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Abstract In the budding yeast Saccharomyces cere- 
visiae, progress of the cell cycle beyond the major con- 
trol point in G1 phase, termed START, requires activa- 
tion of the evolutionarily conserved Cdc28 protein ki- 
nase by direct association with G1 cyclins. We have used 
a conditional lethal mutation in CDC28 of S. cerevisiae 
to clone a functional homologue from the human fungal 
pathogen Candida albicans. The protein sequence, de- 
duced from the nucleotide sequence, is 79% identical to 
that of S. cerevisiae Cdc28 and as such is the most close- 
ly related protein yet identified. We have also isolated 
from C. albicans two genes encoding putative G1 cy- 
clins, by their ability to rescue a conditional G1 cyclin 
defect in S. cerevisiae; one of these genes encodes a 
protein of 697 amino acids and is identical to the 
product of the previously described CCN1 gene. The 
second gene codes for a protein of 465 residues, which 
has significant homology to S. cerevisiae Cln3. These 
data suggest that the events and regulatory mechanisms 
operating at START are highly conserved between 
these two organisms. 
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Introduction 

In budding yeast, as in all eukaryotes, the mitotic cell 
cycle can be divided into four intervals, G1-, S-, G2- and 
M phase. Overall control of cell division is achieved 
principally by regulating entry into S phase, the period 
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of DNA synthesis, or into M phase when nuclear divi- 
sion and mitosis occur. In Saccharomyces cerevisiae, the 
major controlling event, termed START, occurs late in 
the G1 phase (Pringle and Hartwell 1981). At START, 
environmental signals such as nutrient availability or 
the presence of mating pheromone are monitored; only 
under appropriate conditions will cells traverse START 
and become committed to a round of mitotic division 
(for recent reviews see Sherlock and Rosamond 1993; 
Nasmyth 1993). 

Passage through START requires the activation of a 
34 kDa serine/threonine protein kinase, which in S. 
cerevisiae is encoded by the CDC28 gene (Piggot et al. 
1982). This protein is the functional homologue of the 
cdc2 ÷ gene product of the fission yeast Schizosaccha- 
romyces pombe (Beach et al. 1982) and these two 
proteins serve as the paradigm for the cdk family of 
protein kinases in higher eukaryotes (Nurse 1990). The 
enzymic activity of Cdc28 at START is regulated at 
least in part by assembly of the kinase catalytic subunit 
into a complex with members of a family of labile 
proteins, the G1 cyclins (Richardson et al. 1989). In S. 
cerevisiae, at least nine proteins with potential G1 cyclin 
function have been identified and, although the roles of 
the different cyclins is unclear, it is thought that they 
may provide substrate specificity for the Cdc28 kinase 
complex (for example, see Cvr6kov~t and Nasmyth 
1993). 

We have used S. cerevisiae as a surrogate genetic sys- 
tem to investigate the molecular mechanism of cell cycle 
control in the evolutionarily related yeast Candida albi- 
cans (Chen et al. 1984; Hendriks et al. 1989). C. albicans 
is an asexual diploid opportunistic human pathogen 
that is capable of growing with either a yeast or a hy- 
phal morphology (for review see Scherer and Magee 
1990). The factors that determine and regulate the mor- 
phogenetic choice seem likely to be important patho- 
genic determinants; although both morphologies are 
generally observed in disseminated infections (Odds 
1987), various lines of evidence suggest a specific role for 
the yeast-hyphal transition in pathogenesis (Soll 1988). 
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As a first approach to the analysis of the C. albicans cell 
cycle and the relationship between cell cycle regulation 
and the yeast-hyphal dimorphic transition, we have 
screened a library of C. albicans genomic D N A  for genes 
that rescue condit ional  lethal mutat ions in genes needed 
for the complet ion of S T A R T  in S. cerevisiae. In this 
paper, we describe the isolation and molecular charac- 
terisation of CDC28 and two cyclin homologues from C. 
albicans. 

