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The pathogenic yeast Candida albicans regulates its cellular morphology in response to 
environmental conditions. Ellipsoidal, single cells (blastospores) predominate in rich 
media, whereas filaments composed of elongated cells that are attached end-to-end 
form in response to starvation, serum, and other conditions. The TUPl gene, which 
encodes a general transcriptional repressor in Saccharomyces cerevisiae, was isolated 
from C, albicans and disrupted. The resulting tupl  mutant strain of C. albicans grew 
exclusively as filaments under all conditions tested. TUPl was epistatic to the tran- 
scriptional activator CPHI,  previously found to promote filamentous growth. The results 
suggest amodel where TUPl represses genes responsible for initiating filamentous 
growth and this repression is lifted under inducing environmental conditions. 

T h e  yeast Candida albicans is a n  opportu- 
nistic pathogen of humans, causing corn- 
mon superficial infections as well as life- 
threatening disseininated and organ infec- 
tions. Fungal pathogens such as C,  nlbicnns 
are of increasing concern because of the  
rising incidence of iinmunosuppression 
brought about by AIDS, diabetes, cancer 
therapies, organ transplantation, and other 
conditions (1 ) .  

Typically, C. nlbicans grows as single el- 
lipsoidal cells called blastospores (also called 
blastoconidia). In  the presence of inducing 
environlnental signals, C. albicans can as- 
sume filamentous forms in which cells re- 
main attached to each other after dividing 
and thereby form long branched strings of 
connected cells. These filamentous forms 
range from pseudohyphae (where cells that 
form filaments are elongated, but still ellip- 
soidal) to true hyphae (where highly elon- 
gated cells that form the filaments are cylin- 
drical and are separated by perpendicular 
septa1 v,,alls). T h e  ability of C .  nlbicm~s to 
adopt these different morphologies is 
thought to contribute to colonization and 
dissemination within host tissues, and there- 
by to promote infection (2 ,  3) .  All morpho- 
logical forms can be found within infected " 

tissues. In  the laboratory, environlnental 
conditions influence the moruhologlcal state " 

of C. albicnns. Serum causes blastospores to 
sprout true hyphae (tenned germ tubes at 
their initial appearance). High temperature 
(3 i °C) ,  high ratio of C02 to 02, neutral pH,  
and nutrient-poor media also stimulate 
hyphal growth. Conversely, low ternpera- 
tures, air, acidic pH ( 4  to 6 ) ,  and enriched 
media promote blastospore growth (2 ,  4 ) .  
Inter~nediate conditions can induce various 
pseudohyphal forms as well as true hyphae 
( W e  use "filamentous" to refer to both 
pseudohyphae and hyphae) . 
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O n e  pathway that regulates cell mor- 
phology in C, nlbicnns has been disco\-ered. 
T h e  gene products of C P H I ,  HST7, and 
CST2O are the C .  albicans homologs of the 
S ,  cerevisine STE12, STE7, and STE20 prod- 
ucts, respectively. Candida albicans strains 
mutant in any of these genes show retarded 
filarnentous growth but n o  impairment of 
serum-induced germ tube and hyphae for- 
mation (5, 6). These results suggest that a 
kinase signaling cascade, similar to that 
leading to STEl2  activation in Snccharomy- 
ces cerevisiae, plays a part in  stimulating the  
m o ~ ~ h o l o g i c a l  transition between blasto- 
snore and filamentous forms In C .  albicans. 

W e  now describe another regulator of 
filamentous growth, the T U P l  gene, whose 
function has been studied in  S. ceretisine, 
where it represses transcription of many 
different genes (7-9). Targets of T U P l  reg- 
ulation include glucose-repressed genes, 
oxygen-repressed genes, D N A  damage- 
induced genes, a-specific mating genes, 
haploid-specific genes, and flocculation 
genes. These sets of genes are each regulat- 
ed by a distinct upstream DNA-binding 
protein, and each DNA-binding protein re- 
cruits to the promoter a colnplex contain- 
ing the  TLrPl  gene product. Several lines of 
evidence indicate that the  TLTPl gene 
product plays the  principal role in bringing 
about transcriptional repression by mecha- 
nisms still not  well understood i lC) .  

