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Sec20p is a component of the yeast Saccharomyces cerevisiae secretory pathway that does not have a close
homolog in higher eukaryotic cells. To verify the function of Sec20p in other fungal species, we characterized
the gene encoding a Sec20p homolog in the human fungal pathogen Candida albicans. The deduced protein has
27% identity with, but is missing about 100 N-terminal residues compared to S. cerevisiae Sec20p, which is part
of the cytoplasmic tail interacting with the cytoplasmic protein Tip20p. Because a strain lacking both C. al-
bicans SEC20 alleles could not be constructed, we placed SEC20 under transcriptional control of two regulat-
able promoters, MET3p and PCKIp. Repression of SEC20 expression in these strains prevented (MET3p-SEC20
allele) or retarded (PCKI1p-SEC20 allele) growth and led to the appearance of extensive intracellular mem-
branes, which frequently formed stacks. Reduced SEC20 expression in the PCK1p-SEC20 strain did not affect
morphogenesis but led to a series of hypersensitivity phenotypes including supersensitivity to aminoglycoside
antibiotics, to nystatin, to sodium dodecyl sulfate, and to cell wall inhibitors. These results demonstrate the
occurrence and function of Sec20p in a fungal species other than S. cerevisiae, but the lack of the N-terminal
domain and the apparent absence of a close TIP20 homolog in the C. albicans genome also indicate a

considerable diversity in mechanisms of retrograde vesicle traffic in eukaryotes.

The fungal pathogen Candida albicans is able to effectively
infect, survive within, and colonize the human host. Properties
of its fungal cellular surface, which allow C. albicans to interact
with host cells by adhering to and by invading cells and tissues,
are essential for its virulence (6). Compositional changes of the
cellular surface are associated with several cellular morpholo-
gies related to virulence, including the interconversion be-
tween a filamentous and a yeast growth form (dimorphism)
and spontaneous phenotypic switching (reviewed in reference
12). Soluble secreted fungal proteins including proteases and
lipases also regulate the course of infection (16, 18). Thus, an
effective secretory machinery determining secretion of cellular
surface and media proteins is pivotal for the role of C. albicans
as the most successful human fungal pathogen.

Many of the details of eukaryotic secretion have been de-
rived from studies of the apathogenic yeast Saccharomyces
cerevisiae, and it has been shown that mechanisms of vesicular
traffic are very similar in yeast and higher eukaryotic cells (17,
30). It has been shown that vesicles arising on a donor mem-
brane contain v-SNARE membrane proteins, which recognize
corresponding receptors, t-SNAREs, on target membranes
(36, 41). In yeasts, endoplasmic reticulum (ER)-derived secre-
tory vesicles carry a group of v-SNARESs, including Sec22p,
which interact with the Golgi t-SNARE Sed5p (2, 40). Unex-
pectedly, Sec22p also acts as a v-SNARE in retrograde trans-
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port of Golgi-derived vesicles, whose function is the retrieval of
proteins from Golgi compartments to the ER (21). Retrograde
Golgi-ER transport requires Ufelp as the t-SNARE in ER
membranes and interacting proteins other than Sec22p, includ-
ing the membrane protein Sec20p and a cytoplasmic protein,
Tip20p (1, 9, 20, 21, 43, 44). Sec20p is a type II membrane
protein containing a relatively small C-terminal lumenal do-
main of 91 amino acids ending in an HDEL motif, which is
characteristic of soluble ER proteins (32, 43). Presence of the
HDEL sequence on Sec20p is not essential, but it helps to
maintain intracellular levels of Sec20p. Depletion of Sec20p
leads to the accumulation of membranous structures and ves-
icles between the ER and the cytoplasmic membrane in the
cell. A similar phenotype is found in #p20 mutants, which lack
the Tip20 protein binding to the N-terminal (cytoplasmic) do-
main of Sec20p (14, 44). Sec20p is in the same membrane as
Ufelp and can be thought of as a partner t-SNARE, analogous
to SNAP25 and syntaxin in the synapse (15, 41). However,
Sec20p is unique among yeast secretory components because a
structural homolog is not known to exist in mammalian cells;
thus, Sec20p may be specific for fungi.

Some C. albicans homologs of essential S. cerevisiae secre-
tion pathway genes have been characterized as able to com-
plement the corresponding S. cerevisiae mutations and were
found to be essential for C. albicans viability. Such genes in-
clude SECI8 (29), SEC14 (27, 35), and SEC4 (8, 26). Little is
known about the functions of their gene products, although the
accumulation of secretory vesicles in cells producing a domi-
nant-negative version of Sec4p demonstrated a function of this
protein in C. albicans analogous to its function in S. cerevisiae.
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TABLE 1. Strains and plasmids used