Materials and methods 

Yeast strains and methods 

The S. cerevisiae strains used in this work were: SB860 cdc28-6 
ura3-52 leu2 tyrl trpI ; SB847 cdc28-4 his3 leu2 ade2 ura3 metx 
from Clive Price, University of Sheffield, UK; and BF305- 
15dno.21 MATa Ieu2-3,-112 his3 ura3 trpI adeI met14 arg5,6 
HIS3::clnl TRP1 ::cln2 ura3::GAL1-CLN3 from Bruce Futcher, 
Cold Spring Harbor Laboratory, New York (Xiong et al. 1991). C. 
albicans strain 124 was obtained from Richard Barton, University 
of Manchester. All strains were grown on media containing 2% 
peptone, 1% yeast extract supplemented with either 2% glucose 
(YEPD) or 1% galactose and 1% raffinose (YEPGR). Supple- 
mented synthetic minimal medium (YNB) comprising 0.67% 
yeast nitrogen base, 2% glucose and appropriate nutritional sup- 
plements was used for the selection and maintenance of plasmids 
in S. cerevisiae. Standard yeast genetic and recombinant tech- 
niques were used (Sherman et al. 1986). Yeasts were transformed 
using the lithium acetate procedure with single-stranded carrier 
DNA (Schiestl and Gietz 1989). 

Bacterial strains and methods 

Escherichia coli strain HW87 (Patterson et al. 1986) was used as 
the routine host for maintenance and storage of plasmids. Cul- 
tures were typically grown in L-broth (Miller 1972) supplemented 
when necessary with 50 gg/ml ampicillin. Plasmid DNA was ex- 
tracted from bacterial cultures either by alkaline lysis (Birnboim 
and Doly 1979) or by detergent lysis followed by CsCl-ethidium 
bromide equilibrium density gradient centrifugation (Humphreys 
et al. 1975). E. coli HW87 was transformed either by the method 
of Warren and Sherratt (1978) or by electroporation (Dower et al. 
1988). 

Nucleic acid methods 

Yeast genomic DNA was prepared from logarithmic-phase cell 
cultures as described previously (Cryer et al. 1975). Standard re- 
combinant DNA techniques were used throughout (Sambrook et 
al. 1989). Restriction endonucleases, T4 DNA ligase and Klenow 
fragment of DNA polymerase I were purchased from Boehringer 
Mannheim. Sequenase version 2.0 was purchased from United 
States Biochemical Co. and used according to the manufacturer's 
recommendations. DNA fragments were radioactively labelled by 
random oligonucleotide priming (Feinberg and Vogelstein 1983) 
using a kit from Boehringer Mannheim and [et-32p]dATP from 
New England Nuclear. DNA sequences were determined using 
the chain-termination method (Sanger et al. 1977) for direct plas- 
mid sequencing on both strands (Zhang et al. 1988) using [et- 
35S]dATP. Oligonucleotide primers were synthesised on an 
ABI381 Synthesiser using phosphoramidite chemistry. Reaction 
products were resolved and detected as described previously (Pat- 
terson et al. 1986). The deduced sequence was analysed using 
University of Wisconsin Genetics Computer Group (GCG) soft- 
ware on the Daresbury database facility. 

Results 

Construct ion of a C. albicans genomic library 

A high-copy-number library of genomic D N A  se- 
quences from C. albicans strain 124 was generated using 
high molecular weight D N A  that had been partially di- 
gested with Sau3A. The digested D N A  was size frac- 
t ionated to 3-12 kb by centrifugation through 5-20% 
neutral sucrose gradients (Rosamond et al. 1979) and 
cloned into the BamHI site of the shuttle vector YEp24, 
which carries the yeast U R A 3  gene and 2 ~tm replication 
origin (Hurley and Donelson 1980). The library con- 
tains 2.5 x 104 independent  plasmids of which 70% are 
recombinant.  The average size of the inserts is 7.3 kb. 
Since YEp24 lacks sequences to direct the expression of 
cloned DNA,  the expression of genes from within the C. 
albicans genomic D N A  inserts of the recombinant  plas- 
mids relies upon adjacent C. albicans regulatory ele- 
ments. 

Cloning and identification of CaCDC28 

The CaCDC28 gene was cloned by screening the C. albi- 
cans genomic library in YEp24 for genes that could sup- 
press the temperature-sensitive lesion in S. cerevisiae 
SB860 (cdc28-6). Approximately  6000 Ura + transfor- 
mants were obtained initially at 23°C. These cells were 
recovered in pools of approximately 103 transformants 
and aliquots of each pool  were replated on Y E P D  agar 
at 37°C. Plasmid D N A  was rescued from colonies that 
grew at the restrictive temperature,  amplified in E. coli 
and used to re-transform S. cerevisiae SB860 to uracil 
p ro to t rophy  and temperature  resistance. F rom this 
screen, a single plasmid was isolated that carried a 
7.5 kb genomic fragment capable of rescuing both  the S. 
cerevisiae cdc28-6 and cdc28-4 mutations.  This plasmid 
was designated pAN J1 (Fig. 1A). 