In  our search for homologs of S .  cerevi- 
sine T C P l ,  we isolated a gene from the 

u 

closely related yeast Kluyvero~nyces lactis, 
which has the ability to c o ~ n ~ l e m e n t  a tub1 
deletion mutation iII S .  ceredsiae cells. ~ i l e  
K ,  lactis T L P l  gene was similar to S.  cer- 

u 

evisine T U P I ,  and we used the  shared se- 
quence information to  design degenerate 
PCR (polymerase chain reaction) primers 
to amplify conserved regions in the C O O H -  
terminus of TLrPl  from other organis~ns 
including C , nlbicans. T h e  principal PCR 
product generated from C , albicans genolnic 

D N A  was cloned, sequenced, and used as a 
probe to isolate a full-length gene from a C. 
nlbicnns genoinic library ( I  I ) .  Sequencing 
and conceptual translation revealed. a n  
open reading frame similar to  that of T C P l  
from S.  cerevisine (67% identity o17er the 
entire ainino acid sequence) (Fig. 1A) .  Ma- 
jor conserved features were the  seven 
WD40 repeats at the COOH-terminus of 
T U P l  (which anchor T U P l  to DNA-bind- 
ing proteins) and the  NH1-terminus, in- 
cluding a proximal glutamine-rich segrnent 
(Fig. 1B). WD40 amino acid sequence re- 
peats are found in many other proteins, 
including p subunits of heterotri~neric G 
proteins (1 2).  

T o  determine whether the  C. nlbicans 
T U P l  gene had functional as well as struc- 
tural similarity to S ,  cerevisiae T U P I ,  we 
obtained expression of C,  nlbicans T U P l  
under galactose control in tupl S. ceretisine 
cells. T h e  overexpressed C .  nlbicnns gene 
restored repression of a genomic a-specific 
gene reporter, hlfn2:lncZ to that in  wild-type 
(1 3). In addition, tupl S. ceretisine cells 
overexpressing the  C .  albicnns T U P l  were 
not  flocculent, mere not  temperature sensi- 
tive, exhibited wild-type cell shape, and 
grew rapidly, indicating that several other 
phenotypes characteristic of tupl cells had 
also been corrected by the C, nlbicnns gene. 
Thus in these two species, TLTPl apparently 
has the same molecular function: It is re- 
cruited to D N A  by various D N A  binding 
proteins, and it represses transcription. 

T o  determine which pathways are con- 
trolled by the TLrPl repressor in C .  nlbicnns, 
which is diploid, we disrupted both copies 
of the gene in two rounds (14) .  T h e  disrup- 
tion consisted of a large deletion that ex- 
cised most of the  TUPI  gene as well as 33C 
bp of D N A  upstream of the open reading 
frame. T o  ensure that the phenotypes de- 
scribed below resulted from loss of T C P l  
function rather than loss of the  upstream 
D N A  or other features of the  locus separate 
from the  TLTPl open reading frame, we 
performed a second round of disruption 
with a D N A  fragment that carried tupl C. 
albicnns with a n  NH2-terminal frameshift 
mutation instead of a large deletion (Fig. 
2A) .  T h e  resulting strains were, in all re- 
spects, phenotypically identical to  the ho- 
mozygous mutant strains carrying the  large 
deletions of T C P l ,  which are described be- 
loiv. Wild-type C ,  albicans phenotypes were 
fully restored by insertion of a wild-type 
copy of the  T C P l  gene linked to an  adja- 
cent URA3 marker (Fig. 2A)  back into the  
disrupted locus (Fig. 2B, lane 4) .  Further- 
more, insertion of a wild-type copy of the  
gene under the control of a maltase promot- 
er into the  genome also rescued the  tupl 
deletion nlutant phenotypes in a maltose- 
dependent manner (1 3) .  
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Differences were observed when tupl 
and wild-type C. albicans were compared 
under the microscope (Fig. 3) (1 5). For A 
to D, both strains were grown under condi- 
tions (YEPD) (16) that favor the blasto- 
spore form of growth, and, as expected, the 
wild-type strain exhibited the blastospore 
form under these conditions (Fig. 3, A and 
C). In contrast, the homozygous tuplltupl 

centrally located in non-mitotic cells, fila- ta, as is normally seen in wild-type C. albi- 
ments branched several septa1 compart- cans. One minor difference was that the 
ments behind the growing hyphal tip, and mutant cells often had slightly misshapen 
branches were situated near the apical sep- cell walls (Fig. 3F). 

