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Summary

Candida spp. have assumed increasing prominence as major human
pathogens which cause significant morbidity and mortality. The incidence of
nosocomial Candidal infections, particularly nosocomial candidemia, increased
dramatically in the past decade and in the United States as well as in Taiwan.
However, little, if any, studies exploring pathogenesis of candidiasis is conducted
in Taiwan. Several potential virulence factors in Candida have been examined.
Among them, secreted aspartyl proteinases from C. albicans, the most
important pathogen of candidiasis, raise more intention recently. Knowledge of
virulence factors or mechanisms of regulation or secretion of these virulence
factors can be applied to develop strategies for new antifungal agents. Recently,
the secretion pathway has provided a valid target for antibacterial chemotherapy.
Considering the molecules involving protein secretion, ADP-ribosylation factors
(Arfs) are highly conserved ~20 kDa guanine nucleotide-binding proteins that
enhance the ADP-ribosyltransferase activity of cholera toxin, and are believed to

participate in vesicular transport in both endocytic and exocytic pathways.

During the prior project period, immunoblotting analysis identified three
Candida proteins, which are immunologically related to S. cerevisiae Arf proteins
(yArf1, yArf2 and yArl1). Besides, the expression levels of assumed Arf2, Arl1
and Arf1 proteins were the same between the majority of Candida species tested.
They included four leading pathogens of candidemia (C. albicans, C. parapsilosss,

C. tropicalis, C. glabrata), as well as three emerging pathogens (C. guiffemondi,
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C. krusei, C. lusitaniae). This data confirm that Arfs are highly conserved

throughout evolution.

During the current project year, ARF gene of C. albicans was cloned. In
order to define the role of Arf proteins in the secretion of aspartyl proteinases, arf
null mutants were constructed by Ura-blaster technique for sequential disruption
of two alleles of ARF gene of C. albicans strain SC5314 by integrative
transformation using URA3 as a selectable marker. As the celiular localization of
cArf1 could provide hints regarding its function, indirect immunofiuorescence
staining of C. afbicans was done. Using anti-yArf1 polyclonal antibody, a
punctate staining in the cytoplasms of C. albicans yeast cells was observed. The
picture was similar to that obtained in S. cerevistae. There was no perinucleaar
staining typical for ER localization. On the other hand, C. albicans with hypha
formation showed intense staining near the junction of mother cell and hyphae. It
is compatible with the hypothesis that Arf protein might participate in protein

transport.

Key words: Candida albicans, ARF, ADP-ribosylation factor, secreted aspartyl

proteinase, virulence factor, protein transport



Introduction

Patients with candidiasis increasing worldwide. Candida spp. have
assumed increasing prominence as major pathogens in medical centers as well
as in community hospitals. The incidence of nosocomial Candidal infections
increased dramatically in the past decade in the United States as well as in
Taiwan. They cause excessive length of hospitalization and carry a significantly
high case fatality rate, particularly in nosocomial candidemia {up to 50%) (1-3).
Candida became the leading blood culture isolates in several medical centers in
the Untied States (4) and was the most common pathogens causing nosocomial
bloodstream and urinary tract infections at National Taiwan University Hospital
since 1993 (5). However, little, if any, studies exploring pathogenesis of

candidiasis is conducted in Taiwan.

A secreted virulence factor in Candida A growing list of potential
virulence factor in Candida has been examined (6). Among them, secreted
aspartyl proteinases (Saps} in C. albicans raises more intention recently (7,8).
Comparing different Candida species, aspartyl proteinases are secreted almost
exclusively by pathogenic strains of Candida either in culture or at the infectious
sites, but not by nonpathogenic Candida species, and its potential role in the
host-pathogen interactions has been explored {10-12). Recently, disruption
mutants of several SAP gene family have been constructed and demonstrated
attenuated virulence in animal models (33,34), As we know, despite of antifungal

treatment and aggressive intensive care, the attributable mortality and morbidity



of candidemia remained high. Development of new antifungal agents with less
toxicity and potent fungicidal effects, and, if possible, against new target to
overcome the emergence of resistance to present antifungal agents is warranted.
Knowledge of virulence factors or mechanisms of regulation or secretion of these
virulence factors can be applied to develop strategies for new antifungal agents.
As renin and the protease of HIV, other members of asparty| proteinases family,
have been intensely studied and proved to be a useful target for drug design (9),
In addition, the secretion pathway has provided a valid target for antibacterial
chemotherapy recently (28-30). Saps proteins and their secretion pathway,

provide a new target of antifungal agents.