Strain or plasmid Genotype or description Reference
C. albicans strains
3153 Prototrophic 45
SC5314 Prototrophic 13
CAl4 ura3A:imm434/ura3A::imm434 13
CA2 As CAI4, but SEC20/sec20A::hisG-URA3-hisG This work
CA10 As CA2 This work
CA2d As CAI4, but SEC20/sec20A::hisG This work
CAl0a As CA2d This work
CAr2d110 As CAI4, but sec20A::hisG/PCKI1p-SEC20 This work
CArl10a3 As CAr2d110 This work
CA2d1m As CAI4, but sec20A::hisG/IMET3p-SEC20 This work
CA2d2m As CA2d1m This work
S. cerevisiae strain RSY275 MATo sec20-1 ura3-52 his4-619 17
S. cerevisiae transformation vectors
STM20 URA3-marked 2 um vector with TPIIp-SEC20 43
pPYW9 URA3-marked CEN vector with PFK2p-SEC20 This work
pYWI0 URA3-marked 2 pm vector with PFK2-SEC20 This work
pYWI1 URA3-marked CEN vector with SEC20 This work
C. albicans vectors
pBI-1 PCKI promoter in pRC2312 42
pCaDis URA3-marked vector with MET3 promoter 5
pYW7 PCKIp-SEC20 fusion in pBI-1 This work
pPYW20 MET3p-SEC20A fusion in pCaDis This work

Here we have characterized the C. albicans homolog to the S.
cerevisiae Sec20 protein (ScSec20p). We show that the C. albi-
cans SEC20 gene is essential and that depletion of Sec20p from
cells leads to the accumulation of membranous structures as in
S. cerevisiae. However, C. albicans Sec20p (CaSec20p) is not a
close homolog of ScSec20p, because it lacks an extensive ami-
no-terminal region and C. albicans SEC20 is not able to com-
plement an S. cerevisiae sec20 mutant. We speculate that this
lack of function may be related to the absence of a Tip20p
homolog in C. albicans. Furthermore, because of the absence
of Sec20p homologs in mammalian cells, we propose that
Sec20p could constitute a target for future antifungal agents.

MATERIALS AND METHODS

Strains and growth conditions. Yeast strains (Table 1) were grown in YPD or
YP (YPD without glucose) medium or on supplemented SD minimal medium at
30°C (38). S. cerevisiae RSY275 (sec20-1) was cultured at 25°C and shifted to the
nonpermissive temperature 37°C (17). Transformation of C. albicans was carried
out by the spheroplast method (38). The PCKI promoter (PCKIp) was induced
in SCAA medium (SD medium with 2% Casamino Acids) and repressed in S4D
medium (SD medium with 4% glucose) (19). To repress the MET3 promoter
(MET3p), SDMC medium (SD medium containing 2.5 mM methionine and
cysteine) (5) was used.

To induce hyphal growth, 10 ml of an overnight culture was used to inoculate
100 ml of prewarmed YPD containing 10% bovine calf serum at 37°C. Control
cultures were grown in YPD at 25°C with or without serum or at 37°C without
serum. Alternatively, morphogenesis of C. albicans was regulated by different pH
values as described elsewhere (3). The yeast form was grown at pH 4.5 and 25°C
to the late exponential growth phase, and the hyphal form was induced at 37°C
and pH 6.5. Control cultures were grown at 25°C and pH 4.5 or pH 6.5 or at 37°C
and pH 4.5. Strain CAr2d110 (PCKIp-SEC20) was induced to form hyphae in
S4D medium containing 5% horse serum at 37°C.

Isolation of SEC20. To isolate the C. albicans SEC20 gene, a fosmid library
(25) was screened with a 1.018-kb cDNA fragment of SEC20 (45). A 4.2-kb
HindIII fragment of fosmid 14H1 was identified to contain SEC20 and was
subcloned. A first subclone, pYW1S, was constructed containing a 2.321-kb Sall
fragment inserted in pUC19. A second subclone (pYW2), in which SEC20 was

completed, was constructed by inserting a 889-bp HindIII-Xhol fragment into
pYWIS (HindIll/Xhol fragment). pYW2 contains the SEC20 coding region
flanked by 1.42 and 275 bp of 5’ and 3’ untranslated regions, respectively. The
1.811-kb SEC20 region indicated in Fig. 1 was sequenced in both directions.

Overexpression of SEC20. To overexpress SEC20 in C. albicans, we used
pBI-1, a derivative of pRC2312 (42) containing a 1.5-kb BamHI-BgIII promoter
fragment of the C. albicans PCKI gene (19). Into the Bg/II site downstream of
PCKIp, the entire SEC20 coding region was cloned as a 1.072-kb BamHI frag-
ment, which was generated by PCR using primers N-ATG-Bam (5'-CAGCGG
ATCCAATGTCAACAG-3') (ATG start sequence underlined) and C-Stop-
Bam (5'AACAACGGATCCAATGTCAAAG3') (situated 70 bp downstream of
the translational stop sequence), thereby generating plasmid pYW?7. The PCR-
generated SEC20 fragment was inserted into pUCI8 (resulting in plasmid
pYW1) and was verified by sequencing. The BamHI-EcoRI PCK1p-SEC20 frag-
ment of pYW?7 was also inserted into pUCI18 to generate pYWo.

Gene disruptions. SEC20 was deleted according to the Ura-blaster protocol
(13). In preparation for disruption of SEC20, pYW?2 was cut with BglII, and the
4-kb BamHI/BgIII Ura-blaster fragment of plasmid p5921 was substituted for
part of the SEC20 coding region. A 6.079-kb BbsI-HindIII disruption fragment
was isolated from the resulting plasmid, pYWO01, and used to transform strain
CAI4 to uridine prototrophy.