To delimit the region of the genomic fragment cloned 
in pAN J1 that was responsible for complementat ion of 
cdc28, we subcloned port ions of pAN J1 and tested the 
ability of the subclones to rescue growth at the restric- 
tive temperature  in S. cerevisiae SB860. A subclone car- 
rying the 3.5 kb Sphl fragment (pANJ2; Fig. 1A) was 
unable to complement  cdc28-6. However,  a subclone 
that  carried the 3.8 kb region from the SphI site to the 
end of the insert (pANJ3) was able to rescue cdc28 as 
effectively as pANJ1 (Fig. 1A). We conclude therefore 
that pAN J3 contains all of the elements essential for 
complementat ion of cdc28. 

Nucleotide sequence of CaCDC28 

Using synthetic oligonucleotide primers, we have deter- 
mined the complete nucleotide sequence of CaCDC28 
within the cloned D N A  fragment of pAN J3. The se- 
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Fig. 1A,B Characterisation 
of CaCDC28. A Partial restric- 
tion map and complementa- 
tion analysis of CaCDC28 
subclones. Complementation 
was assayed by the ability of 
subclones to restore growth of 
the cdc28-6 strain at 37°C; + 
indicates growth, - indicates 
no growth. The large arrow 
shows the location, size and 
direction of transcription 
within the cloned DNA of the 
CaCDC28 open reading 
frame. Abbreviations of re- 
striction enzyme sites are as 
follows: R, EcoRI; S, SphI; X, 
XhoI. B Nucleotide and de- 
duced amino acid sequence of 
Candida albicans CDC28. Nu- 
cleotides are numbered with 
respect to the first ATG of the 
open reading frame (ORF). 
This nucleotide sequence will 
appear in the EMBL, Gen- 
Bank and DDBJ Nucleotide 
Sequence Databases under the 
accession number X80034 

A ORF 31700 Growth 
at 37°C 

S R R R X 
J I I ! I I ] pAN J1 + 

s 

I I pAN J2 

Scole 
i I I pAN J3 I 1 k b  + 

B v V V V V V V V V V 

GGATCTACATTCAAAACAACATGT TTACTAACCAACTATAGAACACACACAT CCCAAGCCAAGACCAACACTTATT GCAA -I 

V V V V V V V V V V 
ATGGTAGAGTTATCTGATTATCAACGTCAAGAAAAAGTCGGAGAAGGTACTTATGGGGTTGT T TATAAAGCATTAGATACCAAGCACAATAATAGAGT TG 100 

M V E L S O Y Q R Q E K V G E G T Y G V V Y K A L D T K H N N R V V 34 

V V V 'V V V V V V V 
TTGCATTAAAGAAAATTCGATTAGAATCAGAAGATGAAGGTGTACCTAGTACCGCCAT TAGAGAAAT CTCGT TAT TAAAAGAAATGAAAGAT GATAATAT 200 

A L K K I R L E S E D E G V P S T A I R E I S L L K E M K D D N I 67 

V V V V V V V V V V 
cGTTcGATTATATGATATTATTcATT•AGATT•TCATAAATTATATTTAGTATTTGAATTTTTGGATTTAGATTTAAAGAAATATATGGAAAGTATTC•T 300 

V R L Y D [ I H $ D $ H K L Y L V F E F L D L D L K K Y M E S I P 100 

V V V V V V V V V V 
•AAGGAGTTGGACTAGGGGCTAATATGATAAAAAGATTTATGAATCAATTAATT•GAGGTATTAAA•ATTGT•ATTCTCAT•GAGTTTTACATCGTGATT 400 

Q G V G L G A N M I K R F M N Q L I R G I K H C H S H R V L H R D L 134 

V V V V V V V V V V 
TAAAACCACAAAATTTATTGATTGATAAAGAAGGGAAT TTAAAAT TAGCAGATT TTGGAT TAGCTCGAGCAT T TGGAGTTCCAT TAAGAGCATATACT CA 500 