ADP-ribosylation factors (Arfs). Considering the molecules involving
protein secretion, ADP-ribosylation factors (Arfs) are believed to participate in
vesicular transport in both endocytic and exocytic pathways (13-15). The Arf
family comprises a group of structurally and functionally conserved ~20 kDa
guanine nucleotide-binding proteins in eukaryotes, which are members of the
Ras superfamily of regulatory GTP-binding proteins {13). Arfs have been found to
have a number of disparate activities, including the regulation of membrane
traffic in both endocytic and exocytic pathways and play an important role in
vesicle transport (13-15}. The Arf family is divided functionally into the Arf and
Arf-like (Arl) proteins. Arfs can be distinguished from Arls by their ability to act as
cofactors for cholera toxin-dependent ADP-riboxylation of the heterotrimeric G
protein G,, and ability to rescue lethal, double arf1-arf2- deletion in the

Saccharomyces cerevisiae (13).
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Arfs appear to cycle between an active, membrane-bound state when
GTP or the non-hydrolyzable analogue guanosine 5' (y-thiojtriphosphate (GTPyS),
is bound, and an inactive, soluble state when bound GTP is hydrolyzed to GDP,
with assistance of a GTPase-activating protein (GAP). Conversion of Arf-GDP to
Arf-GTP is promoted by a guanine nucleotide-exchange protein (GEP) (16).
Brefeldin A {(BFA), a fungal metabolite, reversibly causes rapid disintegration of
Arf from the Golgi membranes by affecting GDP/GTP exchange in cells (17).
Previous study identified a Arf protein (PfArf1) predominantly expressed in the
ring stage of Plasmodium falciparum (18) and some evidence suggest that BFA

also affects the transport of most parasitic proteins in the erythrocyte {(19).

Using polymerase chain reaction-based techniques and molecular cloning
from cDNA and genomic libraries, a multigene family was identified that
includes three ARF genes in S. cerevisiae and six in mammalians (13,20). Based
on size, phylogenetic analysis, amino acid sequence, and gene structure, the
mammalian Arfs fall into three classes: class | (Arfs 1,2, and 3) with 181 amino
acids, class ! {Arfs 4 and 5) with 180 amino acids, and class lll (Arf6) with 175
amino acids. They share 65-96% amino acid identity and contain consensus
sequences believed to involve in quanine nucleotide binding and GTP hydrolysis
(phosphate binding) (20). In addition, they have glycine at position 2 (the site of
N-myristoylation), lack the Cys-Ala-Ala-Xaa box motif (site of C-terminal
carboxypeptidase cleavage. carboxymethylation, and prenylation in most

members of the Ras superfamily).



Yeast Arf proteins, along with ypt1- and rab-related gene products, have
been implicated in vesicular transport, including budding from the endoplasmic
reticulum and fusion at the Golgi, endosome, and nuclear membranes (13-15). It
seemed likely that the several mammalian Arfs should have different functions
and intracellular localizations (21). Consistent with this view, Arf1, 3, and 5
proteins clearly differed in their binding to a Golgi fractions well as in their
dependence on accessory proteins for interaction with Golgi and, perhaps. other

cellular membranes.

Targeted mutagenesis. Many C. albicans genes were first cloned by
complementation of mutations in S. cerevisiae counterparts or conferring new
attributes to the latter. Regarding the evolutionary distance between S cerevisiae
and C. afbicans, and the fact that C. albicans is an extremely common pathogen,
and S. cerevisiae is only rarely associated with clinical disease, it is likely that
expression of these genes in vivo might be varied and some of the homologous
genes might do different things in different host {31). For example, the pathway in
S. cerevisiae that is used for mating reaction is used in Candida to signal
transduction to a filamentous form. Therefore, exploring these genes will point to
special adaptation for the commensal and ultimately the pathogenic life style.
Direct mutagenesis of target gene is required to explore the role of ARF1 gene in
protein transport. The fact that the organism is diploid and has no known sexual
cycle has hindered the genetic study of potential virulence factors of this
increasingly common cause of serious infections. Despite these practical

difficulties, the recent years have seen a number of advances in the molecular



genetics of C. atbicans, including methods for transformation, the construction of
autonomously replicating plasmids, and a technique for gene disruption involving

convenient inactivation of both alleles of a gene (31}

Objectives. In C. albicans, two ARF genes are isolated and sequenced
(GenBank accession No. M54910 and No. P22274) (13,22). However, little is
known about their cellular function. Our goal in this project was to construct ARF
disruption mutants C. atbicans and to define the role of Arf proteins in the

transport of secreted aspartyl proteinases in C. atbicans.