A more extensive SEC20 deletion was constructed by first ligating the 4-kb
Sacl (filled in)/BamHI Ura-blaster fragment of plasmid p5921 to the large
Hpal-Bglll fragment of pYW2. A 5.727-kb BbsI-HindlII fragment was isolated
from the resulting plasmid, pYWO02, and used to transform strain CAI4 to
prototrophy. Correct insertion of the Ura-blaster fragment into SEC20 alleles
was verified by PCR and Southern blot analyses of DNA of transformants, which
was cut with Sa/l and probed with the 855-bp Sall/EcoRV SEC20 upstream
fragment.

Transformants containing the sec20-A2 deletion derived from plasmid pYWO01
were named CA2, and strains containing the sec20-AI0 deletion derived from
pYWO02 were designated CA10. Heterozygous sec20A::hisG-URA3-hisG/SEC20
strains were plated on medium containing 0.02% 5-fluoroorotic acid (FOA), and
FOA-resistant strains that had lost the URA3 sequence were analyzed by South-
ern blotting. Derivatives of CA2 and CA10, designated CA2d and CA10a (ge-
notype sec20A::hisG/SEC20), were used for a second round of gene disruption
using the original Ura-blaster disruption fragments. Although several transfor-
mants were tested by PCR or Southern blottings, none was found to have the
sec20A::hisG/sec20A::hisG-URA3-hisG phenotype.

To replace the SEC20 promoter in the remaining wild-type SEC20 allele by the
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FIG. 1. Sequences of SEC20 and the deduced protein. (A) Geno-
mic configuration of the divergent SEC20 and YMR285 genes. (B)
Comparison of C. albicans and S. cerevisiae Sec20 proteins (C.a. and
S.c.) indicating identical (*) and similar (°) residues. The framed re-
gion represents a transmembrane region, while regions predicted to
adopt coiled-coil conformations are indicated by grey boxes. Arrows
indicate the positions of serine residues encoded by the nonstandard
CUG codon. Bold letters above the C. albicans sequence indicate
residues present in the protein encoded by the cDNA of strain 3153
which do not exist in genomic DNA of strain 1161.

regulatable PCK1p (42), a plasmid carrying an appropriate disruption fragment
was constructed. A 1.798-kb BamHI/BgIII fragment of pYW?2 containing SEC20
promoter sequences was inserted into the BamHI site of plasmid p1367/1 (con-
taining URA3 23) to create plasmid pYW3. A 3.161-kb Smal/PstI fragment of this
plasmid was fused 5’ to the PCKIp-SEC20 fusion fragment (HindIII [filled
in]-to-PstI fragment of pYW6) to construct pYW4. The 4.775-kb BbsI fragment
of pYW4 was isolated and used to transform strains CA2d and CA10a to uri-
dine prototrophy. The resulting strains were designated CArl0a3, CAr10a7,
CAr2d110, and CAr2d107.

To replace the SEC20 promoter in one of the SEC20 alleles by the regulatable
MET3p (5) a plasmid carrying an appropriate disruption fragment was con-
structed. First, the N-terminal region of the SEC20 coding region was amplified
by PCR, using the primers N-ATG-Bam and C.Sec20/Met3-Bam530 (5'-GTTG
TCAGGATCCAATTCACTCTGC-3"), by which BamHI sites (underlined) were
placed 1 bp upstream of the ATG start codon and at position 516 bp of the
SEC20 coding region. The BarmHI PCR fragment was placed downstream of
MET3p in plasmid pCaDis (5). The resulting plasmid, pY W20, was cut with Bg/IT
within the SEC20 coding region and used to transform strain CA2d to uridine
prototrophy. Transformed strains were designated CA2dlm, CA2d2m, and
CA2d6m.

Correct insertion of all disruption fragments was verified by Southern blotting
of DNA transformants, which was cut with Sa/l and probed with an 855-bp
Sall/EcoRV fragment derived from SEC20 upstream sequences.

RT-PCR. Total RNA of C. albicans strains was isolated as described elsewhere
(42) and treated with DNase I as instructed by the manufacturer (Gibco BRL).
Reverse transcription-PCR (RT-PCR) was performed in a one-step reaction
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using an enhanced avian RT-PCR kit (Sigma). The reaction mixture was made
up to a final volume of 50 pl with SEC20-specific primers C.Sec20/RT-100
(5'-CTGTCTACAAGGCCAGCTTTG-3') and C.Sec20/RT-420 (5'-CTGCAAT
ATACCTGCTGATAAC-3") or EFBl-specific primers C.EFB/RT-70 (5'-ATT
GAACGAATTCTTGGCTGAC-3') and C.EFB/RT-970 (5'-CATCTTCAACA
GCAGCTTG-3") (37). cDNA synthesis was carried out at 45°C for 45 min. After
the reaction was stopped by heating for 3 min at 94°C, 30 amplification cycles
(94°C, 45 s; 56°C, 40 s; 72°C, 45 s) were conducted.

