecdd), YGR159CA
(nsrl/nsrl), YGR0O20C4 (vma7/vma7), and YELO42W/A (gdal/gdal) were identified as
hyper-excretors of the reporter protein by single wavelefigtiresce of which four
(tdh3/tdh3, MCD4/mcd4, gdal/gdal, and GPI13/gpi13) were corroborated as true hyper-
excretors by multi-wavelength fluorescence spectroscopynamadinoblotting with anti-

GFP antisera.
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Cell-free supernatants of all seven potential hyper-exsretere also analyzed
for levels of intracellular protein by immunonoblot analysis usingcttfiesolic protein,
phosphoglycerate kinase (PGK) as the marker protein and anti-RtEeeum (Figure
3.3C). The specificity of mouse anti-PGK antibodies for yeast R@& corroborated by
western blotting of cell extracts from wild-type celBigure 3.5). More PGK was
observed in supernatants from wild-type cells than from any ofj¢he deletants tested
likely because of more robust protein expression from wild-tygles ¢han from the

mutants.

The four confirmed mutantsMCD4/mcd4, GPI13/gpil3, tdh3/tdh3 and
gdal/gdal and unconfirmed straimsrl/nsr were further examined for total protein
present in the culturing medium relative to wild-type cellgiFe 3.6). An estimated 60-
90 femtograms of excreted protein per cell was determined wittapparg variability

among all tested strains (Figure 3.6).

Strains assayed for total protein in culture supernatants wee a
subjected to diagnostic PCR for confirmation of the deleted gene. ®hectc
replacement of the gene with the KanMX marker was verifrethe mutants by the
appearance of PCR products of the expected size using prinaérsptn the left and
right junctions of the deletion module within the genome. Two ORF{speci
confirmation primers were chosen (A and D). The "A" and "D" prarege positioned
200-400 bp from the start and stop codons of the gene, respectivel{Kaig” and
“KanC” primers are internal to the KanMX4 module (Figure 3.7Apr Romozygous

and heterozygote deletants, the junctions of the disruption wereddyf amplification
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of genomic DNA using primers "A" and "KanB" and primers "Kan@d &aD" .PCR

products of the expected sizes were obtained for all five genes (Figure 3.7 B-F)

Confirmed hyper-excretors were also analyzed for celbsarffluorescence
relative to wild-type cells. All strains were grown to eddyg phase, washed in distilled
water and re-suspended in 10 mM Tris-HCL, pH 7.5 to equal cell coatiens prior to
fluorescence analysis. To estimate relative cell-surfdgerescence intensities, the
samples were exposed to continuous excitation and photographed under #sxdinir
microscope with different exposure times. Each strain’s sefiexposure times were
compared side by side by visually matching the exposure timeafdr strain that had
identical or close to identical overall intensity to another streinder the assumption

that the intensity is proportional to the exposure time and the samples quantu@)yiel
| oc exposure time ¢

the strain’s relative quantum yields were determined as 1l/expdtisue for exposures
that were matched in intensity. For instance, wild type @RHL3/gpi13 exposures were
compared (Figure 3.8A and 3.8C, respectively) and it was visudliyaged that the
1/30" sec exposure foBPI13/gpi13 cells and the 1/f5sec exposure of wild-type cells
were of the same overall intensity. Therefore, the relaantum yields were estimated
as 30 and 15 for th&PI113/gpi13 and wild type strains, respectively. In other words, the
intrinsic fluorescence oGPI13/gpil3 cells is twice that of the wild-type cells. By the
same principle, the intrinsic fluorescenceM@D4/mcd4 cells is ~ 1.5-2.0 times that of
wild-type cells (compare figures 3.8A and 3.8B) #ditiB/tdh3 andgdal/gdal cells are ~

2-fold less bright than wild type (Figure 3.9 A-C). In the cas&Bf13/gpil3 cells,
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inspection of cell-surface fluorescence revealed that thelwale a cell separation defect
that results in multi-budded cells with increased levels of faamece at the separation
septa (Figure 3.8D)gdal/gdal Cells also appear to exhibit cell separation defects that

leads to the formation of large cell aggregates (Figure 3.9C).
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Figure 3.8. Visualization of cell surface fluorescence by fluorescence microscopy. Cells
were grown to early log phase (OD;,, 0.3-0.4) at 18 'C in CSM-URA containing 1 M
sotbitol and buffered to pH 6.5 with 50mM MOPS. Cells were harvested , washed with
dh20 and re-suspended in 10 mM Tris-HCL pH 7.5 prior to fluorescence analysis.
Images were captures at exposure times of ¥&1/30" of a second for estimation of cell
surface fluorescence as described in Materials and Methods. Both WCD4/mecd4 and

GPH3/gpi13 cells hyper-express GFP-Saglp at the cell surface relative to wild type
cells. Table 3.3 list ~ cell surface fluorescence for all examined strains relative to wild

type.




98
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tdh3/tdh3

gdait/gdai

Figure 3.9. Visualization of cell surface fluorescence by fluorescence microscopy. Cells
were grown to early log phase (OD,;, 0.3-04) at 18 °C in CSM-URA containing 1 M
sotbitol and buffered to pH 6.5 with 50mM MOPS. Cells were harvested , washed with
dh20 and re-suspended in 10 mM Tris-HCL pH 7.5 prior to fluorescence analysis.
Images were captures at exposure times of -1/8" of a second for estimation of cell
surface fluorescence as described in Materials and Methods. Both fdh3A4dh3 and
gdai/gdai cells hypo-express GFP-Saglp at the cell surface relative to wild type cells.
Table 3.3 list ~ cell surface fluorescence for all examined strains relative to wild type
cells.



Table 3.3. Cell surface fluorescence for GFP-Sag1p hyper-excretors
relative to wild type cells.
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Mutant Cell surface fluorescence relative to wild type (WT)
MO med4 ~15-20fold >WT
GRH3opi13 ~2.0-40 fold > WT
fcth3dch 3 ~ 20 fold <WT
gdaiigdal ~ 2 0fold <WT