Materials and Methods

Strains, media, and culture conditions. The C. albicans strains used in this
study were SC5314, CAl4 and CAI12. CAl4 and CAI12, obtained from Dr. WA
Fonzi (25), are homozygous ura3 null mutant and URA3 revertant strain,
respectively, and are isogenic to SC5314, a clinical isolate from a patient with
disseminated candidiasis. As more and more researchers using CAl4 to
construct disruption mutants of their interested genes, the genetic background of
SC5314 is elucidated gradually. All strains were routinely propagated in YEPD
(2% Bacto-Peptone [Difco Laboratories, Detroit, Mich.], 1% yeast extract, 2%
glucose), or synthetic dextrose (SD) (0.7% yeast nitrogen base without amina
acids, 2% glucose) agar or medium at 30°C. Agar was added (2%) for solid
media. Yeast cells were induced to form germ tubes in fetal bovine serum or
RPMI 1640 with L-glutamin at 37°C for 2 hr. Media were supplemented with 50
ug of uridine per mi as required. Selection of auxotrophs was on SD medium

containing 5-fluoroorotic acid (5-FOA).

PET15b vector (Novagen, Inc., WI, USA) was used for cloning and expression of
fusion protein in £. coli. £. coli DH5w{recA-) was used as a host for plasmid
construction and E. cofi BL21 (FrompT hsd Sg (rg"mp~)gal dem (DE3)) as a host
for expression of fusion protein for rapid affinity purification, Candida and E. coii
were cultivated aerobically at 30°C and 37°C on a rotary shaker (200 rpm),

respectively.
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PCR cloning of ARF gene family other than ARF1. The protocot used for PCR
amplification was described previously (20). Primers were designed based on
concensus sequences of yARF gene family. PCR with a specific primer, similar
to rapid amplification of cDNA ends-PCR (RACE-PCR)(23), was used to isolate
the 3" and &' ends of the ARF analogue. After the complete cARF cDNA was

obtained, DNA sequences was analyzed by deoxy chain-termination method (24).

Chromosomal location of cARF1. Chromosomal DNA was resolved by pulsed-
field gel electrophoresis with a contour-clamped homogeneous electric field
system (BioRad} and transferred to a nylon membrane. The probe and

hybridization methods were the same as described in Southern blot analysis.

Northern blot quantification of Candida total RNA. Total RNA from mid-log
Candida cultures grown in YPD medium was isolated by the guanidinium
thiocyanate/phenol-chloroform method, separated on an agarose gel containing
formaldehyde, and transferred and hybridized as described above. Befare
transfer, gels were stained with ethidium bromide in order to ascertain that equal
amounts of total RNA have been separated. For quantitative analysis of the
signals, the membranes will be exposed for several hours to a phosphor screen,
which is subsequently analyzed by a Phosphorimager {Molecutar Dynamics,

Sunnyvale, Calif.).

Plasmid construction and expression of recombinant cArf proteins in E.
coli. For the 6-His-tagged cArf fusion proteins, DNA fragments containing the

coding regions of cARF1 {GenBank accession No, M54910: open reading frame.



395-934 nt) and newly identified cARFs was generated by amplifying Candida
CDNA library with the sequence-specific primers that incorporate restriction sites
for transfer to plasmid pET15b (Novagen: Madison W1, USA). £. cofi BL21 (DE3)
competent cells was transformed with recombinant plasmid, and grown on LB
plates containing ampicillin (100 ug/ml). To identify colonies that have the highest
expression of the target protein, transformants (2 m! each) were grown in 6-well
plates for 3 hr before induction with isoprophyl-D-thio-galactopyranoside (IPTG)
(final concentration, 0.5 mM) for 2 h. The total lysate from a 100-pul sample of
each transformant was first assessed by analysis on sodium dodecyl! sulfate
(SDS} polyacrylamide gel (PAGE} under reducing condition, followed by
Coomassie blue staining. For large-scale expression, 25 ml of overnight culture
was used to inoculate 500 ml of LB broth containing ampicillin (100 ug/mi), and
protein expression was be induced with 0.5 mM IPTG for 3 h after QD600
reached around 0.5. The distribution of target protein in soiuble fraction and

insoluble fraction was determined before affinity purification.