S. cerevisiae complementation tests. Complementation tests were performed
with different expression plasmids containing SEC20. The BamHI fragment of
pYW1 was inserted into the BamHI site of pJJH70 (cen4, 2 pum ori) or pJJH461r
(2 pm ori) to place SEC20 under transcriptional control of the S. cerevisiae
PFK2p (33). The resulting plasmids were named pYW9 and pYW10. By insertion
of the 2.482-kb BamHI-EcoRI fragment of pYW2 into YCplac33 (BamHI/
EcoR1I), a plasmid (pYW11) which contains the authentic SEC20 genomic pro-
moter and coding regions was created. Plasmid STM20 contains the S. cerevisiae
SEC20 gene under control of the TP/ promoter (43). Complementation tests
were performed with S. cerevisiae strain RSY275 (43), kindly provided by M. J.
Lewis.

Quantitation of SEC20 transcript. A radioactive SEC20 RNA probe was
synthesized according to a commercial protocol (Promega), using 1 g of Pyull-
cut plasmid 1-8-1 (SEC20 cDNA [45]) as the template. RNA was synthesized in
the presence of [*?PJUTP, using T7 RNA polymerase. After phenol-chloroform
purification, the probe was hybridized to the filters obtained in Northern blot-
tings at 50°C [50% formamide, 50 mM sodium phosphate (pH 6.5), 0.8 M NaCl,
1 mM EDTA, 0.1% sodium dodecyl sulfate (SDS), 2.5X Denhardt’s solution,
salmon sperm DNA (250 pg/ml), poly(A) (10 wg/ml), yeast RNA (500 wg/ml)].
The filters were washed with 2X SSPE (1X SSPE is 0.18 M NaCl, 10 mM
NaH,PO,, and 1 mM EDTA [pH 7.7])-0.1% SDS at 60°C and if necessary with
50 mM NaCl-20 mM sodium phosphate (pH 6.5)-1 mM EDTA-0.1% SDS at
60°C. The signals were quantified directly by two-dimensional radioimaging with
an AMBIS radioanalytic system (LabLogic, Sheffield, England) as described
elsewhere (46).

Electron microscopy. C. albicans strain CAr2d110 (sec20-Al::hisG/PCKIp-
SEC20) was incubated in PCKIp-repressing minimal medium containing 4%
glucose to logarithmic growth; the cells were harvested, fixed in 2.5% glutaral-
dehyde for 2 h, washed in buffer, and postfixed in 1% OsO, in 0.1 M cacodylate
buffer for 1 h. The material was dehydrated through a graded ethanol series and
embedded in Epon 812 with the aid of epoxypropane as a linking agent. The resin
mixture was equivalent to the 3A:1B formula of Luft (24), with catalyst present
at all stages of infiltration. Sections were double stained in 2% aqueous uranyl
acetate followed by Reynold’s lead citrate. The preparations were examined in a
Philips model 301 electron microscope.

C. albicans strain CA2d1m (sec20-Al::hisG/MET3p-SEC20) was incubated in
MET3p-repressing minimal medium containing 2.5 mM methionine and cysteine
to logarithmic growth; the cells were harvested, fixed in fresh 4% aqueous
KMnOy,, and incubated for 2 h at 4°C. Fixed cells were dehydrated in a graded
series of ethanol and embedded in Epon 812. Sections were stained with Reyn-
old’s lead citrate for 15 min to increase the contrast of the membranes.

Nucleotide sequence accession number. The sequence reported has been as-
signed DDBJ/EMBL/GenBank accession number AJ272499.

RESULTS

Isolation and sequence analysis of the C. albicans SEC20
gene. A set of cDNAs of C. albicans strain 3153 that encode C.
albicans proteins reacting with human sera was isolated previ-
ously (45). Among these clones, a 1,018-bp cDNA, 1-8-1, with
homology to S. cerevisiae SEC20 was used for screening a
fosmid gene library of strain 1161 (7). Fosmid 14H1, which is
derived from chromosome 6, was found to contain SEC20, and
the sequence of both strands of a 1.811-kb fosmid fragment
was determined (DDBJ/EMBL/GenBank nucleotide sequence
accession no. AJ272499). The sequence revealed a 996-bp in-
tronless open reading frame (ORF) between nucleotide posi-
tions 556 and 1551 with the potential to encode a protein of
332 amino acids (36 kDa) with 27% identity to ScSec20p (43)
(Fig. 1). Compared to ScSec20p, the hypothetical CaSec20p is
N-terminally shortened by about 100 amino acids. CaSec20p is
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likely a type II integral membrane protein, as is ScSec20, with
a possible transmembrane region situated between residues
220 and 234. The cytoplasmic domain is predicted to assume a
coiled-coil structure; because of its presumed cytoplasmic lo-
calization, a potential N-linked glycosylation site at asparagine
residue 199 is unlikely to be modified. The C-terminal VDEL
sequence of CaSec20p has striking similarity to the HDEL ER
retention signal of S. cerevisiae (32).