K P Q N L L ! D K E G N L K L A D F G L A R A F G V P L R A Y T H 167 

V V V V V V V V V V 
TGAAGTTGTCA•TTTATGGTAT•GAG•TCC•GAAAT•TTGTTAGGAGGGAAACAATATTCCACTGGGGTAGATATGTGGTCTGTTGGATGTATAT•TGCT 600 

E V V T L W Y R A P E ! L L G G K Q Y S T G V D M W S V G C [ F A 200 

V V V V V V V V V V 
GAAATGTGTAATAGGAAA••ATTATTT••TGGTGATTCAGAAATTGATGAAATTTT•••AATTTTCcGAATTTTAGGAA•A•CTAATGAAGAAATTTGGC 700 

E M C N R K P L F P G D S E I D E I F R I F R I L G T P N E E I W P 234 

V V V V V V V V V V 
•TGATGTTAATTATTTAc•AGATTTTAAATcAAGTTTCcCTcAATGGAAAAAGAAACcTTTGAGTGAAGCAGTTC•AAGTTTGGATGcTAATGGAATTGA 800 

D V N Y L P D F K S S F P Q W K K K P L S E A V P S L D A N G I D 267 

V V V V V V V V V V 
TCTTTTGGATcAAATGTTGGTGTATGAT~AAGTAGAAGAATAAGTGCTAAACGAG~TTTAATTCATC~TTATTTTAATGATAATGATGATCGTGAT~AT 900 

L L D Q M L V Y D P S R R I S A K R A L I H P Y F N D N D D R D H 300 

V V V V V V V V V V 
AACAATTATAAT GAAGATAATAT TGGGATT GACAAACACCAAAACAT GCAATAAATCT T GTCGCCTCCT CAATAAAATAT C GACAT CGAAAAGAAAAAAC 1000 
N N Y N E D N I G I D K H Q N M Q > 317 

V V V V V V V V 
GGAAAAAAAAT•AA•TGT•AGAT•T•AAT•AGATTTATAGGTTTAGATATGTTACAAGTAAACGATTG•TTTTCAGGATATT•AGGGG 1088 

quence contains an open reading frame of 317 codons, 
potentially encoding a protein of 36 645 daltons, the lo- 
cation of which is consistent with the subcloning data 
(Fig. 1A, B). The regions flanking the open reading 
frame contain motifs frequently found adjacent to cod- 
ing regions in yeast, including a TATA box at position 
- 4 0  relative to the initiation codon, as well as consen- 
sus transcription termination and polyadenylation sig- 
nals in the 3' flanking region between nucleotides 971- 
1073 (Fig. 1B; Zaret and Sherman 1982). Comparison of 
the predicted protein product of CaCDC28 with S. cere- 
visiae Cdc28 showed that the proteins were 79% identi- 
cal over 295 amino acids, and that CaCdc28 contains all 
of the motifs characteristic of protein kinases in general 
and the Cdc28 protein kinase in particular (Fig. 2; 
Hanks and Quinn 1991). 

Cloning and identification of C a C L N  genes 

Since Cdc28 protein kinase activity is regulated in part 
by interaction with cyclins (Richardson et al. 1989), we 
screened the C. albicans genomic library for genes en- 
coding putative G1 cyclins. For this purpose we used S. 
cerevisiae strain BF305-15dno.21, which is deleted for 
CLN1 and C L N 2  and dependent for viability on the 
galactose-inducible expression of CLN3 (Xiong et al. 
1991). S. cerevisiae BF305-15dno.21 was grown in YEP- 
GR and transformed with DNA from the C. albicans 
genomic library. Cells were screened for plasmid-borne 
cyclin genes by plating directly onto minimal YNB 
medium lacking uracil and supplemented with glucose. 
Two colonies were obtained (from a total of approxi- 
mately 5 x 10  3 Ura + transformants); plasmid DNA was 
recovered from each of these clones, amplified in E. coli 
and used to re-transform BF305-15dno.21 to uracil pro- 
totrophy and galactose independence. From this screen 