3.4. Discussion

3.4a. General Approach

We have developed a high-throughput approach to screen for genes reguired f

anchoring GPI-CWPs to the fungal cell wall. In the present wbiB, mutants bearing

deletions in genes suspected to play a role in cell wall biogeweses screened for

deficiencies in anchoring a GPI-CWP reporter protein to theweall. We used the

carboxyl end of the cell wall GPI-mannoproteiagglutinin tagged with GFP at its N-

terminus (GFP-Saglp) as the reporter protein. The screen wasrnpedf using

parameters determined to increase GFP-Saglp vyields (ewpresem the GPD1

promoter and growth at lower temperature in the presence 1 Mad@itapter 2). The

rationale for the screening assay is that mutants deficiearichoring GPI-CWPs would

fail to properly cross-link the reporter protein to the wall aitldee retain the marker

protein inside the cell (hypo-excretors) or release it intogitmevth medium (hyper-

excretors). We were able to validate this idea in the call-mutantscwpl/cwpl,

krel/krel andKRES5/kre5 known to hyper-excrete GPI-CWPs, althowgypl/cwpl and



100

krel/krel cells required growth in the presence of the aspartyl protease inhilpsiate
A to show hyper-excretion of GFP-Saglp. At the concentration uggd)(Ipepstatin A
does not seem to affect growth rate or cell viability. Ip@ssible that pepstatin A
enhances GFP yields by inhibiting extracellular aspartyl pseteativity incwpl/cwpl
and krel/krel cells. Since hyper-excretion of GFP-Saglp was observéRES/kre5
cells grown without pepstatin A, it may be that in this mutafP?&aglp is excreted at
large enough amounts to override extracellular protease actiwityhdfmore, since
certain aspartyl proteases are GPl-anchored to the walljotelst genes involved in
anchoring GPI-proteins to the wall may alter aspartyl preteasvity in the medium to

different degrees that would proportionally affect GFP-Saglp yields.

As GPl-anchored aspartyl proteases likely play a role imtaiaing cell wall
integrity and stability [122, 123], and may regulate GPI-CWP turnd&] we chose to
perform the screen without the use of pepstatin A for concerhd tvauld add to cell
wall damage. As was shown witkRES/kre5 cells, mutants that hyper-excrete GFP-
Saglp can still be identified without the use of pepstatin A. Howvewe propose that
application of the screening assay in the presence of pepstatiauld wignificantly
increase the sensitivity of the assay to allow for seledfamutants that hyper-excrete
only but slightly more GFP-Saglp than wild-type cells as a®lbf mutants that hypo-
excrete the reporter protein relative to wild-type cells.support of this idea, we
observed that null mutants of the homologous GPIl-mannoproteins, Dcwlp and Dfg5p,
which may be involved in transporting GPI-CWPs from the plasmahraara to the cell
wall, hyper-excrete GFP-Saglp when grown in the presenmepstatin A and appear as

hypo-excretors when grown without pepstatin A. Furthermore, we fdwagéepstatin A
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did not lead to increases in cytosolic protein in culture supernaam®uld be the case
if cell death and cell lysis were occurring. Additionallypgitin A did not seem to
affect growth rate or cell viability idewl/dcwl anddfg5/dfg5 cells. (see Chapter 1V for

details).

Large-scale screening for GFP-Saglp excretion levelsaragd-out using a 96-
well microplate reading fluorimeter because this method provecregly simple,
reproducible and fast. However, this approach yielded approximately 4@/fptaives.
Despite this result, we consider the microplate screening assHul for narrowing-
down the group of mutants deserving of closer inspection by secormleens in more
comprehensive genomic screens. In this study, seven mutants amtréed as excretors
of significantly more than wild type levels of GFP by the microplate apprdaspection
of GFP excretion levels by dot-blot immunoanalysis, confirmed 4 odelien hits as real
hyper-excretors. The 4 hyper-excretors were further woetli by continuous wavelength
fluorescence spectroscopy, which allowed for the subtraction &ftmmnd/interference
fluorescence from culture supernatants that in the microplateefloemnce assay

contributed to the selection of false positives.

To investigate the possibility that higher GFP excretion sewrehyper-excretors
might be due to cell lysis or leakage of intracellular proteimjfsonents due to cell wall
damage, their cell-free supernatants were examined for iliacerotein levels. The
cytosolic protein PGK was used as a marker for intracellpfatein and its levels
assayed by dot blot immunoanalysis. Surprisingly, we observed mGi€ iR
supernatants from wild-type cells than in those from any ofrth&ants analyzed. This

might be because of generally more robust protein expression lernetlthier wild-



102

type cells than from the cell wall-compromised mutants. Also, vitieh protein levels
in mutant and wild type supernatants were examined, no significdetedite in total
protein was observed among all tested strains. It is poss$ibteat any given time,
individual cells express equivalent amounts of total protein and tHatehites exist
rather at the level of which proteins are expressed and in what poopdt is also
possible that for true GFP-Saglp hyper-excretors, the larges lef GFP-Saglp in the
growth media are not substantial enough to lead to dramatic iesreasotal excreted

protein.

3.4b. Genesidentified asrequired for GPI-CWP anchorage to the cell wall

Four of the selected 178 cell-wall mutants exhibited cleacitsefn anchoring
our GPI-CWP reporter protein to the cell wall. Of the four mgtatwo are missing
genes essential for growtlyKL165C4 (MCD4/mcd4) and YLLO31C4 (GPI13/gpil3)),
and two are deleted for the non-essential ORF&GR(92C4 (tdh3/tdh3) and
(gdal/gdal). A thorough description on the putative functions of these genes and

additional findings from this study are presented below.

3.4b1. MCD4 and GP113

MCD4 andGPI13 are phosphoethanolamine transferases involved in GPl-anchor
biosynthesis. As in other organisms, phosphoethanolamine (EtN-P) teesesféorm part
of the GPI anchor biosynthetic complex where they function to ettddnolamine
phosphate side chains to the mannose residues of the gylcan parGéflthehor [150-
152]. To date, three EtN-P transferases have been descril&carevisiae: Mcd4p,

Gpi7p/Las21lp and Gpil3p which add EtN-P groups to the first, second and third
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mannose residues, respectively, of the tetra and penta mannose cliénglgptan core
of the GPI anchor [152] (Figure 1.2). All three enzymes havemaian counterparts
[153, 154]. In fungi, Mcd4p and Gpil3p are essential proteins that resithe tunmenal
side of the ER membrane, thus addition of EtN-P to the first andl ifrannoses occurs
there. The essentiality @3PI13 is expected because it adds EtN-P to the C6 hydroxyl
group of the third mannose of the GPI anchor and it is througlEtNid® group that the
GPl-anchor is linked to protein via an amide bond [60pdii3; mutants, GPI anchors
are not attached to proteins through other EtN-P groups and reduction ah€h®ring
leads to overall cell wall fragility [155]. Our studies showttbells heterozygous for a
GPI13 deletion hyper-excrete GFP-Saglp and have increased cellestitfasescence
relative to wild-type cells. It is likely that in these Isethe synthesis of GPI-proteins is
up-regulated to compensate for the high failure rate of formingtbiein-GPI amide
linkage. This would also help explain the relatively strong #scence that we observed
in these cells at sites of active cell wall synthesis sisathuring daughter cell growth and
the formation of new budding cells. We also observed@rhi13/gpil3 cells appear to
have a septation defect that leads to the formation of multi-budded cellss Shislar to
what has been observed gpi74 cells and other mutants deficient in GPIl anchor
biosynthesis. In this class of mutants, defects in GPI syntlesgistd deficits in anchor
addition to precursor GPI-proteins and to subsequent decreases imo&f-pargeting