Genomic sequences encompassing the SEC20 region have
been determined in the C. albicans genomic sequencing proj-
ect (http://www-sequence.stanford.edu/group/candida/search
.html). These sequences, which are derived from strain
SC5314, show only two different nucleotides within the SEC20
coding region compared to the fosmid sequences of strain
1161. The SEC20 cDNA clone 1-8-1, on the other hand, con-
tains 17 nucleotide differences compared to the fosmid se-
quence, of which 5 alter the protein sequence (Fig. 1). Thus,
there is considerable divergence of SEC20 sequences between
strains 3153 and strain 1161 or SC5314. The 5" untranslated
region of SEC20 contains three putative TATA sequences in
positions —531 to —527, —325 to —321, and —265 to —261
relative to the ATG translational start sequence. Remarkably,
an OREF divergently oriented to SEC20 commences only 138
bp upstream of the SEC20 translated region; the putative
translation product of this ORF has 519 residues, which are 39
and 34% identical compared to the S. cerevisiae proteins en-
coded by ORFs YMR285 and YML118W, respectively, whose
functions are unknown. Thus, the 138-bp SEC20 5’ untrans-
lated region appears to contain two divergently oriented
promoters. The 3’ untranslated region contains sequences
identical to S. cerevisiae consensus sequences for efficient tran-
scription termination and polyadenylation. Putative TTTTT
ATA termination sequences are located at positions +2, +41,
and +144 following the SEC20 stop codon.

SEC20 is essential for growth. To explore the function of
SEC20, we generated strains in which individual SEC20 alleles
were partially or entirely deleted. In the first approach, we
generated deletion strains lacking the SEC20 coding region
(deletions A2 and A10 [Fig. 2A]) by transformation with dis-
ruption fragments containing the Ura-blaster cassette (13).
Two types of deletions were made, because the function of the
divergently oriented YMR285 ORF had to be considered. In
strains carrying deletion A10, the entire SEC20 coding region
including 40 bp of its 5’ untranslated region was deleted; thus,
the putative promoter region for ORF YMR285 was reduced to
98 bp. Deletion A2 maintains the entire intergenic region and
still contains 330 bp of the SEC20 ORF, which we assumed
would suffice for YMR285 promoter activity.

Heterozygous strains carrying one wild-type plus one de-
leted allele of SEC20 (deletion A2 or A10) could be con-
structed without difficulty and were verified by Southern blot-
ting (Fig. 2) and by PCR using gene-specific primers (data not
shown). In Southern blotting of Sa/l-digested genomic DNA,
the wild-type SEC20 allele yielded a 2.3-kb band (strain CAI4),
while the sec20-A2::hisG-URA3-hisG allele generated a 5.9-kb
band (strain CA2) (Fig. 2B). After FOA selection, we identi-
fied derivative strains containing the sec20-A2::hisG allele de-
tectable as a 2.9-kb band (strain CA2d). Identical Southern
results were obtained in transformants containing heterozy-
gous strains containing the deleted sec20-A10 allele (data not
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FIG. 2. Disruption of SEC20 alleles. (A) Genomic structures of
wild-type SEC20 and its disrupted derivative alleles. The Ura-blaster
module (hisG-URA3-hisG) was used to disrupt SEC20 alleles partially
(sec20-A2 and sec20-A10). In addition, the SEC20 coding region was
placed under transcriptional control of PCKIp (PCKIp-SEC20) or
MET3p (MET3p-SEC20). The Sall sites within the YMR285 gene and
the disruption fragments which generate specific Sall fragments in
Southern blottings of genomic DNA (B) are shown in boldface. Strains
analyzed were CAI4 (lane 1), CA2 (lane 2), CA2d (lane 3), CA2d2m
(lane 4), and CAr2d110 (lane 5). The probe used in the Southern
blotting experiment (B) is indicated by asterisks (A). Relevant frag-
ment sizes are indicated (B; see text).

shown). Surprisingly, attempts to delete the remaining wild-
type SEC20 allele failed in strains carrying both types of dele-
tions. Sixty-five transformants of strain CA2d transformed with
the sec20-A2::Ura-blaster disruption fragment still retained at
least one wild-type allele of SEC20. Likewise, 33 transformants
obtained with the sec20-A10::Ura-blaster disruption fragment
still contained an intact SEC20 allele. Thus, a complete sec20
null mutant was not obtained, suggesting that SEC20 is essen-
tial for viability.
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To prove that cell growth depended on SEC20, we replaced
the promoter region of the wild-type SEC20 allele remaining in
the heterozygous strain CA2d by either the glucose-repressible
PCKIp (19) or the methionine-repressed MET3p (5). Strain
CAr2d110 (sec20A2::hisG/PCKIp-SEC20) was generated using
a disruption cassette containing URA3 joined to PCKIp; strain
CA2d2m (sec20A2::hisG/MET3p-SEC20) was constructed by
integration of plasmid pYW20 (see Materials and Methods).
The second disruption step led to disappearance of the remain-
ing wild-type copy and to a new 3.1-kb fragment in CA2d110,
or a 2.0-kb fragment in strain CA2d2m, as expected (Fig. 2B).