Fig. 2 Comparison of the 
Candida albicans and Saccha- 
romyces cerevisiae Cdc28 
proteins. Proteins were 
aligned using FASTA on the 
Daresbury SEQNET facility. 
Amino acid identities are indi- 
cated by dashes; conservative 
substitutions are indicated by 
colons. Key residues conserved 
within protein kinases are un- 
derlined; residues characteris- 
tic of Cdc28/cdc2 kinases are 
shaded. 
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Fig. 3A,B Characterisation 
of CaCLN1. A Partial restric- 
tion map and complementa- 
tion analysis of CaCLN1 sub- 
clones, for which symbols 
used are as described in the 
legend to Fig. 1. Restriction 
site abbreviations: C, ClaI; G, 
BglII; Nr, NruI; Sa, SaII; V, 
EcoRV. B Nucleotide se- 
quence of the C-terminal re- 
gion and 3'-flanking region of 
CaCLNI. This sequence, to- 
gether with 616 bp of 5'-flank- 
ing sequence, will appear in 
the EMBL, GenBank and 
DDBJ Nucleotide Sequence 
Databases under the accession 
number X80032 as an update 
to the previously reported 
partial ORF sequence (acces+ 
sion number M76587; White- 
way et al. 1992) 

A 0RF 69700 

Nr So C V V G G G 
I ' ' ' ~ ' ' ~ ' I pMFI 

I l pMF2 

Scare I I pMF3 
I -I 

l kb  

B 
V V V V V V V V V V 

c~TT~T~TATcAA~TAATG~AT~ATTAATTACTAAT~T~GAT~ATTTA~AAA~ATTGTT~TAATACCAATT~TTCAT~cATT~TG~TC 

P I K S I S T N G S L I T N N G S F T N I V N N T N S S S P L M N Q 

V V V V V V V V V V 
AACAACAACAATATTAT CATCAACAACAACACCAACAACAAGTGACCCAATCATCAT TATATCAACAT CAT CAT CAATATCATCAATAAAGTTAT GATGG 

Q Q Q Y Y H Q O Q H Q Q Q V T Q S S L Y Q H H H Q Y H Q > 

v v v v v v v v v v 

TGTTATTTCTAG•TATA•ATTTT•TCCTGTTTAATTTATATTGA••TTGA••TTAATATAAATCAGAAAA•ACAATTTTTTTTAACCATACACTTTTAAT 

V V V V 
TTATAATGCTTTGTTTGTTTGTTTGATTTGCTTGATTTGATTAATTT 

Growth 
at 37°C 

+ 

2007 
669 

2107 
697 

2207 

2274 

we obtained two independent  plasmids, designated 
pMF1 and pGS1, which were defined as carrying Ca- 
C L N I  and CaCLN2,  respectively. 

The genomic fragment cloned in pMF1,  carrying Ca- 
CLN1,  was characterised to localise the region required 
for complementat ion.  This was achieved by subcloning 
portions of pMF1 and examining the ability of the sub- 
clones to rescue the condit ional cyclin deficiency in S. 
cerevisiae BF305-15dno.21. The results (Fig. 3A) estab- 
lished that all of the elements required for complemen- 

tat ion were located in the 4.0 kb region extending from 
an E c o R V  site to the left vector-insert junct ion (pMF2;  
Fig. 3A). In the course of this work, it became apparent  
that the clone carrying CaCLN1 was similar to the 
clone carrying the previously reported partial open 
reading frame, C a C C N I ,  which had been isolated on 
the basis of its ability to confer s-factor  resistance in S. 
cerevisiae (Whiteway et al. 1992). F rom D N A  sequenc- 
ing we have established that CaCLN1 is identical to 
CaCCN1 for which a partial amino acid sequence has 
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Fig. 4A,B Characterisation of 
CaCLN2. A Partial restriction 
map and complementation 
analysis of CaCLN2 sub- 
clones, symbols used are as 
described in the legend to 
Fig. 1. Restriction enzyme ab- 
breviations: B, BamHI; K, 
KpnI; N, NheI; R, EeoRI. 
The large arrow shows the lo- 
cation, size and direction of 
transcription of the CaCLN2 
open reading frame within the 
cloned DNA. B Nucleotide 
and deduced amino acid se- 
quence of C. aIbicans CLN2. 
Nucleotides are numbered 
with respect to the first ATG 
of the open reading frame. 
Regulatory features are de- 
scribed in the text. The nucle- 
otide sequence given here will 
appear in the EMBL, Gen- 
Bank and DDBJ Nucleotide 
Sequence Databases under the 
accession number X80033 

A ORF L65 aa 

Scale 
I I 

lkb 

R R N R 
I I I ! 

B 
I ,  

K 

I I 

I ...... 