to the plasma membrane and the cell wall, where they are reéqgiarecell wall
formation, remodeling and integrity. In the casgmi4 cells, defects in the targeting of
GPIl-anchored cell wall enzymes (Ctslp, Scwllp, Dselp, Dse3p, Englp &p) Egt

responsible for digesting junctions between mother and daughteafteliytokenesis
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leads to septation defects that cause the formation of aggtegaiébudded cells.
Faulty GPIl-anchor biosynthesisgpi74 cells has also been observed to lead to activation
of the cell wall stress response [156], which in turn leads togulaon of cell wall
biosynthetic and remodeling enzymes many of which are GPI-prdtensselves [83,
156]. Consistent with this is the observation ttgaiZA cells hyper-express and hyper-
excrete the GPI-CWPs, Cwplp and Ssrlp [144]. Similar responsgsootar in
GPI13/gpi13 cells that would lead to the cytokenesis defects and over production and
hyper-excretion of GPI-CWPs that we observed in this straihoAfh these defects are
predictable inGPI13/gpi13 cells, this study provides the first experimental evidence that
GPI13 is required for normal GPI-protein anchorage to the fungal wadl that
heterozygote deletions of this gene are haplo-insufficient. NotalilyoughGPI13 is
essential for growth in fungi, it is dispensable in mammaighich an alternative protein
can compensate f@PI113 mutations [151]. GPI13 may thus be an excellent target for

antifungal drug design.

Mcd4p is believed to catalyze the addition of EtN-P to mannose otie @& Pl
anchor (Figure 1.2). Experiments with temperature conditioma¥4 mutants strongly
indicate that Mcd4p is required for GPI anchoring since these rautdw other GPI-
anchor biosynthetic mutants, exhibit cell wall fragility and defective in ER-to-Golgi
transporiof multiple GPIl-anchored proteins [153]. This deficit in targetirigj-Broteins
to their final destination is believed to cause the aberrant phersotbserved imed4™
cells such as cell separation defects and abnormal bud sitegesroe and cell
morphology [152]. Since deficits in GPl-anchor biosynthesis inevitadolypcomise cell

wall integrity, it seems logical to assume tha&t4 mutations can result in activation of
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the cell wall stress response and the subsequent upregulation -shaBRbproteins
responsible for repairing and stabilizing cell wall integritiisTwould help explain the
increase in cell surface GFP-Saglp and in the levels of séc@¥P-Saglp that we
observed inMCD4/mcd4 cells relative to wild-type cells. Like Gpil3p, Mcd4p is
essential for fungal growth and dispensable for mammalian edlility [153]. The value

of MCD4 as a novel antifungal target is corroborated by findings that tpeneid
lactone compound BE49385A, which inhibits the modification of mannose one of the

GPIl-anchor with EtN-P, is lethal to yeast cells [157]

In a different study, treatment of MDCK mammalian celigh the amino sugar,
mannosamine, lead to hyper-excretion of a plasma membrane GRrrpastein (). A
similar effect was observed iirypanosoma brucel (). Mannosamine, has been shown to
drastically inhibit GPI anchor biosynthesis and to block the incotiparaf GPI glycans
into GPl-anchored proteins without affecting the synthesis of the protein comggnknt
is conceivable thaBPI13 andMCD4 deletions, by interfering with normal GPI- anchor
biosynthesis can generate similar effects in fungal celth@se caused by mannosamine

in mammalian andrypanosoma brucel cells [158]

3.4b2. TDH3

The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is cousidere
classical glycolytic protein and its role in glycolysis hagrbevell characterized. In
mammals, GAPDH displays diverse activities that are uncetatglycolysis in different
subcellular locations. In bacteria and yeast, GAPDH has been four a@elt surface

where it may have differing roles. For instance,Siaphylococcus aureus and some
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streptococci, a cell-surface GAPDH is involved in the intepactvith host cells and
ligands [159, 160]. In the yeadduveromyces marxianus, cellular flocculation depends
on the expression of a cell-surface GAPDH [161]. Whén @bicans cDNA library was
screened for sequences that encode immunogenic proteins by usied per from
patients with high levels of an@: albicans antibodies, a cDNA clone coding for
GAPDH was obtained [162]. GAPDH is thus considered a potentiadifyiluantigen for
the diagnosis of candidiasis and is suspected to play a role ationfeA potential role
for GAPDH in virulence is further supported by observations thaglitly binds to
extracellular matrix proteins such as fibronectin and laminin aray therefore

participate in the adhesion of fungal cells to host tissues [65, 163].

The presence of a classic cytosolic enzyme at the cdhceuwas initially
considered a possible artifact until experiments were done thatedhth& ability of
GAPDH to direct intracellular proteins to the cell wall [16, 164, 168} instance, when
a fusion of intracellulalS. cerevisiae invertase $£SUC2) to C. albicans TDH3 was
expressed in a Su. cerevisiae strain, invertase activity was effectively detected at the
cell surface of the Suetrain. Intracellular invertase is not brought to the cell sarfac
thus invertase activity detected in cell walls from Suc-cekpressing thelTDH3-
invertase fusion was assumed to result from regionEDiH3 capable of targeting the
fusion protein to the cell wall [65]. Cell wall localization ofABDH was further
established inS. cereviasiae by indirect immunofluorescence and flow cytometry
analysis with a polyclonal antibody agailsstcerevisiae GAPDH [162]. InC. albicans
andS. cerevisiae, the GAPDH protein was detected at the outer surface of thevale

and in the cytoplasm of wild-type cells by immunoelectron miapg¢l163]. GAPDH is
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now considered a bona fide cell wall protein in fungi and since ci®tsen appears to
occur independently of the presence of a conventional N-termingdtie® signal, an
alternative mechanism to the classical yeast secretthhyag has been proposed [166].
The existence of such a pathway would also be extended to etmstroytosolic proteins
that have been found to incorporate to the cell wall.