Growth of strain CAr2d110 containing SEC20 under control
of PCKIp was identical to growth of nondisrupted control
strains in media containing low concentrations of glucose (gen-
eration time of 90 min in SCAA medium). On the other hand,
growth in S4D high-glucose medium significantly retarded
growth of strain CAr2d110 (generation time, 120 min) com-
pared to control strains (generation time, 90 min). This result
suggested that SEC20 was essential for growth, but it was
unclear if the SEC20 transcript was still present in this strain.
Therefore, we examined the SEC20 transcript level in a control
strain (SEC20/SEC20) and in the conditional PCKIp-SEC20
strain CAr2d110 during growth in low glucose (PCKIp induc-
tion) and high glucose (PCKlIp repression). Because weak sig-
nals were obtained in conventional Northern experiments, we
used RT-PCR with SEC20-specific primers to demonstrate the
SEC20 transcript. To verify that the RNA preparation used
was free of DNA, we also detected the transcript of the EFBI
gene, which contains an intron (37). None of the DNase-
treated RNA preparation generated an EFB] RT-PCR prod-
uct of 0.7 kb characteristic of the unspliced gene, but all con-
tained a 0.5-kb product indicating the spliced mRNA; thus, the
RNA preparations were free of DNA. The 0.4-kb SEC20 RT-
PCR product could be clearly detected at similar levels in all
RNA preparations, including in the sample obtained from the
PCKIp-SEC20 strain grown in repressing conditions (data not
shown). The presence of the SEC20 transcript suggested that
the slower growth of the PCKI1p-SEC20 strain CAr2d110 was
due to leaky expression of PCKIp in the presence of glucose.

A very clear effect on growth was obtained using strain
CA2d2m, in which SEC20 is under MET3p control. Addition
of 2.5 mM methionine-cysteine completely blocked growth of
this strain in liquid and on solid media (Fig. 3). On the other
hand, the presence of 2.5 mM methionine or cysteine alone did
not prevent growth, suggesting that repression of MET3p in
such media was insufficient, as has been reported previously
(5). These results strongly suggested that SEC20 is essential for
growth.

C. albicans SEC20 is not functional in S. cerevisiae. To test if
the C. albicans SEC20 homolog was functional in S. cerevisiae,
we constructed expression vectors in which the SEC20 coding
region was under transcriptional control of S. cerevisiae PFK2p
(33). Both a low-copy-number (pYW9) and a high-copy-num-
ber (pYW10) expression vector were constructed and used to
transform a temperature-sensitive sec20-I mutant (strain
RSY275 17) at 25°C.

RSY275 transformants carrying either pYW9 or pYW10
could not grow at 37°C, nor could a transformant carrying
plasmid pYW11, in which SEC20 was transcribed by its au-
thentic promoter. However, complementation of the sec20-1
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FIG. 3. SEC20 expression is required for growth. Growth of mutant
strain CA2d2m, in which expression of SEC20 is controlled by MET3p
(Asec20/MET3p-SEC20), is compared to the SEC20/SEC20 strain
CAI4[pBI-1] and the heterozygous strain CA2 (Asec20/SEC20). (A)
Stationary-phase cells were diluted to an optical density at 600 nm
(ODygy) of 0.05 in liquid repressing SD medium containing 2.5 mM
methionine and 2.5 mM cysteine (time zero) and were grown at 30°C;
1:2 dilutions were carried out at 12 h to maintain logarithmic growth.
(B) Cells were streaked on solid SD medium with or without 2.5 mM
methionine-cysteine supplementation, and plates were incubated at
30°C.

mutation was successful with plasmid STM20, which carries
ScSEC20 (43). These results indicate that the C. albicans
SEC20 allele is not functional in the heterologous yeast S.
cerevisiae. Possible reasons for this failure include the N-ter-
minal deletion of CaSec20p as well as residues incompatible
with function, e.g., caused by two CUG codons encoding serine
in C. albicans but leucine in S. cerevisiae.

Lowered SEC20 expression leads to antifungal supersensi-
tivities. Fungi defective in protein glycosylation are known to
be supersensitive to several antifungal compounds, especially
aminoglycoside antibiotics (10, 34, 48, 49). Although the rea-
son for this supersensitivity is not known, we hypothesized that
lack of glycosylation might cause defects in secretion and vice
versa. Consequently, we used strain CAr2d110 to explore di-
rectly whether the decrease of secretion efficiency caused by
low SEC20 expression on S4D high-glucose medium would
cause antifungal supersensitivities.

The aminoglycosides hygromycin B (0.25 mg/ml), G418 (0.6
mg/ml), and neomycin (30 mM) significantly blocked growth of
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FIG. 4. Lowering of SEC20 expression leads to supersensitivities.
Five microliters of diluted cultures of strain CAI4[pBI-1] (SEC20/
SEC20), the heterozygous strain CA2 (Asec20/SEC20), and strain
CAr2d110, in which SEC20 expression is under control of the glucose-
repressible PCKIp (Asec20/PCKIp-SEC20), were spotted on PCKIp-
repressing YP4D medium containing various agents and were grown at
30°C. A series of 10-fold dilutions was applied, starting with a concen-
tration of 5 X 10° cells/5 pl (from left to right). Plates contained no ad-
dition (control), hygromycin B (0.25 mg/ml), neomycin (30 mM), G418
(0.6 mg/ml), nystatin (1.5 pg/ml), calcofluor white (100 pg/ml), and Con-
go red (1 mg/ml). For the examination of SDS sensitivity, cells were
streaked on YP4D plates containing 0.09% SDS and grown at 30°C.
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CAr2d110 on repressing solid medium (Fig. 4). In addition,
supersensitivity to the polyene antibiotic nystatin was observed.
Because a reduced plating efficiency was observed on media
containing calcofluor white (0.1 mg/ml) and cells did not grow
on solid media containing low levels (0.09%) of the detergent
SDS (Fig. 4), it appears that lowering of SEC20 expression
causes cell wall defects (34, 48). The susceptibilities of strain
CAr2d110 to vanadate (2.5 to 7.5 mM), clotrimazole (0.5 pg/
ml), or caffeine (up to 20 mM) (data not shown) were unal-
tered, suggesting that a special subset of proteins involved in
basal antifungal resistance is affected in strains with reduced
SEC20 expression.

