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membranes. The presence of a putative synap-
totagmin isoform (70 kD) in CHO cells was 
detected with a polyclonal antiserum to the 
C2B domain of synaptotagmin (Fig. 4A). GST-
C2B blocked this immunoreactivity (Fig. 4B). 
CHO cells were bound to poly-D-lysine-coated 
beads, ruptured by sonication, and washed to 
generate bead-attached plasma membrane 
sheets with their cytosolic face exposed to the 
medium (23) (Fig. 4C). Plasma membrane-
coated beads were then incubated with rat 
brain cytosol in the presence or absence of 
the YQRL or AQRL peptides. Recruitment 
of AP-2 was stimulated by the YQRL pep
tide, but not by its AQRL mutant (Fig. 4D) 
(24). The YQRL peptide also increased the 
amount of the putative synaptotagmin iso
form recovered in anti-AP-2 immunopre-
cipitates from CHO cell extracts (Fig. 4E). 
These data show that in non-neuronal cells, 
YXX0-based endocytic motifs cooperate 
with a docking site, which most likely in
cludes synaptotagmin, in recruiting AP-2 to 
the membrane. 

Binding of YXX0-based endocytic mo
tifs to AP-2 may increase AP-2's affinity for 
synaptotagmin and thereby facilitate coated 
pit formation. A similar mechanism for cou
pling coat nucleation and cargo protein selec
tion has been reported for the assembly of 
COPII-coated buds at the endoplasmic retic
ulum (25). Thus, the common picture that 
emerges from these studies is that cargo pro
teins participate in the nucleation of coat 
assembly and facilitate their own sorting into 
transport vesicles. 
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known sexual cycle and is therefore not ame
nable to conventional genetic analysis. It is a 
diploid organism for which no haploid state 
has been observed, nor has any process re
sembling meiosis or spore formation been 
detected. Sexual reproduction in fungi is typ
ically controlled by genes that reside in a 
genetic locus called a mating-type, or MAT, 
.locus. In the budding yeast Saccharomyces 
cerevisiae, the genes residing at the MAT 
locus can be either the a type or the a type. 
These genes, which code for transcriptional 
regulators, specify the three cell types in
volved in the S. cerevisiae sexual cycle (2, 3). 
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A cell containing only the MATa locus is an 
a cell; a cell containing only the MATa locus 
is an a cell; and a cell that contains both 
MATa and MATa (typically diploid and 
therefore heterozygous at the MAT locus) is 
an a/a cell. MATa codes for the homeodo- 
main protein a l ,  which has no known func- 
tion in a cells. MATa codes for a homeodo- 
main protein (a2) and an a-domain protein 
( a l )  that cause the repression of a-specific 
genes and the activation of a-specific genes, 
respectively (Fig. 1A). Because the a- and 

' a-specific genes encode proteins required for 
each of the cell types to mate, these changes 
in gene expression differentiate the a cell 
from the a cell. The product of a successful 
mating is an ala diploid cell in which a1 and 
a 2  are both expressed. The a1 and a 2  pro- 
teins are the key regulators of the ala cell 
type, and together they bind to a specific 
DNA sequence to repress the transcription of 
many target genes (including a l ) .  This alto12 
regulatory activity shuts off the ability of 
cells to mate and at the same time permits 
meiosis and sporulation in the presence of the 
appropriate external nutritional signals. 

Shown in Fig. 1B are two genomic frag- 
ments from C. albicans that contain clusters 
of genes that bear a marked resemblance to 
the MATa and MATa genes of S. cerevisiae 
(denoted mating type-like, or MTLa and 
MTLa, respectively). The MTLa gene cluster 
was obtained by chromosome walking with a 
lambda library of C. albicans genomic frag- 
ments. The beginning probe for the walk was 
based on a sequence trace from the Stanford 

C. albicans Sequencing Project that resem- 
bled a portion of the S. cerevisiae MATal 
gene. MTLa was obtained by walking down- 
stream of MTLa to its flanking DNA se- 
quence and then back into and through MTLa 
(4, 5). MTLa contains four open reading 
frames (ORFs) that encode a gene regulatory 
protein, a poly(A) polymerase, an oxysterol 
binding protein-like protein, and a phospha- 
tidylinositol kinase. MTLa contains four 
genes whose products are closely related to 
those in MTLa plus an additional ORF coding 
for another gene-regulatory protein. The 
DNA sequences within MTLa and MTLa are 
-48% identical overall; however, the DNA 
sequences flanking them are greater than 
99% identical. We have defined the borders 
of MTLa and MTLa as the points at which 
their DNA sequences become greater than 
99% identical. 