3.4b3. GDA1

GDA1 encodes a guanosine diphosphatase (GDPase) involved in protein and
glycosphingolipid O-mannosylation at the Golgi [167]. GPI-CWP N- and O
mannosylation begins at the ER where the first mannosyl residteesadded by
mannosyltransferases that use dolichol phosphate mannose as the noamood468,
169]. Subsequent elongation of the mannan chains proceeds at the Golgithéhere
mannose residues are donated by the nueclotide sugar GDP-manrysk/[l]7 GDP-
mannose is synthesized in the cytosol and translocated into thel@woégi by a specific
membrane carrier [170-172]. Following mannosylation of lumenal proteth lipid
acceptors, GDP is converted to GMP by Gdalp. GMP then exitsdlge IGmen in a
coupled, equimolar exchange, with cytosolic GDP-mannose [171]. In the absEnc
Gdalp, GDP can not be converted to GMP and entry of GDP-mannose igoltnés
impaired resulting in defects in Golgi mannosylation [46]. For imts#a membranes
prepared from th€. albicans null gdal/gdal strain showed a 90% decrease in the ability
to hydrolyze GDP compared to wild type membrane preparations [173]nithant also
showed severe defects in O-mannosylation and reduced cell wall pteosgmaent.
Since GPI-CWPs contain phosphate groups in their N- and O-linked melnaias [48],

a reduction in the phosphate content of the wall is taken as an iodicatieductions in
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the levels of GPI-CWP at the wall [173]. Alternatively, the lowhosphate levels may
result because shorter O-linked mannose chains are unable to agbsisates for
phosphomannan addition. Whether GPI-CWPs with shorter O-mannan chaingllcan st
anchor to the cell wall, are degraded inside the cell or exkcnete the growth medium
remains to be determined. Our results show much lower than wildeypks of GFP-
Saglp at the wall igdal/gdalcells, and the reporter protein is hyper-excreted into the
growth medium. It is possible that poorly O-mannosylated proteingxaeded from
being cross-linked to the wall and rather end-up as excreted mrdtgwever,
observations that. albicans gdal/gdal cells are more susceptible to the actiofs-df,3
glucanases implies a thinner outer layer of GPI-CWPs, whidnvproperly formed acts

to protect the underlyinf-1,3 glucan network from glucanases [68, 174]. The increased
access to cell-wall glucan gdal/gdal cells may result from lower GPI-CWP levels at
the wall, although the possibility that it may be a consequence of-orateosylation of
anchored GPI-CWPs can not be excluded. Shorter mannan chains would betanable
form the tight meshwork that forms through cross-links of longannose chains via
disulfide bridges and that limit the cell wall's porosity [174, 175]thinner mannan-
meshwork would thus lead to increased cell wall porosity. The GPI-CWP hygretier
phenotype, relative to wild-type cells that we observegdaigdal cells may be due to
this increased porosity in the wall, which would make retentionRIF@GNP precursors
less efficient. Notably, we did not see increases in the tdvatracellular protein in the
growth medium of these cells, which implies that increased |&Fd#s in the medium is

not due to leakage of intracellular components .
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3.4c. Advantages of the screening approach

The value of our experimental design lies in its functionalitg hgyh-throughput
approach to uncover genes required for fungal adhesin attachment ftongla¢ wall.
Previous studies demonstrate hyper-excretion of fluorescentljedalé&PI-protein in
cells deficient in this process, although no approach has beenttakernvey the genome
in its entirety. Genome-wide surveys for genes encoding GPI-maeom have been
done in silico [146] although such assays are limited by the eststhtquality of
experimental data available. Our genome-wide screen will offemplementary
experimental data to these computer-based surveys, and thuscaighjfcontribute to
uncovering genes involved in fungal cell wall development. Another iexpetal
approach has been to use mass spectrometry to identify andfyquatitiwall GPI-
protein. Though this approach has been applied to normal cells, it haseenlyxtended
to a few cell-wall mutants [18, 176], as the technique is not amenable for hogigttiput
screening. Our genome-wide approach has been specificallynddsitp handle
systematic growth of hundreds of strains at a time. Hyper and-dxgetion of the
marker is reproducibly assayed in a 96-well plate readingrifheter. Therefore the
procedure is easily replicable and adaptable to a range of dmdggrowth conditions.
Importantly, our set up facilitates determination of growthgestdy simply reading
optical density directly from the test tube where the cellsgrowing. The tubes are
inserted into a spectrophotometer for readings to calculdtearetentrations. This is a
convenient feature that allows us to assay for GPI-protein atéathion the wall at any

point during the cell growth cycle.
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3.4d. Other applicationsfor the screening assay

1. Direct screening for antifungal activity in libraries of compourgisch assays would
use standard strains of fungi, each expressing a species-apprognsade of the marker.
Such marker proteins would be prepared by standard molecular bieldgyiques and
expressed under promoters appropriate to the organism. We have demonibtisat
application inSaccharomyces cerevisiae, and it could be easily adapted to any fungus in
which there is a protein expression system [177-180].

2. The assay could be adapted to screen for mutations affectingatiebnchorage of
GPI cross-linked proteins in any species of fungus. The marker proteamother one
adapted to the specific species would be expressed from anexegdirstrain of fungus,
mutagenized, grown, and the mutants screened for strains thatexgpete or hypo-
excrete the marker protein relative to the parental strain.

3. A similar approach could be used to screen for drugs active agdiestonjanisms
with GPIl-anchored surface proteins. Malaria and trypanosomeslisgease-causing
organisms in this category. A standard strain expressing #asifluiorescent marker
protein could be treated with drug candidates one at a time, andothh grupernatants

assayed for hyper-excretion or hypo-excretion of the marker protein.
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Chapter 4

The homologous genes DCW1 and DFG5 are required for anchoring of GPI-

mannoproteinsto the fungal cell wall

4.1. Introduction

In an effort to identify enzymes involved in transporting GPIl-mannepretfrom
the plasma membrane to the cell wall in fungi, Kitagi esehrched the ORFs of tike
cerevisiae genome database for homologs of bacterial mannosidases known tpadartic
in similar enzymatic reactions [64]. They identified genestfar putative proteins that
share significant homology with bacterial family 75 of glycosesdtransglycosidases.
Together with glycosyltranferases, glycosidases form themaatalytic machinery for
the synthesis and breakage of glycosidic bonds in aR@ellp and Dfg5p are GPI-
mannoproteins of the plasma membrane, althoudgh aibicans Dfg5p also localizes to
the cell wall [148]. Adcwl/dcwl deletion rendered the cells hypersensitive to the cell-
wall-digesting enzyme Zymolyase, whereas deletionDB{G5 led to no observable
phenotypes [64]. Both single deletants exhibited normal morphology aadrgrmally
in rich and complete synthetic media [6BICW1 and DFG5 are functionally redundant
since their combined deletion leads to synthetic lethality and caedoeed by over-
expressing &OFG5 allele from theGAL1 promoter. The double mutant hyper-excretes
cell wall GPI-mannoproteins and becomes hyper-sensitive tavae#ldisrupting agents
following repression oDFG5 expression from th&AL1 promoter [64]. INS. cerevisiae,
DFG5 andDCWL1 are required for bud formation [147] whild=G5 is required for agar

invasion and growth at alkaline pH [181]. @ albicans, these genes have similar
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functions: at least one of them is required for growth [148], RG&S5 is required for
hyphal development [148]. Clearly, Dcwlp and Dfg5p play an importaatimatell wall
biogenesis. It has been hypothesized the proteins may the oneaue ttie GPI anchor
and transglycosylate the GPIl-anchor remnant protein to cdll pedysaccharides.