Fig. 2. Disruption of C, albi- A 
cans TUPI. (A) The open Genomic locus 
reading frame of the C, albi- - - - 
cans T U P ~  locus shows as - - - = -- 2 z - -  

w g 8  -, 2 r w 
a box containing conserved I coy aa $ O w 8 g z  
sequence elements (as ir ' ' ' ' I I I I 

Fig. 1 B). The top line repre- , 1kb  , 
sents the original genomic 
clone, the insert of plasmic 
p371. The second line rep- 
resents the disruption frag- 
ment contained on p383C 
The third line represents the 
rescuing fragment carriecl nescue rragrnenr 
on p405, and the last line 
corresponds to the frame- - 

mutant strain was completely filamentous 
(Fig. 3,  B and D). The mutant strain formed 
only filaments on all media tested, includ- 
ing common and specialized media, namely, 
YEPD, YD, Saboraud, corn meal with or 
without Tween 80, Spider, 20% calf serum, 
Lee's defined, and minimal S medium with 
a variety of fermentable and nonferment- 
able carbon sources (16). On most media, 
mutant cells grew as pseudohyphae rather 
than as true hyphae; but under certain hy- 
phal-inducing conditions, they attained 
elongated and straight-walled shapes indis- 
tinguishable from those of true hyphae (Fig. 
3. B and D: and Fie. 4). Some of these 

I h d J  

fragment 

I - 
I Deletic 

--m 
)n disruption 

- URA 

- I IRA! 
shift mutant (p418), createc 
by filling in the indicated Ecc ?shift disruption fragment 

RI slte of p405 (B) A DNP 7 + 
blot of C albicans genomlc 
DNA (cut w~th Nhe I-Spe I B 7 - 
was probed wtth the H~nd Ill-Spe I fragment from the C ? C T  3 
TUPl genomlc locus (A, top Itne) Lanes 1 and 2, DNA z 
from TUPIITUPI strams (length equals 3 kbp), lane 3, m 

DNA from a heterozygous tupllTUP7 stratn (3 kbp and - T  

2 3 kbp), lane 6, DNA from a homozygous tupl / tupl  
mutant stratn Lanes 4 and 5 show ~ntegratton of the 

- ,  
p405 resculng fragment (th~rd l~ne from top In A) Into the 
TUPl locus lntegrat~on of the subportton of the fragment 
w~th URA3 but w~thout TUPl resulted In the sl~ghtly small- 
er band shown In lane 5 (approx~mately 9 kbp) and d ~ d  not 

Dc restore TUPl funct~on, whereas lntegratlon of the ent~re n0l 
fragment, shown In lane 4 (approx~mateiy 9 7 kbp), d ~ d  
restore TUP1 funct~on 1 2 3 4 5 6  

- .  
conditions included growth on nutrient- 
poor media such as corn meal agar, and 
micro-aerobic growth under glass coverslips. 
The distinction between true hyphae and 
pseudohyphae is based on cell shape and 
cell division timing, and a spectrum of in- 
termediate morphologies is observed in 
wild-type C. albicans cells (2, 4, 6). 

Closer examination of homozygous tupl 
mutant cells revealed that, apart from their 
overall altered morphology, they resembled 
filamentous wild-type cells in most respects 
(Fig. 3, E and F). In particular, DNA was 

ASCTUP1 1 - - ! T A S Y S ~ T  Y K L U E L L C I  I F O E G L Q V S  E A N T Y  33 
cav.IP1 1 M r r F F T (2 JJ:~ m a  T u n  nklds 5 = aT 

ScTJP1 384 D S A A N  H R N S  I T E N N T T T S T D N N T M T T T T T T T I  T T  418 
CaVlP l  242 : I S  N E d  - - - . - K D DII.(TTI - - - - - - - - - - - - - - - - . - 223 

E N L N T S S S  
. . . . . . . . 

ScTUPl 41 1 
CanJP1 251 

A E L A K D V I  
. . . . . . . 

5 3rz?5T3 I ! . :  L T L  

ScTUPl 209 S N T A I N G S P T S K E T T T L P S Y K A P E S T L Y E T E P E C  
CaTI.Ip1 138 . . . . . . . . - . . . . . - . . . . . - . . . . . . - . . . . . . 

Fly. I. aaquence of C. albicans TUP7. (A) TUP I ysr t t .  pruducts from C. a~urc;arrs 
and S. cerevisiae, as conceptually translated from their respective DNA sequenc- 
es, are compared. Alignment was performed by the program pileup (GCG. Inc.), 
and identities are highlighted. (B) The two TUPl gene products and the relative 
arrangement of their NH,-terminal conserved domains (hatched) and their COOH- 
terminal WD40 repeated motifs [filled). Abbreviations for the amino acid residues 
are: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile: K. Lys: L, Leu: M. 
Met; N, Asn; P, Pro; Q, Gln: R, Arg: S. Ser: T, Thr: V, Val: W, Trp; and Y. Tyr. 

C. albicans 
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Heterozygous TUPlltupl strains showed strains. Although their cells resembled 
a morphological phenotype intermediate wild-type cells in morphology, on most me- 
between the wild-type and homozygous dia heterozygous colonies developed a high- 

I"! 