J pGS1 

pGS2 

pGS3 

I pGSL 

Growth 
at 37°C 

a V V V V V V 
GTTMGAATTATTCCAA~CTATTCTTATCACCATTTG~GATCTC~TCTTATT -201  

V V V V V V V V V V 
TGCATATT~TAGAAATCA~ATTTT~TTGAATCTATT~AGTCATTCCTTGTTTTATTGTCATTT~TTATTGAAATTATTTTTTTTA~AAcCATTAAAA -I01 

V V V V V V V V V V 
CAGTATTTATAAAAAAAGATATTC~TTTTTTTTT~ACAA~CAAATAA~ATAAATCAAAAACTAT~AATCCAAACATAGACACATAGTTGATTATTAATC -1 

V V V V V V V V V V 
ATGTTT~CT~TTCAC~TGATGCTTT~AT~AAGTTAGGATGATGC~T~CCTGAT~A~GCAAGTAATTTCAAGTTACAATC~TGG~TTTAGATGTC 100 
M F P N S P D A F H Q V R M M Q S L [ K A S N F K L Q $ M E F R C H 34 

V V V V V V V V V V 
ATTC~ATAATGTATGTGAATA~A~GGAAATGTTGCAT~A~TTGTTATCAGTTGAAG~T~AACATTG~CTAG~TTAT~ATTAATTG~AG~AACC 200 

S N N V C E Y Q M E M L H H L L S V E A K T L P S L S L I E Q Q P 6 7  

V V V V V V V V V V 
AGA~TCAAGTTAGGTATGAGACCATTGTTGTTGGA~TTCTT~TGGAAGTTATCACTATTCTCAACTTGTCTAGAT~TACATTCC~TTTGACTGTCAAT 300 
E I K L G M R P L L L D F L M E V I T ] L N L S R S T F P L T V N 100 

V V V V V V V V V V 
TTGATTGAT~GTTATTGTTCAA~AG~TTGTCAAGAAAC~CATTAC~AGTTGTTGGGATTGA~TAGT~TTTGGATCAGTTGT~GAACTTGGATT~AA 400 
L I D R Y C S T R I V K K Q H Y Q L L G L T S L W I S C K N L B S K 134 

V V V V V V V V V V 

AGTTCA~GTTCcTACATTGAATGATTTGAGAAAAATTTGTGTTGAcAGTTATTACAAAGAATTGTTTGTGGAAATGGAGAAACATATTTTAAAATCATT 500  
F K V P T L N D L R K [ C V D S Y Y K E L F V E M E K H [ L K S L 167 

V V V V V V V V V V 
AG~TGGGT~G¥~TGcTCCGACATTTGATGCCTTTATTGATTTGTATTCAAA~TTGTTGATTTCT~CAGcAGTAACTTTGAGGTTGcAAACATTATC 600  

E W V V N A P T F D A F [ 0 L Y S N L L I S N S S N F E V A N I ! 200  

v v v v v v v v v v 
~A~AT~ATCT~ATAAAAT~AATTGTTTT~C~TTATATTGGTGAATTGTTC~AGTTTTATC~AAA~ATTTATTA~GATTACA~ATCGTCACAAATTG 700  
K K S S H K I K L F S N Y I G E L F Q F Y P N I Y Y D Y T S S Q I A 234 

V V V V V V V V V V 
CTTTGATTGCTATTTT~T~ACGGTCTTGACGTTGAAGATT~TGTTGATTTAATTAGTTTGTTGAACTTTTAc~TGGATTGGTC~AA~TGAAATGTT 800  

L I A I L I T V L T L K I P V D L I S L L N F Y N G L V K T E R F 267  

V V V V V V V V V V 

T~ATC~AATGTTGAACAAGGTGCTGAAGACCAGTTTGAGGAAATTcTTTCAGTTGACTCTTT~AAATCATTATTCAATAAGAGTTTCTTc~G~CTTG 900  
K S N V E Q G A E D Q F E E ] L S V D S F K S L F N K $ F F K N L 300  

V V V V V V Y V V Y 
ATCAAGATAAT~GAT~T~T~C~GCAG~cTT~GA~TAAGTACTTTG~TGAGAATGGT~ATATT~GGTATTGATGAAACAGTTGGT~ACTACTG~T~ 1000 
I K I ! D N P P S S L K I K Y F A E N G K Y S V L M K Q L V T T A S 334 