Lowering of SEC20 expression does not affect morphogene-
sis. It was reported that in the dimorphic yeast Yarrowia lipo-
ytica, deletion of a SECI4 homolog did not prevent growth but
affected the ability to form filaments (22). We therefore tested
whether the lowering of SEC20 expression in strain CAr2d110
(PCK1p-SEC20), which was evidenced by the supersensitivity
to some antifungals, also had an effect on hyphal formation.
However, in PCKIp-repressing S4D medium, the addition of
5% serum stimulated hyphal formation of CAr2d110 at rates
and to extents similar to those for control strains (data not
shown). This result indicated that a slight reduction in SEC20
transcripts (and a considerable accumulation of intracellular
membranes [see below]) had no effect on hyphal differentia-
tion.

To examine if SEC20 expression was regulated by hyphal
formation, we induced filamentation of strain 3153 by serum at
elevated temperature (37°C) or neutral pH (3). In each induc-
tion condition, we calculated the percentage of cells forming
hyphae and determined the SEC20 transcript level by direct
quantitation of radioactive areas on a Northern blot by radio-
imaging. The blots used have been described previously (46)
and were normalized to rRNA used as a standard. Since stan-
dard Northern blots showed only weak signals using SEC20
DNA probes, we improved detection of SEC20 mRNA by the
use of a SEC20 RNA probe. In these blots, the SEC20 tran-
script was apparent as a single band of about 1.3 kb, which
corresponds to the size of the SEC20 ORF (996 bp) (data not
shown).

The addition of serum clearly stimulated hyphal formation,
but the level of the SEC20 transcript did not increase propor-
tionally, especially not in comparison with cells with lower and
higher rates and levels of hyphal formation (data not shown).
Similarly, use of a neutral pH in combination with an elevated
temperature accelerated filamentation, but there was no clear
correlation to the SEC20 transcript level. Thus, we conclude
that the level of SEC20 expression, like the expression of many
other genes (11, 47) does not directly reflect filament forma-
tion but may depend on other factors. We also determined that
the SEC20 transcript was not induced by heat shock but in-
creased during the early growth phase (data not shown).

Effects of reduced SEC20 expression on ultrastructural
morphology. In S. cerevisiae, the depletion of Sec20p in cells
leads to the accumulation of sheets of membranes, which may
arise by the fusion of retrograde vesicles with Golgi- instead of
ER-target membranes (21, 43) or are derived from the ER
(17). Using strains CA2d110 and CA2d2m, we performed a
depletion experiment to investigate the consequences of a low-
ered Sec20p levels in C. albicans.
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FIG. 5. Electron microscopic images of strains with wild-type and reduced SEC20 expression levels. A wild-type strain (CAI4[pBI-1] (Al and
B1) and two conditional mutants, CAr2d110 (Asec20/PCKIp-SEC20; A2 and A3) and CA2d2m (Asec20/MET3p-SEC20; B2 and B3) were
compared. Strains were grown in PCKIp-repressing S4D medium (Al to A3) or in MET3p-repressing SDMC medium (B1 to B3). Cells were
prepared for electron microscopy by fixation with glutaraldehyde (A1 to A3) or, to enhance the visualization of membranes, by KMnO, (B1 to B3)
fixation. Arrows indicate accumulated membranes. n, nucleus; m, mitochondria; v, vacuole.

CA2d110 cells were grown to log phase in PCK1p-repressing
S4D medium, fixed with glutaraldehyde and osmium tetroxide,
and prepared for transmission electron microscopy (4). As
shown in Fig. 5 (A2 and A3), a marked accumulation of mem-
branes was detected in strain CA2d110 but not in control
strains (Al). Accumulated membranes were apparent as long
sheets, mostly in stacks of several (often triple) membranes. A
similar phenotype occurred in strain CA2d2m containing the
MET3p-SEC20 allele when cells were shifted to repressing
medium containing methionine and cysteine. Again, extensive
accumulation of membranes and stacking of accumulated
membranes was observed (Fig. 5, B2 and B3). Because of the
fixation with KMnO,, membranes were more preserved and
more clearly visible in the latter experiment. Thus, because of
a similar and even more drastic depletion phenotype compared
to S. cerevisine (43), the identified C. albicans SEC20 gene
appears to fulfill a function in the secretory pathway similar to
that of SEC20 in S. cerevisiae.