Although the clusters of genes in the MTL 
locus are much larger than those of the S. 
cerevisiae MAT locus (9 versus 0.7 kb), three 
features of the MTL locus in C. albicans are 
markedly similar to those of the MAT locus in 
other fungi, especially S. cerevisiae (Fig. 1). 
First, three of the proteins coded for by the C. 
albicans locus have predicted amino acid se- 
quences very similar to those of the transcrip- 
tional regulators a 1, a 1, and a 2  encoded by the 
S. cerevisiae MAT locus. The C. albicans MTLa 
segment codes for a homeodomain protein sim- 
ilar in sequence to the S. cerevisiae a1 protein 
(30% identity and 56% similarity over the en- 
tire protein and 43% identity and 59% similar- 
ity in the homeodomain region). The C. albi- 

cans MTLa segment codes for an a-domain 
protein similar to the S. cerevisiae a1  protein 
and for a homeodomain protein similar to the S. 
cerevisiae a 2  protein. The predicted C. albi- 
cans a1  protein is 26% identical (49% similar) 
to the S. cerevisiae a1  , and the C. albicans a 2  
is 28% identical (58% similar) to the S. cerevi- 
siae a2  protein, with particularly strong simi- 
larity seen in the homeodomain region (44% 
identity and 69% similarity) (Fig. 2). 

A second similarity between the C. albi- 
cans MTL and S. cerevisiae MAT loci con- 
cerns the overall organization of these three 
genes. As is true for the S. cerevisiae genes, 
the C. albicans MTLal and MTLa2 genes are 
transcribed divergently from one chromo- 
some, and the MTLal gene is found on the 
other chromosome (Fig. 1). This feature is 
particularly notable because gene order and 
organization are not generally conserved be- 
tween C. albicans and S. cerevisiae (6, 7). 

A third similarity between C. albicans and 
S. cerevisiae is the conserved positions of the 
introns in the MATal and MTLal genes. In S. 
cerevisiae, the MATal gene is one of only a 
few genes interrupted by two introns (8) .  The 
C. albicans MTLal gene also appears to be 
interrupted by two introns, one of which is in 
the same position (in the "recognition" helix 
of the homeodomain) as that in the S. cerevi- 
siae MATal (Fig. 2). The locations of the 
introns in the C. albicans MTLal gene were 
initially predicted from the DNA sequence 
and were verified by observing the sizes of 
reverse transcription-polymerase chain reac- 
tion (RT-PCR) products (9). In S. cerevisiae, 
the MATa2 gene is free of introns, but the C. 
albicans MTLa2 gene contains a single intron 
located in the same position within the rec- 
ognition helix of the homeodomain as the 
COOH-terminal introns in the C. albicans 
MTLal and S. cerevisiae MATal genes. 

Candida albicans is diploid, and several 
lines of evidence support the idea that MTLa 
and MTLa reside at the same position on 
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Fig. 1. Features of the 5. cerevisiae mating-type (MAT) locus and the C. albicans mating type-like 
(MTL) locus. (A) The 5. cerevisiae MAT locus contains ORFs for three gene-regulatory proteins, al ,  
al, and a2, that are located on homologous chromosomes. The region of heterologous DNA 
sequence between the two chromosomes is 642 base pairs (bp) for the a chromosome and 747 bp 
for the a chromosome. (B) The C. albicans MTL locus contains ORFs for nine proteins from four 
families of proteins: three gene-regulatory proteins, two phosphatidylinositol kinases, two oxy- 
sterol binding protein-like proteins, and two poly(A) polymerases. The region of DNA sequence 
that differs between the MTLa and MTLa segments is 8742 bp for MTLa and 8861 bp for MTLa. 