Rapid affinity purificaiton of cArf fusion proteins. pET15b carries the

His * Tag sequence which binds to Ni2* immobilized on the His * Bind metal
chelatin resin, after unbound proteins are washed away, the target protein was
recovered by elution with imidazole gradient. Target protein was purified from
soluble fraction in native form and from insoluble fraction under denaturing
condition by adding urea {final concentration 6M) to binding buffer, wash buffer

and elute buffer. Protein concentration was determined by Coomassie Blue dye-



binding assay (Bio-Rad}, and purity was assessed by SDS-PAGE foliowed by

Coomassie Blue staining.

Antisera production and immuncblotting. Polyclonal antisera against cArf1,
yArf1, yArf2, yArl and yArp were raised by immunizing rabbits with the fusion
proteins expressed in E. cofi. Protein samples prepared from clinical isolates of C.
afbicans and other Candida species was separated by 12% SDS-PAGE,
transferred onto a nylon membrane, and incubated with the antisera at a dilution
fo 1/1,000. Immunoreactivity was detected using the ECL kit (Amersham's Corp.)
according to manufacturer's instructions. For blocking of the Arf-specific antisera,

100ug of serum was incubated with certain amount of recombinant fusion

proteins at 4°C overnight.

Subcellular localization. To determine the intracellular localization of cArf
protein, we construct an HA-epitope-tagged version of cArf fusion pratein.
Western analysis using anti-HA, antibody should show that the recombinant
protein migrated as a 20 kDa band, which could rnot be detected in strains
containing only the untagged cArfp. Indirect immunoflourescence using the anti-

HA monoclonal antibodies and polyclonal antibodies against cArfp was used.

C. albicans ARF1 gene cloning and disruption. Gene disruption mutants were
constructed by Ura-blaster technique for sequential disruption of multiple alleles
by integrative transformation using URA3J as a selectable marker (25). Fuli-length
C. albicans ARF1 gene was amplified by PCR using SC5314 genomic DNA as

template. Primers were designed based on C. albicans ARF1 gene (GeneBank



accession number M543810) to amplify the 540-bp coding region and introduce
Ndel and BamHl sites at either ends. PCR product was cloned into Ndel/BamH|
sites of pET15b. This plasmid was then digested with Aful to delete 216-bp
fragment and replaced by a blunt-ended Kpnl/Hindlll fragment of pMB-7, which
contains the C. albicans URA3 gene flanked by direct repeats of Salmonefia hisG
DNA (25). The resulting plasmid, designated pYC11, was digested with Ndel and
BamH! to release the insert (ARFD cassette), which was used to transform CAl4
by a lithium acetate method {32). Selection of Ura3’ isolates resulting form css
recombination between the hisG repeats was facilitated by plating transformants
onto synthetic dextrose agar plate containing 0.1% (w/v) 5-FQA and 50 ug of
uridine per ml. The disruption transformants were repeated until a null mutants

was generated. All isolated were verified by Southern blot analyses.

Southern blot analysis of Candida genomic DNA. Candida genomic DNA was
isolated (26), and either directly subjected to pulse-field gel electorphoresis on a
CHEF-DRINI unit (Bio-RAD; Hercules, CA, USA), or after digestion with restriction

endonuciease Xbal or SAl, subjected to agarose gel electrophoresis. DNA was

transferred to a nylon membrane, hybridized with a random-primed 32P-labeled
probe for 16h, washed. and autoradiographed (27). The cARF probes was a 540-
bp DNA fragment amplified by PCR from genomic DNA Blotting was carried out
with Hybond-N nylon membranes (Amersham, Chicago, lIl.) as described in the

manufacturer's instructions.



Determination of growth rate of arf mutants. C. afbicans strains were grown in
YEPD medium with or without supplemented uridine at 30°C on a rotaray shaker
(200rpm) for 24h. The cells were then washed in PBS and counted with a
hemacytometer. The cell suspensions were adjusted to 10°cells/ml and used to
inoculate 100 ml YEPD to a final optical density of 0.01-0.02 at 600nm. The
0D, was measured every hour until the stationary phase of the growth curve
was reached. The doubling time during the log phase was determined by the
formula: In{2xt}({Inb-Ina) (t = time period in hour; a = QD at the beginning of

time period; b = ODy,, at the end of time period) (37).