However, their role in this process remains far from clear.

Here we present new findings that support a role for Dcwlp dg8pDn the
cross-linking of GPI-protein to the fungal wall. Null mutants of thgsees fail to
properly anchor a GPI-CWP reporter protein (GFP-Saglp) to the Wil null mutants
hyper-excrete the reporter protein and localize less of theiprat the wall relative to
wild-type cells. When examined for levels of cytosolic proteithengrowth medium, as
evidence of possible cell death and lysis, we were unable to datieavhether the cells
were grown in the presence of the aspartyl protease inhibitoragiapstor not. This was
true for both mutant and wild-type cells. Growth in the presenceepbtatin A was
required for hyper-excretion of the GPI-CWP reporter proteindéwl/dcwl and
dfg5/dfgs cells, compared to wild-type cells, and did not affect grovatie or lead to
increases in cell death. In a different experiment, cultureewi/dcwl, dfgs5/dfgs and
GPI13/gpi13 cells showed abundant amounts of cytosolic protein in the growth media

when grown in the presence of the more general protease inhibitor PMSF.
4.2. Materialsand Methods
4.2a. Strains, media, plasmids, yeast transformation and growth conditions

The yeast strains utilized in this study are part of tHREFAN collection ofS.

cerevisiae gene deletion strains and were purchased fhovitrogen. The strains and
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their respective genotypes are listed in Table 4.1. The ygastsswere grown and
transformed with plasmid pGFP-Saglp as described in MaterialMatibds (Chapter
2). For growth in the presence of pepstatin A, the reagent was tuldelll solutions at
early log (ORep 0.2-0.3) to 1uM concentration from 1 mM pepstatin A stock solutions
prepared in methanol and kept at %0 For growth in the presence of PMSF, 200 mM
stock solutions were prepared in methanol and kept alG2&or growth, PMSF was

used at 1 mM concentrations.
4.2b. GFP quantification by dot-blot immunoanalysis and fluorescence microscopy

Strainsdcwl/dewl, dfgb/dfgs, GP113/gpil3 and the corresponding parental strain
were assayed for levels of excreted GFP by immunoblot analysig mouse anti-GFP
as the primary antibody and HRP-labeled Goat anti-mouse as spcantibody. Cell-
surface fluorescence was visualized and relative cell-sufffaceescence intensities
estimated using fluorescence microscopy. Both, immunoanalysis antifigaton of
cell-surface fluorescence were preformed as describedaiterials and Methods in

Chapters 2 and 3, respectively.
4.2c. Determination of effect of pepstatin A and PMSF on growth rate and cell viability

Three mL cultures oflcwl/dcwl, dfg5/dfg5, GP113/gpil3 and the corresponding
parental strain were grown in triplicate to early log ph&#©660 0.2-0.3). Pepstatin A
was added to 1M, and PMSF tolmM. For controls, identical groups of cultures were
similarly grown with the exception that no treatment was addedvtBravas monitored
for all cultures by taking regular OD measurements stantimgediately after addition of

the protease inhibitors. OD measurements were converted to ceknt@tion in
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cells/mL using the conversion factor of‘&6lls/mL per 0.3 OD units. To analyze the
effect of pepstatin A on growth rate diowl/dcwl, dfg5/dfg5 and wild-type cells, growth
curves were prepared for treated and non-treated cells thaiaoerell concentrations
over time. To examine the effect of pepstatin A in promotingdesth, treated and non-
treated cells were assayed by the methylene blue dyesext assay as described in
Materials and Methods (Chapter 2). The percentage of blue stdead)) (cells over total
number of cells examined (3000 per strain) and corresponding standarsl are

illustrated in bar graphs prepared usiMigrocal (TM) Origin 6.0 software.
4.2d. Determination of cytosolic protein in culture supernatants

To examine the effect of pepstatin A, PMSF and combined pepstaandA
PMSF, in the levels of cytosolic protein in the growth mediurdoafl/dcwl, dfg5/dfgs,
GPI13/gpi13 and wild-type cells, cultures were grown in triplicate wahd without
inhibitors as described above, and their cell-free supernataatgedstor levels of the
cytosolic protein phosphoglycerate kinase (PGK) by immunoblotting. Dot bl
immunoanalysis was carried out as described in Materials antbtite(Chapter 2I). In
summary, mid-log treated and non-treated cultures were ecgygtdfand 150 microliters
of cell-free supernatant blotted onto nitrocellulose membranes dingr with mouse
anti-PGK antiserum as the primary antibody at a concentratiOrbahg/mL and HRP-

labeled goat anti-mouse as the secondary antibody at a concentration 1:2@@4 dilut
4.3. Results and Discussion

4.3a. dewl and dfgs Null mutants hyper-excrete a GPI-CWP reporter protein when

grown in the presence the aspartyl protease inhibitor pepstatin A
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As can be observed from figures 4.1 and 4.2, null mutants oD@W1 and
DFG5 genes appear as hyper-excretors of GFP-Saglp when grown pneience of
pepstatin A. When grown without pepstatindig5/dfg5 cells differ little from wild-type
cells in the amount of excreted GFP, whdevl/dcwl cells show as hypo-excretors of
GFP-Saglp relative to wild-type cells. This negative resuttonsistent with previous
studies reporting a defective cell wall phenotypedmwl/dcwl cells and no observable
cell wall phenotypes fodfg5/dfg5 cells [64]. In particulardcwl/dcwl cells were found
to be hyper-sensitive to the cell-wall glucanase Zymolyasesilgpsbecause of a
thinning of the GPI-CWP outer layer which acts to protect inner cell wall patysirides
from hydrolytic enzymes [68, 175]. It can also be observed from Bgluk and 4.2 that
pepstatin A leads to a slight decrease in the levels of GEBpSa supernatants from
wild-type cells. Previous studies suggest that GPIl-anchorediydgpaiteases known as
yapsins may regulate GPI-CWP turnover by acting as “shedd#sais cleave the
proteins off the wall to be replaced by new ones [124]. By inhibitng “shedding”
activity, pepstatin A can lead to a decrease in the amounEBfSaglp molecules that
are cleaved off the wall and consequently to a lowering of theipnotelecules in the
medium. This provides a possible explanation as to why we sed&B8sSaglp in
supernatants from wild-type cells treated with pepsatin A wWign not treated, although
the effect is mild (Figures 4.1 and 4.2). In addition to inhibitingwdge of GFP-Saglp
from the wall, pepstatin A would also prevent “shedding” of GPI-CWRIs aspartyl
protease activity and thus lead to a lowering in the level ofptioiteolytic activity in the
medium. For aspartyl proteases successfully cleaved off theamdlreleased into the