V V V V V V V V V V 
C~CA~CTTG~GTGTATATTGGAT~CTGTT~CAACA~CAAAGGCTAATAG~TTTGTCAAA~AT~AACAACAACAC~ATTAT~AC~C~GAC~ 1100 

N T L K C I L D P V P T T P K A N S F V K H Q Q Q Q H H Y H P R P 367 

V V V V V V V V V V 
GCC~TGAGTATT~TACCT~AATGATTC~ATTGACA~TGTATCC~TAGCACTAGC~T~TAGATT~AGTCCTGATCAGATATTTTCGGAAAATGAG 1200 

P M S I N T S M I P L T P V S N S T S P N R F S P D Q I F S E N E  400 

V V V V V V V V V V 
T~TA~ACCTGGTATTG~cTTTGGTACCATGACACcTGATTC~CAAT~CATCA~CTGGGGAAAAACG~GTTATGAATGcATTGATGAGTTAGAGATTG 1300 
S T P G I A F G T M T P D S Q S T S P G E K R S Y E C I D E L E I G  434 

V V V V V V V V V V 
GCACATC~A~TG~TGGTTA~A~ACTCAAAAATCATGATACATTGAAAAGATCG~GAGTGCTAATTATGGTACA~TTTT~TATCTT~C~T~AT 1400 

T S T I A G Y T L K N H D T L K R S K S A N Y G T L F Y L Q Q > 465 

V V V V V V V V V V 
~AAACTATA~TTTAG~TGAAATAGTTGGGAG~GG~GTAAGAAAATT~AATTGCTAGAATG~TATCAATTTTATTTGATTCT~CTATTCCAC~T 1500 

V V V V V V V V V V 
ATCATGTTCTGCATTTCACAGGGGAT~GAG~TATATATATGGACACTTT~TGAATTTT~CTGGTT~CGTTCTGAGTTTAGTTGTCCTAGTTTGCA 1600 

V V V V V V V V V V 
TATGATGCTTcTTTTGA~TTT~TGTCTTG~TT~AGC~TAGCTAT~TATT~AATGGGCATTTTATTTTTTC~AA~GTTAATGATTTTTTTATAC~T 1700 

V V V V V 
TMCAAAAGG~GAGG~TGGGAAGGAGATGATATAGACTACTTG 1745 



Fig. 5 Comparison of the N- 
termini of CaClnl, CaCln2, S. 
cerevisiae Cln3 (ScCln3) and 
Schizosaccharomyces pombe 
pucl-- (Sppucl). Sequences 
were aligned using the Univer- 
sity of Wisconsin Genetics 
Computer Group (GCG) 
PILEUP program. Dots repre- 
sent gaps introduced to max- 
imise the alignment. Residues 
conserved in at least three of 
the proteins are shaded, while 
amino acids conserved be- 
tween CaClnl and CaCln2 are 
shown in bold. The cyclin box 
is outlined 
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been reported (Whiteway et al. 1992). We have con- 
firmed that sequence and extended it to complete the 
sequence of the entire open reading frame together with 
616 bp of Y-flanking sequence and 158 bp of down- 
stream sequence. Figure 3B shows the nucleotide and 
predicted protein sequence of the previously unreported 
C-terminal portion of CaClnl. The predicted gene 
product thus comprises 697 amino acids with a molecu- 
lar mass of 79 250 daltons. 

Characterisation and nucleotide sequence of CaCLN2 

The genomic fragment in pGS1 was characterised by 
restriction mapping, which demonstrated that it was 
unrelated to CaCLN1, and by subcloning to localise the 
complementing element. All three subclones derived 
from pGS1 failed to complement the conditional cyclin 
deficiency in strain BF305-15dno.21 (pGS2-4; Fig. 4A) 
implying that CaCLN2 spanned either the NheI or Kp- 
nI site, or both. Using synthetic oligonucleotide 
primers,initial sequencing experiments demonstrated 
that the KpnI site was contained within an open reading 
frame, the predicted product of which had significant 
homology to S. cerevisiae Cln3. We have completed the 
sequence of the CaCLN2 gene together with 255 nucle- 
otides of 5'- and 347 nucleotides of 3'- flanking sequence 
(Fig. 4B). The gene encodes a protein of 465 amino acids 
with a molecular mass of 52 000 daltons. In addition, the 
gene is flanked by typical regulatory motifs including a 
TATA box at position - 9 0  relative to the initiation 
codon, and transcription termination and polyadenyla- 
tion signals in the 3'-flanking region between nucle- 
otides 1670-1750 (Fig. 4). 