Morphogenesis of C. albicans arf mutants. The cells were incubated on
albumin-containing media for over 10 days and the edge of the colonies was
observed. Micraoscopic examination was done to verify the morphology of the
cells. Induction of germ tube formation was accomplished by growing yeast in
YEPD at 30°C for 24h (stationary-phase), washed in water, and then transferring
to the defined tissue culture medium RPMI 1640 with L-glutamine (RPMI; Gibco
BRL catalogue number 11875), YEPD with 5% fetal bovine serum (Life
Technologies, Inc.), or Medium 189 (Gibco) to achieve approximately 10° cells/ml
and incubating at 37°C with shaking (200rpm) for 24h. The proportion of germ
tube formation and the length of germ tube were measured at 2h, 4h, 6h, and
24h. Moreover, the strains grew under hyphae-inducing conditions was stained
with calcofluor white to demonstrate the deposition of chitin, which normally most
intensely focused on sites of budding. in bud scars, and in septa between cells

(35).



Effects of arf mutants on proteinase secretion. C. albicans proteinase
secretion was induced as described (36); organisms were grown at 25°C to
prevent the formation of hyphae. Plate assays for proteinase production
incorporated 1% agarose in the standard media and were enhanced by staining
with 0.1% Amido Black in acetic acid/methanolf H20 (10:25:65), followed by
destaining in acetic acid/methancl/water. Proteinase secretion in yeast phase
and in hyphae-induction media (see above) was evaluated at 2h, 4h, 6h and 24h

after induction.
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Results

Construction of the C. albicans ARF1 null mutant. Plasmids for gene
disruption were constructed. Now the preparation of C. albicans arf! mutants is

still in progress.

Indirect immunofluorescence to localize cArf1. As the cellular localization of
cArf1 could provide hints regarding its function, indirect immunofluorescence
staining of C. albicans was done. Several growth conditions were evaluated. C.

alhicans SC5314 was fixed with formaldehyde. Spheroplasts were prepared by

zymolase digestion of cell walls. Using anti-yArf1 polyclional antibody. a punctate

staining in the cytoplasms of C. albicans yeast cells was observed. The picture
was similar to that obtained in S. cerevisiae. There was no perinucleaar staining
typical for ER localization. On the other hand, C. afbicans with hypha formation
showed intense staining near the junction of mother cell and hyphae. it is
compatible with the hypothesis that Arf protein might participate in protein

transport.



Discussion

Our study showed that Candida Arf proteins are immunologically related to
3 S. cerevisiae Arf proteins. Besides, the expression levels of Arf2, Arl1 and Arf1
were the same between different Candida species. expression of this putative
Candida ARF1 gene apparently was different when we tested several medically
important Candida clinical isolates, including C. albicans, C. glabrata, C.
tropicalis and C. parapsifosis. This data supported that Arfs are highly conserved

throughout evolution (13).

Considering the evolutionary distance between S. cerevisiae and C.
atbicans, and the fact that C. albicans is an extremely common pathogen and S.
cerevisiae is only rarely associated with clinical disease. it is likely that
expression of these genes might be varied. In addition, some of the homologous
genes might do different things in different host. For example, the pathway in S.
cerevisiae that i1s used for mating reaction is used in Candida to signal
transduction to a filamentous form. Therefore. exploring these genes will paint to
special adaptation for the commensal and ultimately the pathogenic life style. Our
result demonstrated that there was higher expression of Arl|1 in C. parapsifosis,
and Arf2 in C. gfabrata and C. guitfermondii. There raised a possibility that Arf
proteins might be of clinical relevance and can play a role in the regulation of
protein secretion. Besides, the secretion pathway has provided a valid target for
antibactenal chemotherapy recently (28-30). Direct mutagenesis of ARF7 gene is

now undergoing to explore the role of ARF1 gene in the protein secretion



pathway. Null mutants were constructed by Ura-blaster technique for sequential
disruption of two alleles of ARF gene of C. albicans sfrain SC5314 by integrative
transformation using {/RA3 as a selectable marker. As the cellular localization of
cArf1 could provide hints regarding its function, indirect immunofluorescence
staining of C. albicans was done. Using anti-yArf1 polyclonai antibody, a
punctate staining in the cytoplasms of C. albicans yeast cells was cbserved. The
picture was similar to that obtained in S. cerevisiae. There was no perinucleaar
staining typical for ER localization. On the other hand, C. albicans with hypha
formation showed intense staining near the junction of mother cell and hyphae. It
is compatible with the hypothesis that Arf protein might participate in protein

fransport.
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