medium, their activity would also be blocked by pepstatin A in thdian&Ve believe
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that by inhibiting “shedding” of aspartic proteases from the wall by blocking the
activity of aspartic proteases released into the medium, gigpst makes possible the
detection of GPI-CWP hyper-excretion fratowl/dcwl and dfg5/dfg5 relative to wild-

type cells. This phenotype has not been previously described for null shofatitese

genes.
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Figure 4.1. immunoblot analysis of effect of pesptatin A on excreted GFP-Sagip
yieids. Cultures were grown to early log (OD660 0.2) at 18 OC in CMS-URA containing 1
M sorbitol without (-} or with {+) added 1puM pepstatin A. Cultures were harvested at mid
log (OD660 0.6-0.8) and 100 pl of cell-free supernatant assayed for GFP levels using a
BioRad dot blottet/protein concentrator. Blots were probed with monoclonal anti-GFP
antiserum as the primary antibody and HRP-labeled goat anti-mouse as the secondary
antibody.
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Figure 4.2. Quantification of excreted GFP-Sag1p by analysis of dot blot in figure 4.1 using
imagedJ software. Integrated measures of the intensity and size (absolute intensity) were
determined for each spot and their relative intensities detemmined using the absolute intensity of
wild type cells not treated with pepstatin A as the standard or common point of comparison. That
is, the absolute intensity of each spot was divided by the absolute intensity of the spot from wild
type cells not treated with pepstatin A to determine relative intensities. Spots with relative
intensities lower than 1 have less protein than the standard and those with relative intensities
larger than 1 have more protein than the standard. The relative intensities are unitless values.
Based on their ability to hydrolyze and form new glycoskbads, Dcwlp and
Dfg5p have been postulated as the enzymes that cleave the GPI- ahtdmmplasma
membrane and transfer the GPI-anchor protein remnant to non-redéi¢irigéglucan
molecules at the wall. However, their precise role in this psocemains ambiguous.
Recent data shows that null mutants of these genes exhibit recdwedsl of a GFP-
labeled GPI-CWP reporter protein at the wall. Cells null forddwut heterozygous for

DFGS5, fail to anchor the reporter protein to wall polysaccharidesesit could notbe
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detected in cell wall preparations of this mutant. No attempts wade to determine the
extent of excretion of the reporter protein (Mao et al. Persmramunication). Mao’s
results are consistent with our observation that cell-surfaceefltence due to GFP-
Saglp expression is at least 1.5-2-fold lowedawl/dcwl and dfg5/dfgs cells than in
wild-type cells (Figure 4.7). Furthermore, our observation doatl/dcwl cells excrete
more GFP-Saglp thatig5/dfg5 cells, relative to wild type, implies an important role for
this gene in the cross-linking of GPI-proteins to cell-wall gluéollowing cleavage of
the GPIl-anchor most likely by Dfg5p. Mao’s observation tt@tl/dcwl cells with a
healthy copy ofDFG5, completely fail to anchor the GPI-CWP reporter protein & th
wall differ from our observations that anchorage can still pabdealcwl/dcwl cells
although to a lesser extent than in wild-type cells (Figui@®. This discrepancy may
result from differences in reporter protein, expression yielud/oa differences in strain
genetic background. Our robust expression system to enhance GdPnyay increase
the number of GFP molecules at the wall to detectable lemetcwl/dcwl cells.
Combined with Mao’s observations, our results suggest an indispensabterrblcwlp
in cross-linking GPI-CWPs to the cell wall. Notably, although we obsaigaificant
increments in the levels of excreted GFP-Saglgicwil/dcwl anddfgb/dfgs cells in the
presence of pestatin A, the same does not hold true for the cytposumkin PGK (Figure
4.3). When assayed for levels of excreted PGK, none of the céliugdnts examined
showed increased levels of PGK in their supernatants in the peesepepstatin A and
the same was true for wild type. However, PGK was sigmifigehyper-excreted when
the cells were grown in the presence of the protease inhiBMBF and when both

inhibitors are used together (Figure 4.3). These findings suggegiabtatin A’s effect
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in increasing GFP-Sagp1 yields is not due to cell death and subteglidysis and that
PMSF might be causing cell lysis since large amounts of R &kKe detected in

supernatants from cells grown in the presence of PMSF.

HNo treatment (NT)

1 Mm PMSF

0.2 pM Pepstatin A (pep A)
PMSF + Pepstatin A (pep A)

Wild type NT Wild type PMSF
Wild type Pep A Wild type PMSF + Pep A dewl/dew? NT
dewt/dew! PMSF dewl/doewt Pep &
‘ -’ = - . E S ‘
dewl/dew?! PMSF + Pep A dfgSidfg5 NT difg5/dfg5 PMSF
» ® . . 1
dfg5/dfgs Pep A dfg5/cifg5 PMSF + Pep A
"= » 9 - @
GPM3/gpi13 NT GPi13/gpi13 PMSF GPH3/gpi13 Pep A

® - . * -
GP13/gpi13 PMSF + Pep A

& &

Figure 4.3. Dot biot analysis of PGK levels in cell-free supernatants of cells treated
with pepstatin A , PMSF and both inhibitors together. 3 ml subclone cultures were
grown in quintuple to early log phase (OD,;, 0.2) at 18 "C in CSM-URA containing 1 M
sorbitol, and treated with TmM PMSF, pepstatin A, or both. Cultures were harvested at
mid-log phase (OD;,, 0.6-0.8) and their cell-free supernatants assayed for PGK levels
using mouse monoclonal anti-PGK as the primary antibody and HRP-labeled goat anti-
mouse as the secondary antibody.

It should be pointed out th&P113/gpi13 cells, which we found strongly hyper-
excrete GFP-Saglp in the absence of pepstatin A (Chaptare2hot affected by the
addition of pestatin A to the growth medium. It can be observed figurel 4.1 and 4.2

that the level of excreted GFP-Saglp in these cells rentarsatne whether the cells are
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grown with or without pepstatin A. This result supports our previousrgsfan that the
level of GFP-Saglp excretion from these cells may be abundant etmudjow for
detection of the GPI-CWP hyper-excretion phenotype even on the faB&ERSaglp
degradation by extracellular proteases. As observedciel/dcwl, dfg5/dfgs and wild-
type cells, pepstatin A did not lead to an increase in the lewsfta$olic protein in the

growth medium of5PI13/gpi13 cells (Figure 4.3).