Comparison of CaCln2 with the EMBL protein se- 
quence database revealed that the protein was most 

similar to the S. cerevisiae G1 cyclin Cln3, C. albicans 
Ccnl (CaClnl) and S. pombe pucl +, all of which com- 
plement the conditional G1 cyclin mutation in BF305- 
15dno.21. This homology is most obvious within the 
so-called cyclin box region of the proteins found in the 
N-terminal region of both CaClnl and CaCln2 (Fig. 5). 
Within this domain, the proteins show 3 6 4 0 %  identity 
in pairwise comparisons. In addition, and in contrast to 
the parental strain which is unable to grow in the pres- 
ence of 1 gM cz-factor, cells overexpressing either Ca- 
CLN1 or CaCLN2 are resistant to mating pheromone 
and grow well in media supplemented with 10 gM ~- 
factor. In both cases, overexpression occurs only as a 
consequence of the elevated copy number of the gene in 
YEp24, since both C. albicans genes are expressed in S. 
cerevisiae from their native promoters. In S. cerevisiae, 
the pheromone response pathway inhibits G1 cyclin ac- 
tivity to bring about cell cycle arrest (for review see Kur- 
jan 1993). Therefore, while the finding is not altogether 
surprising that the overexpression of CaCLN1 and Ca- 
CLN2 results in a-factor resistance, the significance of 
this with respect to a possible response pathway in C. 
albicans is not clear. 

Discussion 

We have described the cloning and molecular character- 
isation of CDC28 and two putative G1 cyclins from the 
human fungal pathogen C. albicans. The CDC28 gene 
from C. albicans rescues cdc28-6 and cdc28-4 mutations 
in S. cerevisiae, while the protein products of the C. albi- 
cans and S. cerevisiae genes share 79% identity, making 
these two proteins the most similar within the cdk family 
(Hanks and Quinn 1991). The only difference worthy of 
note is a short extension of 22 residues at the C-terminus 
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of C. albicans Cdc28, which distinguishes it from other 
members of the p34 family though the functional signif- 
icance of this difference is unclear. 

In addition to CaCDC28, we have isolated two genes 
that encode cyclins in Candida. On the basis of the find- 
ing that the expression of these genes can rescue a triple 
cln mutation in S. cerevisiae, we suggest that these 
proteins have a similar function in C. albicans, and act 
as G1 cyclins to regulate Cdc28 protein kinase activity 
at START. This idea is supported by the observation 
that, in addition to being homologous to one another, 
both Candida cyclins are most similar to S. cerevisiae 
CLN3 and S. pombe pucl --, both of which also rescue a 
triple cln mutant (Forsburg and Nurse 1991). However, 
pucl + now appears to function as a meiotic rather than 
a G1 cyclin in S. pombe (Forsburg and Nurse 1994), and 
since Candida is unable to undergo meiosis, the signifi- 
cance of this similarity is unclear. CLN1, CLN2 and 
CLN3 form a functionally redundant gene family in S. 
cerevisiae (Richardson et al. 1989), though there are 
clear differences in the regulation and function of each 
of the gene products. 

CLN3 is transcribed constitutively and regulated 
post-translationally by Swi4 and Swi6, whereas the 
transcription of both CLN1 and CLN2 is periodically 
regulated, peaking in G1 phase, by the Swi4/Swi6 tran- 
scription factor, SBF (Nasmyth and Dirick 1991). Also, 
it has been suggested that Cln3 functions upstream of 
Clnl and Cln2 in order to regulate their activity (Tyers 
et al. 1993). We find that CaCLN1 has sequences in its 
5'-flanking region that are consistent with cell cycle reg- 
ulation of its transcript in a manner analogous to CLN1 
and CLN2 in S. cerevisiae (G. Sherlock, A. M. Bahman 
and J. Rosamond, in preparation). However, we have 
found no such sequence motifs upstream of CaCLN2, 
suggesting that it may in fact have a function more relat- 
ed to that of Cln3 than to Clnl or Cln2. Such a categori- 
sation requires, however, an analysis of the pattern of 
expression of these genes during growth and develop- 
ment; such an analysis is currently in progress. 
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