Fig. 3. Morphological characteristics of tupl C. albicans. (A and C) Wild-type cells (SC5314) and (Band 
D) tupl cells (BCa2-10) were grown in YEPD at 30°C to late log phase and stained with DAPl (15) to 
highlight the DNA before being photographed at 40x through differential interference contrast (A and B) 
and fluorescence optics (C and D). (E) Wild-type cells (SC5314) and (F) tupl cells (BCa2-10) were grown 
in Lee's medium, pH 6.7, at 37"C, conditions that promote germ tube formation and hyphal growth, and 
then stained with calcofluor and DAPl to highlight both the cell walls and DNA before being photo- 
graphed at 100X through fluorescence optics. Scale bar, 50 pM. 

Fig. 4. Colony growth of homozygous and heterozygous tupl strains. (A) Wild-type (SC5314), (B) 
heterozygous (BCa2-3'), and (C) homozygous (BCa2-10) cells were placed on a cornmeal agar plus 
Tween 80 plate under a coverslip and grown for 25 hours at 25°C before being photographed at 40x 
with phase optics. Scale bar equals 50 pM. 
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er proportion of filaments compared to 
wild-type colonies (Fig. dB), confirming the 
filament-repressing role of TUPl and sug- 
gesting that its gene product is present in 
limiting amounts. 

Whereas deletion of the TUPl gene 
caused constitutive filamentous growth in 
C. albicans, there was a surprising lack of 
response of tupl cells to some strong germ 
tube and filamentous growth inducers such 
as mammalian serum and Lee's medium. 
Germ tube formation from the blastospore 
state is a special property of C. albicans and 
as such is used for clinical identification. 
Wild-type and TUPl/tupl heterozygous 
blastospores exhibited rapid germ tube for- 
mation progressing to true hyphae on YEPD 
or minimal media containing 10 to 20% " 
calf serum (2, 3). However, in these same 
media the homozygous tupl mutant cells 
showed no detectable change in filamen- 
tous morphology; in particular, they showed 
no sign of germ tubes or of increased trans- 
formation toward true hyphae. The blasto- 
spore to hypha transition can also be exper- 
imentally manipulated with the defined 
medium developed by Lee et al. ( 1  7) which, 
depending on the pH and temperature of 
incubation, promotes blastospore growth or 
germ tube formation and filamentous 
growth. As on serum, tupl mutant cells 
were unaffected by Lee's medium and grew 
with the same filamentous morphology re- 
gardless of pH and temperature (Fig. 4F). 
One hypothesis to explain these observa- 
tions is that initiation of the pathway blas- 
tospore to germ tube to hyphae requires the 
blastospore cell type. Since this cell type is 
absent in the tupl homozygote, the path- 
way would, according to the hypothesis, fail 
to initiate. Another hypothesis is that se- 
rum induction normail; operates through 
TUPl . 

tupl mutants of S .  cerevisiue show various 
phenotypes including sensitivity to 37OC, 
slow growth, lack of glucose repression, poor 
growth on glycerol, inability of the a cell type 
to mate, inability to sporulate, flocculence, 
and irregular cell shape (7, 9). We therefore 
examined the tupl strains of C.  &am for 
additional ~henotvues. Differences in the 

8 .  

growth rate between wild-type and tupl C. 
&am were examined under numerous 
growth conditions. After a slightly longer lag 
time, growth of the homozygous tupl mutant 
strain (BCa2-10) was virtually as rapid as the 
wild-type cells in rich YEPD media (doubling 
times of 64 and 58 min in log phase, respec- 
tively, as assayed by optical density at 600 
nm). Growth of the mutant cells was arrested 
at 42°C but was normal at 37OC, whereas 
wild-type cells grew at both temperatures. No 
auxotrophies were detected, and growth on 
most carbon sources was similar. Growth of 
the strains on sucrose, glucose, galactose, and 



acetate was comparable. 
One of the few metabolic phenotypes 

identified in tupl C. albicans was a faster 
growth rate and accumulation to higher 
density on glycerol when compared to wild- 
type. During growth on.glycero1 and ace- 
tate, tupl mutant cells exhibited the short- 
est cell length of all conditions tested. Short 
chains of stubby cells were typical, with 
poor cell-to-cell attachment marked by oc- 
casional single eloneated cells. A formal - u 

notation, termed morphological index (Mi) 
has been developed to describe C.  &cans 
cell shape (18). According to this system, 
where blastospores rank at 1 and true hy- 
phae rank near 4, the tupl mutant has 
values of 3.0 to 3.5 when grown on YEPD, 
and values of 1.5 to 2.5 when grown in 
minimal medium with glycerol. 