homologous chromosomes. Two types of C. 
albicans MTLal deletion mutants were con- 
structed (a complete deletion of the MTLal 
ORF and a deletion of only the homeodo- 
main) by homologous replacement by dis- 
rupted genes (10). After a single round of 
transformation (I  I), the resultant strains were 
tested by PCR (12) and Southern (DNA) 
analysis (9). The mutant forms of the MTLal 
gene were readily detected (Fig. 3), but the 
wild-type gene was absent. This result indi- 
cates that the MTLal gene is present in only 
a single (haploid) copy in the C. albicans 
genome and contrasts with the case for many 
other genes in C. albicans, where two rounds 
of disruption have been necessary (one for 
each copy) to destroy a gene. The same ap- 
proach was used to make a complete disrup- 
tion of the C. albicans MTLa2 gene. After a 
single round of transformation, the disrupted 
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allele, but not the naturally occurring MTLa2 
gene, was detected by PCR (9). From these 
results, we conclude that both MTLal and 
MTLa2 exist in only a single copy in the C. 
albicans genome. These results also indicate 
the absence of silent mating-type "cassettes" 
in the C. albicans genome because PCR 
primers to the MTLal (Fig. 3) and MTLa2 (9) 
ORFs do not detect these genes in the dis- 
rupted strains. These data provide strong sup- 
port for the idea that the MTL locus of C. 
albicans is heterozygous, whereas most of 
the C. albicans genome is homozygous. Be- 
cause the two MTL loci are each embedded in 
nearly identical DNA sequences, the simplest 
interpretation is that the MTL loci reside on 
homologous chromosomes as they do in S. 
cerevisiae. 

One hypothesis for the absence of a sexual 
cycle in C. albicans is that C. albicans was 
originally an a /a  cell (to use the S. cerevisiae 
nomenclature) and through recombination 
lost one allele of the mating locus, becoming 
an a/a or a / a  cell unable to undergo meiosis 
and return to a haploid state (13). The dis- 
covery of two MTL gene segments in C. 
albicans, one that resembles MATa and one 
that resembles MATa, appears to rule out this 
simple idea. The identification of MTLa and 
MTLa also suggests that the a/a configuration 
of the C. albicans MAT-like locus is a stable 
one. Because homologous recombination by 
way of the sequences flanking the locus could 
in principle result in the loss of either MTLa or 
MTLa, it seems likely that some sort of recom- 
binational suppression exists. For example, one 
or more of the genes in each locus could be 
essential for cell viability, or the region could be 
under some type of mechanistic recombina- 
tional suppression. 

In S. cerevisiae, the a l and a 2  vroteins form 
a heterodime; that binds to speckc DNA se- 
quences (the haploid-specific gene, or hsg, op- 
erators) and represses transcription of the hap- 
loid-specific genes (2, 14, 15). To see whether 
C. albicans has an al /a2 repression activity and 
whether it is dependent on the genes of the MTL 
locus, we used two different hsg operators: One 
is the consensus hsg operator from S. cerevi- 
sine, and the other is an hsg-like sequence 
found upstream of the C. albicans CAGl gene, 
which encodes the a subunit of a trimeric GTP- 
binding protein. Although the function of this 
hsg-like sequence in C. albicans is not known, 
the sequence is recognized by S. cerevisiae 
al/a2 (16). Five GFP (green fluorescent prd- 
tein) reporter constructs were analyzed in C. 
albicans cells (1 7). In each construct, the GFP 
gene was placed under transcriptional control of 
the C. albicans ADHl promoter, and in addition 
contained (i) no insert, (ii) three S. cerevisiae 
hsg operator consensus sequences, (iii) three S. 
cerevisiae hsg operators mutated in two nucle- 
otide positions to prevent recognition by al /a2 
(18), (iv) three copies of the hsg operator-like 

sequences found upstream of the C. albicans 
CAGl gene, or (v) three copies of the C. albi- 
cans CAGl sequence mutated in a way predict- 
ed to destroy recognition by alIa2. The opera- 
tors were inserted in the ADHl upstream region 
260 base pairs upstream of the GFP gene. 