4.3b. Pestatin A does not affect growth rate and does not lead to increasesin cell death

Our evidence that pestatin A significantly increases yieladscreted GFP-Saglp
without compromising the cell’s health is supported by observations that pepstatin A does
not affect growth rate and does not lead to significant lossesllimiability. Figures 4.5
and 4.6 show growth curves fdewl/dcwl anddfg5/dfg5 cells, respectively, grown with
and without pepstatin A compared to growth curves for wild-type ¢edated and not
treated with pepstatin A. Althougltwl/dcwl anddfg5/dfgs cells appear to grow slower
than wild-type cells, it can be observed from figures 4.5 and 4.6aigrowth rates do
not change by the addition of pepstatin A. In other words the cells grthe same rate

whether pepstatin A is added to the medium or not.

Cell death percentages for cells grown in the presencepstgtiem A and for non-
treated cells were estimated by the methylene blue esnlusssay which permits
distinguishing of dead cells from live ones based on differential gadyitity of the cells
to the dye. Live cells have active mechanisms that can pump epdhe dye out of the
cell and thus remain white/clear under the light microscopereabedead cells appear

deep blue because of their inability to prevent entry of the migethe cell. Figure 4.4
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shows that the percentage of blue cells does not differ greatly betwestatipep treated

and non-treated cells for any of the examined strains.
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Figure 4.4. Effect of pepstatin A on celf viability. Percent cell death was detemmined
by the methylene blue exclusion assay which stains dead cells blue. Average
percentages and corresponding standard errors were based on triplicate counts of 1000
cells [total 1000 or 30007] for each strain and taking the ratio of blue {dead) cells over
total number of cells counted times 100. Cultures were grown to early log (OD680,, 0.2)
at 18 °C in CSM-URA containing 1 M sorbitol , without {-} or with 1 uM pepstatin A {(+).
Cell samples for staining with methylene blue were collected at 0, 6 and 12 hours after
addition of pepstatin A.
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Figure 4.5. Effect of pepstatin A on growth rate of wild type and dew{.dcwT cells.
Cells were grown to early log phase (OD;;, 0.2) at 18 °C in CSM-URA containing 1 M
sorbitol. At T=0 hrs, cultures were split, and Pepstatin A (1 pM) was added to half of
the subcultures. OD,,, measurements were taken at indicated intervals.
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Figure 4.6. Effect of pepstatin A on growth rate of wild type and dfgs/«dfg5
cells. Cells were grown to early log phase (OD,;, 0.2) at 18 °C in CSM-URA
containing 1 M sorbitol. At T=0 hrs, cultures were split, and Pepstatin A (1 pM)
was added to half of the subcultures. ODg;, measurements were taken at
indicated intervals.
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Homologs of Dcwlp and Dfgbp are widely distributed among the fungi and
constitute a large family whose members are speculated taiptdgr roles to those of
Dcwlp and Dfg5p. Although it has been previously showndbai/dcwl, DFG5/dfg5
cells hyper-excrete GPI-CWPs into the growth medium, wettsefirst to report a
similar phenotype for individual null mutants of these genes. Bechedg/per-excretion
phenotype, relative to wild-type cells, appears graver in cefisimgyDCWL than in cells
deleted foDFG5, our results suggest a more critical roleB&@WL1 than forDFG5 in the
cross-linking of GPI-CWPs to cell-wall glucan. These resaiflesconsistent with others’
observations thaticwl/dcwl cells exhibit more severe wall phenotypes tiifgb/dfg5
cells. Combined with previous observations, our results suggedD@Wi and DFG5
may not be redundant genes that compensate for each other’s function but ratlteeshare
process of cleaving the GPIl-anchor and cross-linking the ancheispremnant to cell-
wall glucan. The mechanism may be one by which Dfg5p prefatligrdicts to cleave at
the glycan part of the GPIl-anchor while Dcwlp catalyzes 4nosgsng of the
glycoprotein product to the cell wall. Alternatively, both Dcw1p anggpfmight harbor
the ability to process the GPIl-anchor while transglycosyldtarell-wall glucan is more
optimally carried-out by Dcwlp. This would help explain wdfg5 deletions are less
detrimental to the integrity of the cell wall and our obseoratihatdcwl/dcwl cells
excrete significantly more GFP-Saglp thdfg5/dfgs cells relative to wild-type cells.
Elucidation of the enzymatic function and the role in cell walbspnthesis of
Dcwl1p/Dfg5p may reveal a common and critical step in the cdll biasynthesis of
fungi. This may lead to the development of new antifungal drugsthe cell wall

biosynthesis pathway is specific to fungi and not found in higher yotiesr such as
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animals and plants. It is likely that new aspects of cell brakynthesis will be clarified

by investigating CWL/DFG5.
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Chapter 5

Concluding Remarks

5.1. A need for novel antifungals

The need for novel antifungal treatments has become critichkihast decades
due to the growing number of patients suffering from immunosupressioond the
affected patients are those undergoing cancer treatmetitgsen¢s of organ transplants
and medical indwelling devices as well as the criticallytiie elderly and the newborn.
Adding to this need is the incremental use of currently availdal#atments as a
preventive measure among those at most risk since this practagidly leading to the
emergence of resistant strains. With the exception of thm@zhandins, which disrupt
cell wall synthesis, currently available antifungals work to ithgéasma membrane

synthesis and can thus present serious toxicity problems to mammalian cells

5.2 GPI-CWP anchorage to the fungal cell wall: an ideal target for antifungal drug

design.

Based on the much milder toxicity effects and overall successciated with
cell-wall targeted antifungals, large interest exists wettging novel drugs capable of
targeting the cell wall. A condition hampering this processiesunavailability of ideal
cell wall targets. To aid in the elucidation of novel cell Iwaltgets we developed an
approach to screen the fungal genome for genes required for thdirdkogs-of GPI-
CWPs to the fungal wall. The biosynthetic pathway for the incotiporeof these
proteins at the wall represents an excellent target becais@ssential and unique to

fungi. Additionally, the fungal cell depends on an arsenal of GPI-CWHRseawall to
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build the wall, to maintain cell wall stability and proper functigniand in the case

pathogenic fungi to aid in the process of infection.

To search for genes required for GPI-CWP anchoring to thevedliwe tested
the idea that mutants unable to properly cross-link GPI-CWR&eowall could be
identified based on their expression patterns of a GPI-CWP mandd&in. Such mutants
would either retain the marker protein within the cell (hyporetoes) or upon failing to
anchor the reporter protein to the wall hyper-excrete it intgitvth medium relative to
wild type strains. The marker protein was made by fusing GHfetoarboxyl end of the
GPI-CWPa-agglutinin and was hyper-excreted from cell-wall mutants prelji@imwn

to hyper-excrete GPI-CWPs.