The foregoing observations indicate that 
tupl C.  albicans has several mutant pheno- 
types; some (temperature-sensitive growth, 
for example) are similar to those of tupl 
mutants of S .  cerevisiae. In most respects, 
however, the effects of a TUPl deletion 
appeared different in the two species. Since 
S. cerevisiae is capable of filamentous 
growth we also determined the effects of a 
TUPl deletion on filamentous growth in S .  
cerevisiae. 

Saccharomyces cerevisiae exhibits fila- 
mentous growth (exclusively in the form of 
pseudohyphae) in response to nitrogen star- 
vation in diploid cells and in response to 

unknown inducers in haploid cells (1 9,20). 
Saccharomyces cerevisiae strains that do ex- 
hibit filamentous growth (21 ), and a h  dip- 
loid homozygous tupl derivatives were con- 
structed (22). The resulting strains exhibit- 
ed typical twl  phenotypes, such as floccu- 
lence, temperature-sensitive growth, and an 
inability to sporulate; however, when 
grown on pseudohyphal growth-inducing 
media (SLAHD), they showed a marked 
reduction of pseudohyphal growth. Hap- 
loid cell types of S. cerevisiae show a dif- 
ferent type of filamentous growth, termed 
invasive growth (20). Invasive growth was 
reduced in haploid tupl S .  cerevisiae strains 
derived from the diploids described above. 
The interpretation of these observations is 
complicated by the multiple defects of 
tupl mutant strains, especially since TUPl 
is required to maintain the a/a and a cell 
types of S .  cerevisiae. However, TUPl does 
not repress filamentous growth in S. cer- 
evisiae as it does in C. albicans. 

CPHl is a transcri~tional activator that 
positively regulates filamentous growth in 
C. &cans. Filamentous growth is reduced 
in cphl cells under certain conditions (5). 
We constructed a double mutant to inves- 
tigate the interaction of TUPl and CPHI . 
This tuplltupl cphllcphl strain was indistin- 
guishable in its morphological characteris- 
tics from strains containing the tupl muta- 
tions alone. The cphl mutant strains that 
were heterozygous for TUPl, however, re- 
sembled wild-type cells in their tendency to 
form filaments in some media, such as pH 
7.0 Spider plates. That is, they were inter- 
mediate between cphl mutants (which in- 
duce more poorly than wild type) and dou- 
ble tupl cphl mutants (which are constitu- 
tively induced for filamentous growth), sug- 
gesting that both genes participate in the 
same pathway. 

If we assume that the C.  albicans blasto- 
spore is the default state, the finding that 
deletion of TUPl activates a filamentous 
morphology regardless of external condi- 
tions indicates that TUPl is a remessor of 

Environmental I Relieve N P 1  repression, 

signals possibly via CPHl 

J. Add further activators ? 

filamentous development. In the yeast S. 
cerevisiae, TUPl is a transcriptional repres- 
sor and two lines of evidence indicate that 
TUPl has the same molecular function in 

Genes required for 

Fig. 5. Model for control of filamentous growth in 
C. albicans by TUP1. Repression by TUPl is reg- 
ulated by environmental signals through a postu- 
lated DNA-binding protein. One regulator of this 
DNA-binding protein may be CPH1, which is 
placed upstream of TUPl based on epistasis of 
TUPl to CPH1. In the absence of TUPl repres- 
sion, filamentous growth is constitutive and still 
responds to some environmental signals, sug- 
gesting the presence of both regulated and con- 
stitutive activators at genes controlled by TUP1. 

C. &cans: (i) the two proteins show a high 
degree of amino acid sequence conservation 
(Fig. 3A) and (ii) expression of the C. 

these genes by postulated DNA-binding 
protein (or proteins) whose synthesis or 
activity is down-regulated by filamentous 
growth-inducing environmental conditions. 
In the absence of TUPJ, its target genes are 
always expressed, leading to constitutive fil- 
amentous growth. In this model the activa- 
tor of filamentous growth, CPHl, is placed 
upstream of TUPl since the phenotypes of 
the double mutant tupl Acphl A resemble 
those of the tuplA mutant. More compli- 
cated models are also consistent with our 
observations. For example, TUPl might 
participate in one of several redundant 
pathways through which genes required for 
filamentous growth can be turned on. An- 
other possibility is that the absence of 
TUPl might alter cell physiology (via a 
stress response or metabolic defect, for ex- 
ample) in a general way that makes blasto- 
spore formation impossible. Although we 
believe that the specific morphological phe- 
notype of the tuplA mutant cells as well as 
their general vigor argues for a direct role of 
TUPl in regulating filamentous growth, 
these alternative models are formallv ~ossi- 
ble. The fact that serum and pH ac&ation 
of germ tube formation and hyphal growth 
were absent in the tupl A mutant cells sug- 
gests that TUPl may also have a role in this 
pathway (23). 