Candida albicans cells containing the 
construct that lacks the operator expressed 
GFP, as evidenced by their bright green flu- 
orescence (Fig. 4). The introduction of the S. 
cerevisiae hsg operators into the promoter 
markedly decreased fluorescence, whereas 
the mutant S. cerevisiae hsg operators 
showed no significant difference from the 
control construct that lacks the operators. The 
presence of the hsg-like sequence from CAGl 
also significantly repressed GFP production, 
and the point-mutations introduced into it 
relieved this repression. 

To determine whether the C. albicans 
MTL gene cluster was required for the alIa2- 
like repression activity, the GFP reporters 
were transformed into MTLal deletion strains 
and evaluated for fluorescence. In contrast to 

the wild-type C. albicans strains, the MTLal 
mutant strains showed the same levels of 
fluorescence for all of the reporter constructs, 
indicating that the MTLal gene is required 
for the transcriptional repression activity 
(Fig. 4). Similar behavior was seen for both 
the complete deletion of the MTLal gene and 
for the MTLal homeodomain deletion, con- 
sistent with the DNA-binding domain of a l  
being required for the repression activity 
(9). Northern (RNA) analysis also showed 
that transcription from the reporter con- 
structs containing the functional hsg oper- 
ators was derepressed in the MTLal dele- 
tion mutants compared with the wild-type 
strain; however, in the absence of a l ,  the 
functional hsg operators still showed a 
slight amount of repression when compared 
with the mutated hsg operators (9). This 
repression could be due to the effect of the 
a 2  alone or to a different C. albicans ac- 
tivity that has some overlapping function 
with a l l a2 .  Taken together, these results 
show that C. albicans has an alIa2-like 
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Met; N, Asn; P, Pro; Q, Cln; R. Arg; 5, Ser; T, Thr; V, Val; W. Trp; and Y. Tyr. 

www.sciencemag.org SCIENCE VOL 285 20 AUGUST 1999 1273 



R E P O R T S  

Fig. 3. Products of PCR reactions showing deletion of the C. A 
albicans MTLa7 gene and the absence of genes for a1 at 
other loci. (A) Schematic of the genomic locus. Labeled intact a1 gene 
arrows indicate locations of primers used in the PCR reac- 
tions in (B). (B) Agarose gels'showing fragments produced 
in PCR reactions with indicated primer sets on genomic deletion of entire 
DNA isolated from different strains. Lanes: WT, genomic a1 aene .. . e---- 
DNA from wild-type cells as the template; ;l KO, 
genomic DNA from the complete MTLa7 deletion strain 
as template; a1 HD KO, genomic DNA from the MTLa7 
homeodomain deletion strain as template. Predicted ~ ~ f i ~ ~ O ~ O ~  sizes of the PCR ~roducts  are indicated on the left fin 
kilobases). All priher sets yielded the appropriately siied 
products or no product as predicted. Lane 1, DNA marker B 
fragments; lanes 2 to  4, primers A and B on indicated A +  B +  

A + B  hldi2 hkGl C + D  E + F  
genomic DNA; lanes 5 to  7, primers A and hisG2 on 
indicated genomic DNA; lanes 8 t o  10, primers B and 8 s 9' I '  ,," ,," ,, 
hisG1 on indicated genomic DNA; lane 11, DNA marker 
fragments; lanes 12 to  14, primers C and D on indicated E g r r  S r r S = y  
geiomic DNA; lanes 15 t o  17, primers E and F on 
indicated genomic DNA. 

Fig. 4. Identification of an a l l a 2  tran- 
scriptional repression activity in C. albi- 
cans mediated by the hsg operator and 
the MTLa7 gene. Transcriptional repres- 
sion activity was determined as a mea- 
sure of GFP fluorescence in a heterolo- 
gous reporter system in the presence of 
test DNA binding sites as inserts. In 

CFP expression. ~ e ~ o r t e r  (1) no insert, 
(2) three 5. cerevisiae hsg operator con- 2 I 
ie'nsus sequences, (3) t h k e ' ~ .  cerevisiae 
hsg operators mutated at two nucleo- , 
tide ~ositions to Drevent recognition bv 
al/&2 (78). (4) three copies i f  the h 2  
operator-like sequences located up- 
stream of the C. albicans CAGl gene, 
and (5) three copies of the C. albicans 
CAGl sequence mutated in a way pre- 
dicted to destroy recognition by al la2. 
Repression of the reporter is observed 
oniy when the reporter contains an in- 
tact hsg operator and when the MTLa7 
gene is present. 