5.3. Development of arobust reporting assay of deficienciesin GPI-CWP anchorage

to the cell wall

To address the commonly encountered problem of low GFP yieldgupetiy in
assays requiring excretion of GFP into the culturing medium, atrelpsession system
was developed that lead to significant increase in GFP yields.ob$erved that by
expressing the GFP reporter protein from@RD1 promoter at lower temperature in the
presence of 1 M sorbitol and at pH 6.5, GFP yields increasedisufiycto enable its
detection above interference/background fluorescence, which in combinatiotow
expression yields, has limited the use of GFP as a reporterotdin excretion. The
increase in GFP yields is likely due to enhanced protein solatiiz and folding which
can prevent the formation of protein aggregates that can signifidamier protein

yields. This assumption was based on previous studies that show tilasorbitol
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induces synthesis of intracellular glycerol to counterbalance hagitete concentrations
outside the cell, and that glycerol promotes protein folding by etiogn protein
solubilization and stability. Furthermore, up-regulation of heat-shaafeips that aid in

protein folding has also been reportedierevisiae cells exposed to high osmolarity.

Other studies have shown enhanced folding of GFP and reductionteéag®
activity at lower temperature, which can work synergisticalyurther enhance protein
yields. A previous study also shows that 1 M sorbitol increas@sdription from the
GPD1 promoter inS cerevisiae to at least 8-fold. In such studgpdla cells were
transformed with an episomal copy of tBED1 gene thus transcription of the gene could
be driven from the cytoplasm. These findings imply that the inede&3FP vyields
observed in this study could also be due to enhanced transcription fro@Pie

promoter in the presence of 1 M sorbitol.

In summary, it is likely that better GFP yields resultednf the combined effects
of increased transcription under conditions that promote protein staarlidy better
protein folding. Additionally, many studies report bottle necks atl¢hel of post-
transcriptional protein processing, thus conditions that prevent aggregatmisfolded
proteins and keep the proteins stable during folding should lead toficsighi

improvements in functional protein yields.

5.4. High-throughput application of the reporting assay to screen for genesrequired

for GPI-CWP anchorageto the cell wall.

With a robust marker protein expression system in place it bepasmble to

obtain measurable marker protein quantities from small cultunemes. This in turn
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allowed for the scaling-up of sample analysis. For examplepdapible marker protein
amounts could be detected from microliter volumes of cell-freersafats from 3 mL
cultures. Growing 3 mL cultures in 100x13 borosilicate tubes providedittamtage that
cell growth could be conveniently monitored by taking OD measurerdeetsly from
the tubes. For large-scale screening of deficiencies in an@&hofdle reporter protein to
the cell wall, 178 gene deletants from tRecerevisiae gene deletion collection were
transformed in high throughput with plasmid pGFP-Saglp encoding theerepmtein.
Transformed colonies of similar size were grown in test tubes as jusbéesto mid-log
phase and 200l of their cell-free supernatants assayed for GFP lavglsg a 96-well
plate reader fluorimeter. Triplicate assays using this appieadnto the identification of
seven hyper-excretors of the cell wall marker protein tivelato wild type parental
strains. The seven strains were subjected to secondary stweawhfirmation of the
hyper-excretion phenotype. Secondary screens were based in déteBtion by
immunoblotting and collection of complete fluorescence spectra that beutorrected
for background/interference fluorescence. Upon secondary screensyffthue seven
gene deletants were confirmed as genuine hyper-excretortheFH@maining three, GFP
was barely detectable using anti-GFP antibodies. All seven rautae also found to
excrete less than wild type levels of the cytosolic marBgohosphoglycerate kinase
(PGK), indicating that increased GFP levels in cell-frggesnatants was unlikely to be
due to cell death and lysis. Confirmed hyper-excretors and e galstive were further
examined for total protein excreted into the growth medium. No gignifdifference in

total protein was observed among the examined strains.
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5.5. Genesidentified asrequired for GPI-CWP anchorageto the cell wall

Two essential geneBMICD4 and GPI13, previously implicated in GPIl-anchor
biosynthesis were found to lead to GPI-CWP hyper-excretion ankkvate GPI-CWP
levels at the cell wall 2-4 fold relative to wild-typdlsavhen one allele was deleted. The
genes have been described to add ethanolamine phosphate groups semesidaes of
the GPIl-anchorGPI13 plays a critical role as it adds the ethanolamine phosphate that
links the GPI-anchor to precursor GPI-CWPs via an amide. @84 is thought to add
ethanolamine to the first mannose residue of the GPIl-anchor. Both genessential in

fungi, and not in mammals, which make them ideal targets for drug design.

The GDA1 and TDH3 genes are not essential for cell viability and their diploid
null mutants showed substantial lowering of the GPI-CWPs markéeiprat the wall
and hyper-excreted the marker protein relative to wild-typks. DAL is a GDPase
involved in elongation of O-linked mannan side chains of GPI-CWRseaGblgi, and
TDH3 is a glycolytic enzyme that resides both inside the cellaanide cell wall and has
been found to act as an adhesin that promotes cell-cell bindingdiesion to host
substrates. I'€. albicans, TDH3 was also found to act as immunogen to activate a host

immune response.

5.6. Pepstatin A enhances sensitivity of the screening assay

Addition of 1 uM pepstatin A to early log cultures led to large increases
excreted GFP in mutants that would otherwise show as hypotesscrelative to wild-
type cells. Such was the case for null mutants of the trarmsytiases Dcwlp and Dfg5p,

which have been suggested to play a direct role in the crossgi@é|-CWPs to the cell
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wall. Pepstatin A is an aspartyl protease inhibitor, thus it &acayo protect excreted GFP
from proteolysis. Pepstatin A may also inhibit the “shedding” of-&fhored aspartyl
proteases from the wall which would further lower proteolytitvag in the medium.
This would be consistent with the observation that pepstatin A leadslight decrease
of the marker protein in supernatants from wild-type cells. Atdbwcentration used,

peptatin A was observed not to affect growth rate or to increase cell death.

Although the genomic screen was carried out without the use ofatinpatfor
concerns that it would add to cell-wall damage due to previouslybadcrioles to
aspartyl proteases in cell-wall maintenance, the findings flosnstudy describe and
suggest conditions that may substantially increase the segsitiihe screening assay.
Importantly, because we have defined conditions that enhanced the @ePols a
reporter of protein excretion, the assay may be applied to aguduof interest with

suitable protein expression systems.
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