A comparison of the phenotypes pro- 
duced by a TUPl deletion suggests that 
TUPl controls genes in C.  albicans that are 
different from those it controls in S .  cerevi- 
siae. For example, disruption of TUPl in C.  
&am results in constitutive filamentous 
growth and enhanced growth in glycerol, 
two phenotypes not seen in a S .  cerevisiae 
tupl A strain. Likewise, flocculence and de- 
fects in glucose repression are properties of 
S .  cerevisiae tupl A strains, but are not seen 
in C. albicans tupl A strains. Given that the 
C. albicans gene complements a S . cerevisiae 
tuplA mutant, it seems likely that TUPl 
serves as a transcriptional repressor in both 
species and that interactions between the 
TUPl gene product and the DNA-binding 
proteins to which it binds have been con- 
served. Therefore, it appears that the regu- 
lation of these DNA-binding proteins and 
the identity of the genes to which they bind 
have changed since S. cerevisiae and C. 
&cans diverged from a common ancestor. 
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cerevisiae cells carrying a tupl deletion. On REFERENCES AND NOTES 

the basis of these results, we offer a simple I .  R. H. Rubin, ~ u r .  J. a n .  Microbid. infect. D&. 12 
model for the involvement of TUPl in ;he SUPPI. 1 ,  S42 (1993); M. N. Dudleyand R. T. ~chiefe, 

Eds., Phamlacotherapy 10, 133 (1 990). blastospore to filamentous growth transi- 2. F. C, Odds, Candida and Candidoss (Baillibe mn- 
tion of C. albicans (Fig. 5). dall, London, ed. 2, 1988). 

According to this model, TUPl repress- 3. , Am. Soc. Microbioi. News 60, 313 (1994); 

es genes whose expression is required to J. Am. mato/. 31 0 S2 (Im4). 
4. , Crit Rev. Microbid. 12, 45 (1985): N. A. 

initiate or maintain filamentous growth. G,, and G. ,,,,.. SaboUraudia *, 137 
TUPl is brought to the DNA upstream of (1984). 

108 SCIENCE VOL. 277 4 JULY 1997 www.sciencemag.org 



pi||1|pi ihWWM REPORTS 
5. H. Liu, J. Kohler, G. R. Fink, Science 266, 1723 

(1994). 
6. S. J. Kron and N. A. Gow, Curr. Opin. Cell. Biol. 7, 

845 (1995); J. R. Kohler and G. R. Fink, Proc. Natl. 
Acad. Sci. U.S.A. 93,13223 (1996); E. Lebererefa/., 
ibid., p. 132217. 

7. F. E. Williams and R. J. Trumbly, Mol. Cell. Biol. 10, 
6500(1990). 

8. C. A. Keleher, M. J. Redd, J. Schultz, M. Carlson, 
A. D. Johnson, Cell 68, 709 (1992). 

9. J. F. Lemontt, D. R. Fugit, V. L. Mackay, Genetics 94, 
899(1980). 

10. D. Tzamarias and K. Struhl, Nature 369, 758 (1994); 
K. Komachi, M. J. Redd, A. D. Johnson, Genes Dev. 
8, 2857 (1994); M. Wahi and A. D. Johnson, Genet
ics 140, 79 (1995); D. G. Edmondson, M. M. Smith, 
S. Y. Roth, Genes Dev. 10, 1247 (1996). 

11. PCR primers used to amplify a fragment of C. albi
cans TUP1 were: 5'GGGGTACCYTTCCADAT-
NCKNGCYTTRCARTCNCC, coding in reverse for 
COOH-terminal GDCKARIWK, [A. Cornish-Bowden, 
Nucleic Acids Res. 13, 3021 (1985)]; and 5'GGCT-
GCAGGGNCAYGARCARGAYATHTAYTC, coding 
for NH2-terminal GHEQDIYS. Cycling parameters 
were 1 min at 95°C, 1 min at 55°C, 1 min ramp to 
73°C, and 3 min at 73°C (Perkin-Elmer Cetus 480 
cycler). The resulting 659-bp PCR fragment was 
cloned via the Pst I and Kpn I sites on the ends into 
Bluescript-derived pVZ1 to produce p348. A X library 
of C. albicans genomic DNA was provided by N. 
Agabian and colleagues (UCSF), and was screened 
with labeled insert from p348. A 7-kbp TUP1 -con
taining Kpn l-Xba I fragment from X363 was cloned 
into pVZ1 to form p371. Both strands of the TUP1 
open reading frame were sequenced. The C. albi
cans TUP1 DNA and protein sequences have been 
deposited in GenBank (AF005741). 