DISCUSSION

The yeast Sec20 protein represents an exception to the uni-
versality of the secretory machinery in eukaryotes, because a
homolog has not been identified in mammalian cells. This
difference led to the question whether Sec20p was species
specific for S. cerevisiae or whether other fungi contained a

Sec20p homolog with an identical function. Here we describe
for the first time a homolog of the S. cerevisiae Sec20 protein in
another species, the most common fungal pathogen of humans,
C. albicans (27% identity to ScSec20p). In the Schizosaccha-
romyces pombe genomic sequencing project (http://www.sanger
.ac.uk/Projects/S_pombe), a sequence (EMBL SPAC23Al.
15¢) which possibly encodes another fungal Sec20p homolog
(21% identity to ScSec20p) has been found, but not yet char-
acterized, suggesting that Sec20p may occur in other fungal
species. Our finding that in C. albicans Sec20p is essential and
involved in the secretory machinery (as suggested by the accu-
mulation of membranes in depleted strains) suggests Sec20p as
a fungus-specific potential target for future antifungals.

The structure of the C. albicans Sec20 protein homolog is
surprising, because sequences corresponding to about 100 ami-
no-terminal residues of ScSec20p are missing. The amino end
of ScSec20p is known to interact with an essential cytoplasmic
protein, Tip20p, while the C-terminal end of ScSec20p, which
is present in the ER lumen, together with the transmembrane
region interacts with the t-SNARE Ufelp; Ufelp, in a complex
with Sec20p and Tip20p, is able to bind the v-SNARE Sec22p
present on retrograde vesicles originating from the Golgi (1, 9,
20, 21, 43, 44). Ufelp is also instrumental in a Sec20p-inde-
pendent function for fusion of ER compartments (31). Our
computer searches did not reveal any gene or gene fragment
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with the potential to encode a Tip20p homolog in genomic
sequences of C. albicans, which are almost completed (http://
www-sequence.stanford.edu/group/candida/search.html).
Thus, not only the potential interacting sequence in the Sec20p
structure but also the expected interactor component is absent.
It appears possible that part of the essential function of
ScTip20p is to bind to ScSec20p. In C. albicans, the role of the
amino end of Sec20p and of Tip20p may be assumed by other
proteins, which may be C. albicans specific. Other structural
features conserved in Sec20p are a single transmembrane re-
gion and a potential ER retention VDEL sequence at the
carboxy end, which is similar to the HDEL sequence observed
in ScSec20p (43). Although ER retention signals in C. albicans
have not yet been defined, our computer searches identified
in C. albicans genomic sequences a homolog of ScSecl2p
(Ca20C1.15¢) which has the potential ER-targeting C-terminal
sequence KDEL (32). ScSec12p is a type II membrane protein
located in the ER (28), but it does not have a typical HDEL
retention sequence. The retention signal on ScSec20p is not
essential for its function but helps to maintain a high Sec20p
concentration in the ER (43).

Sec20p is essential for the viability of C. albicans, which we
demonstrated by placing SEC20 under transcriptional control
of two different regulated promoters. The clearest result was
obtained using MET3p, presumably because in the repressed
state its expression is lower than that of PCKlIp; repression of
the MET3p-SEC20 allele prevented growth, while repression
of the PCKIp-SEC20 allele in another strain significantly in-
creased its generation time. This characteristic may be under-
stood considering the low level of expression of SEC20, which
became apparent in our Northern experiments. A shift of the
MET3-SEC20 strain from inducing to repressing conditions led
to a dramatic accumulation of intracellular membranes. A sim-
ilar phenotype occurred in the PCKI1p-SEC20 strain. This phe-
notype corresponds to but is even more dramatic than that of
an S. cerevisiae strain in which SEC20 expression is lowered
(43). The accumulated membranes in C. albicans appeared as
extensive sheets, which frequently were stacked as triple-mem-
brane layers. The nature of the accumulated membranes in S.
cerevisiae and in C. albicans is unclear. It has been speculated
for S. cerevisiae sec20 mutants that Golgi vesicles, which are
prevented from returning to the ER, fuse with Golgi mem-
branes, particularly because they carry a v-SNARE (Sec22p),
which is used for forward and retrograde transport (21). Orig-
inally, because of the effect of sec20 mutations on forward
ER-Golgi transport, it had been assumed that these mem-
branes were ER derived (43). The primary function of Sec20p
in C. albicans, including its function in secretion or in retro-
grade transport, remains to be proven.

Lowered expression of SEC20 in a strain carrying the
PCKIp-SEC20 allele in its repressed state revealed new phe-
notypes, which were associated with suboptimal SEC20 expres-
sion. Such cells showed a supersensitivity to aminoglycoside
antibiotics, including hygromycin B, neomycin, and G418, but
also an increased susceptibility to the antifungal nystatin and
cell wall-attacking agents such as calcofluor white, Congo red,
and SDS. Conceivably, a suboptimal secretory machinery may
lower levels of proteins required for cell surface stability. Such
proteins may also include components of the protein glyco-
sylation machinery, such as glycosyltransferases involved in
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O- and N-glycosylation, whose reduced activity leads to ami-
noglycoside sensitivity and cell wall fragility (10, 34, 48, 49).
Interestingly, a sec20 allele was identified in a screen for ami-
noglycoside-supersensitive mutants of S. cerevisiae (39). Thus,
even a mild reduction in intracellular Sec20p levels leads to
significant sensitivity phenotypes. These findings provide new
possibilities for the development of antifungal strategies.
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