4 

transcriptional repression activity and that transcriptional repression by bringing the 
this activity is dependent on the C. albicans corepressor Tupl to DNA, and the a l la2  
MTLal gene. We think it likely that MTLa repressor activity observed in C. albicans is 
and MTLa together encode the a l la2  ac- at least partially dependent on the C. albi- 
tivity. In S. cerevisiae, a1 and a 2  mediate cans Tupl protein (9). 

In S. cerevisiae, genes regulated by the 
products of the UAT locus encode proteins 
involved in many aspects of the sexual cycle. C. 
albicans contains close relatives of many of 
these genes, including those involved in S. cer- 
evisiae mating [for example, GPAI (16), 
STE2O (19), STE6 (20)] and meiosis [for exam- 
ple, DMCI (13)l. Although some of the C. 
albicans relatives of the S. cerevisiae sexual 
cycle genes control filamentous growth, the 
complete functions of most of these genes have 
not been determined. These observations raise 
the question of whether any of these C. albicans 
genes are regulated by the MTL locus. We 
showed above that a DNA sequence found 
upstream of the C. albicans CAGI gene (GPAI 
homolog) can bring about MTL-dependent tran- 
scriptional repression when placed into a test 
promoter. In addition, we know that expression 
of the endogenous CAGI gene is indeed regu- 
lated by the MTL locus (9). Thus, like the 
analogous situation in S. cerevisiae, C. albicans 
CAGl is a natural target of the products of the 
MTL locus. These results have prompted us to 
reexamine the possibility of a sexual cycle in C. 
albicans. In preliminary experiments, mating in 
C. albicans has not been observed; however, a 
more extensive analysis is now underway to 
construct strains with the appropriate configu- 
rations of the MTL locus and to screen them 
under numerous environmental conditions, in- 
cluding those conducive to mating in a'variety 
of fungi. 

In addition to the three transcriptional regu- 
lators al ,  al, and a2, six other ORFs were 
identified in the MTL locus: three in MTLa and 
three in MTLa (Fig. 1). These additional ORFs 
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are arranged in pairs, one member of which is 
in MTLa and the other in MTLa. One pair of the 
ORFs is similar to the S. cerevisiae PIKl gene, 
a phosphatidylinositol hnase (PIK); the second 
pair of ORFs is similar to the S. cerevisiae 
YKROO3 W, a member of a class of genes similar 
to the human oxysterol binding prote~n (OSBP) 
gene, referred to here as OBP; and the remam- 
ing pair of ORFs is similar to S. cerevisiae 
PAPI, a poly(A) polymerase (PAP) (21). The 
proteins encoded by the related ORF pairs are 
-60?/0 identical to one another. This level of 
divergence between the members of each gene 
pair suggests that, although clearly related, they 
may have subtly different functions from each 
another. MAT loci have been characterized in 
several fungi, and to date, the proteins encoded 
by them fall into the categories of sequence- 
specific DNA binding proteins, pheromones, 
and pheromone receptors (22-26). A few other 
MAT genes (Schizosaccharomyces ponzbe Mm, 
and Ustilago nzaydis LGA2 and RGA2) do not 
closely resemble any known genes, and their 
functions are as yet unknown. In contrast, six of 
the nine genes in the C. albicans MTL locus 
code for types of proteins not found in any of 
the previously described MAT loci. 

The ORFs for all nine genes of the C. 
albicans MTL locus appear intact, suggesting 
that they code for functional proteins. We know 
this is the case for C. albicans a1 because it can 
mediate transcriptional repression from a test 
promoter bearing an hsg operator. The cluster- 
ing of all nine genes into the C. albicans MTL 
locus suggests, by analogy with other fungi, 
that all of the genes may be involved in a single 
biological process. These genes could function 
to regulate a sexual cycle in C. albicans that has 
remained hidden from investigators, or they 
could be sexual cycle components derived from 
an evolutionary ancestor but now used to reg- 
ulate another cellular process 
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