12. M. A. Wall etal., Cell 83, 1047 (1995). 
13. The C. albicans TUP1 open reading frame was am

plified with Pfu polymerase (Stratigene) and the prim
ers: 5'CGCGGATCCCCACCAGCAATGTCCATGTAT; 
5'GCGGGTACCGCGATGTTGACGGGTGCTGT. The 
product was cloned into the CEN/ARS/URA3/Gal1-10 
expression vector pRD53 (provided by R. Deshaies, 
California Institute of Technology) to form the S. cerevi-
siae expression plasmid pMH1. C. albicans TUP1 con
tains no CUG codons, which encode serine in C. albi
cans, but encode leucine in S. cerevisiae and elsewhere 
[T. Ohama, et al., Nucleic Acids Res. 21, 4039 (1993)]. 
The same PCR product.was cloned into pDBV52 (pro
vided by C. Kumamoto and D. Brown, Tufts) to form the 
maltose-regulated expression plasmid p455, which 
was transformed into BCa2-9. pAJ181 has been de
scribed (8). To assess TUP1 function, (3-galactosidase 
activity was assayed from tupl S. cerevisiae (KKY110) 
carrying the plasmids described above. KKY110 {Mata, 
tupl, mfa2::lacZ, Ieu2, ura3, trpl, his4\ provided by K. 
Komachi, UCSF) had a (3-galactosidase reporter gene 
under a2/MCM1/TUP1 control integrated at the MFA2 
gene. On glucose, the vector (pRD53) conferred 82 ± 
16 units, (no repression); pAJ181 (S. cerevisiae TUP1) 
conferred 3.8 ± 0.9 units; and pMH1 (Gal-driven C, 
albicans TUP1) conferred 32 ± 5 units. On galactose, 
the vector conferred 83 + 27 units (no repression); 
pAJ181,0.7 ± 0.5 units; and pMH1, 0.5 ± 0.4 units (full 
repression). 

14. W. A. Fonzi and M. Y. Irwin, Genetics 134, 717 
(1993). The C. albicans URA3 gene, flanked by tan-
demly repeated DNA sequences, was inserted in 
place of TUP1 within the genomic clone (Fig. 2A) to 
form p383C, which was treated with Sph I to remove 
the vector and transformed into a ura3 C. albicans 
cell (CAI4). The URA3 transformants were screened 
by DNA blotting for disruption of one TUP1 gene by 
homologous recombination. After being selected on 
5-FOA for ura3 "pop-out" revertants, a second cycle 
of transformation was performed. DNA blotting re
vealed the successive disruption of both copies of 
the TUP1 gene (Fig. 2B, compare lanes 2, 3, and 6). 
Transformations of S. cerevisiae were done by a 
modified lithium acetate technique [R. D. Gietz, R. H. 
Schiestl, A. R. Willems, R. A. Woods, Yeast M, 355 
(1995); J. Hill, K. A. Donald, D. E. Griffiths, G. Donald, 
Nucleic Acids Res. 19,5791 (1991)]. Transformation 
of C, albicans was identical, except that DMSO was 

omitted, incubation times at 30°C and 42°C were 
extended to 3 hours and 1 hour, respectively, and 
uridine at 25 fxg/ml was added to the plating solu
tion. All C. albicans strains shared the SC5314 back
ground. The C. albicans allele tupV.hisG described is 
referred to as tup 1 A-1. 

15. Cells were fixed for microscopy with 70% ethanol, 
rinsed twice in water, and incubated in 4',6-dia-
midino-2-phenylindole hydrochloride (DAPI) (250 ng/ 
ml) or calcofluor white M2R (a boshork) (500 fxg/ml) 
for 10 min at room temperature. DAPI-stained cells 
were rinsed once before mounting in 50% glycerol, 
and calcofluor-stained cells were rinsed four times. 
Fluorescence and differential interference contrast 
micrographs were taken on a Nikon Optiphot micro
scope with 40x and 100x objectives with DAPI-
specific illumination and filters. Micrographs of cells 
on plates were taken on an Olympus BX40 micro
scope, with 10x and 40x objectives with phase. We 
used the Dalmau plate technique to investigate fila
mentous growth from colonies of C. albicans [M. R. 
McGinnis, Laboratory Handbook of Medical Mycol
ogy (Academic Press, New York, 1980)]. 

16. Standard yeast media such as yeast extract with 
peptone and dextrose (YEPD) were made as de
scribed [F. Sherman, in Guide to Yeast Genetics and 
Molecular Biology, C. Guthrie and G. R. Fink, Eds. 
(Academic Press, San Diego, 1991), vol. 194, p. 3] 
Uridine (25 |xg/ml) was added to 5-fluoroorotic acid 
plates used to counter-select against URA3 in C. 
albicans. SLAHD (79), Spider (5), and Lee's {17) me
dia were made as described. Saboraud dextrose 
agar and cornmeal agar (Difco) plates were made to 
manufacturer's directions, with added 0.33% Tween 
80(76). 

17. K. L. Lee, H. R. Buckley, C. C. Campbell, Sabourau-
of/a 13, 148(1975). 

18. L. A. Merson-Davies and F. C. Odds, J. Gen. Micro

biol. 135,3143(1989). 
19. C. J. Gimeno, P. O. Ljungdahl, C. A. Styles, G. R. 

Fink, Cell 68, 1077(1992). 
20. R. L. Roberts and G. R. Fink, Genes Dev. 8, 2974 

(1994); R. M. Wright, T. Repine, J. E. Repine, Curr. 
Genet. 23,388(1993). 

21. Obtained from G. Fink and colleagues. 
22. S. cerevisiae disruptions were carried out with 

marked fragments from the plasmids pFW40 [URA3 
(7)] and pCK36 [LEU2 (8)]. All S. cerevisiae strains 
but KKY110 shared the 21278b pseudohyphal-
competent background {19). KKY110 (K. Komachi; 
UCSF) derives from EG123. Pseudohyphal-compe-
tent strains L5684 and L5487 (provided by G. Fink 
and colleagues; Whitehead Institute) were mated by 
micromanipulation to create diploid BB8, which was 
sequentially transformed to disrupt both copies of 
TUPL Alterations at the locus were assayed by 
whole-cell PCR with appropriate oligonucleotides. 

23. Preliminary results indicate that mutant tupl C. albi
cans {BCa2^0;tup1/tup1, URA3/ura3) are far less 
infectious in mice than are the parental wild-type 
(SC5314) cells. This lack of infectivity could be due to 
constitutive filamentous growth, lack of germ tube 
formation, or other defects of the mutant strain (P. L. 
Fidel, Jr., B. R. Braun, and A. D. Johnson, unpub
lished data). 

24. We thank N. Agabian, W. Fonzi, T. Brake, G. Fink, C. 
Kumamoto, D. Brown, and members of the Johnson 
laboratory for materials; J. Edman and P. O'Farrell 
for microscope facilities; T. White, M. McEachem, T. 
Shermoen, and members of the Johnson laboratory 
for assistance and discussions; and M. Hooper for 
help in construction of the S. cerevisiae expression 
clone. Supported by an American Cancer Society 
postdoctoral fellowship (B.R.B.), and by NIH grant 
GM37049 (A.D.J.). 

16 September 1996; accepted 26 February 1997 

Modulation of Hepatic Gene Expression 
by Hepatocyte Nuclear Factor 1 

Eleni Ktistaki and Iannis Talianidis* 

Hepatocyte nuclear factors 1 and 4 (HNF-1 and HNF-4) are liver-enriched transcription 
factors that function in the regulation of several liver-specific genes. HNF-1 activates 
genes containing promoters with HNF-1 binding sites. However, this factor negatively 
regulates its own expression and that of other HNF-4-dependent genes that lack HNF-1 
binding sites in their promoter region. This repression is exerted by a direct interaction 
of HNF-1 with AF2, the main activation domain of HNF-4. The dual functions of gene 
activation and repression suggest that HNF-1 is a global regulator of the transcriptional 
network involved in the maintenance of hepatocyte-specific phenotype. 

Liver-specific gene expression is governed 
by the combinatorial action of a small set of 
liver-enriched transcription factors, includ
ing HNF-1, C/EBP, HNF-3, and HNF-4 
(1). The expression patterns of HNF-1 and 
HNF-4 closely correlate with the differen
tiation state of hepatic cells. HNF-4 is an 
activator of the HNF-1 gene, defining a 
transcriptional hierarchy involved in both 
the determination and maintenance of he
patic phenotype (2). In transient transfec-
tion experiments, HNF-1 negatively regu-
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lates its own and other HNF-4-dependent 
promoters that are not directly recognized 
by HNF-1 (3). These findings suggested the 
functioning of an indirect negative autoreg-
ulatory mechanism that is triggered by in
creased intracellular concentrations of 
HNF-1. HNF-1 did not affect several other 
promoters, and fusion proteins containing 
different NH2- and COOH-terminal parts 
of the HNF-1 molecule failed to inhibit 
HNF-4-mediated transcription (3, 4). 
These findings argue against a squelching 
effect. 

To investigate the potential role of 
HNF-1 on the transcription of its own gene 
in the in vivo chromosomal context, we 
generated stable HepG2 cell lines (HIA 
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