
combination. In addition, our findings raise 
the possibility that the proteins encoded by 
the S. cerevisiae DNA repair gene RAD57 
(5, 18) and the meiosis-specific gene DMC1 
(19), both structurally related to RADSI 
protein, may also possess some or all of 
the RAD5 1 enzymatic activities described 
herein. 
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Interaction of Dbf4, the Cdc7 Protein Kinase 
Regulatory Subunit, with Yeast Replication 

Origins in Vivo 
Si'mon J. Dowell, Piotr Romanowski, John F. X. Diffley* 

DNA replication in the budding yeast Saccharomyces cerevisiae initiates from origins of 
specific DNA sequences during S phase. A screen based on two- and one-hybrid ap- 
proaches demonstrates that the product of the DBF4 gene interacts with yeast replication 
origins in vivo. The Dbf4 protein interacts with and positively regulates the activity of the 
Cdc7 protein kinase, which is required for entry into S phase in the yeast mitotic cell cycle. 
The analysis described here suggests a model in which one function of Dbf4 may be to 
recruit the Cdc7 protein kinase to initiation complexes. 

T h e  autonomously replicating sequence 
ARSl is a chromosomal origin of DNA - 
replication in yeast ( 1 )  composed of three 
functional domains designated A, B, and C 
121.' Domains A and B of ARSl constitute ~. 
an efficient yeast replication origin (2 ,  3) 
that does not activate significant levels of 
transcription when placed upstream from 
the lncZ reporter gene (4) (Fig. 1). Proteins 
that interact with ARSl either directlv bv , . 
sequence-specific DNA binding or indirect- 
ly by interaction with one or more protein 
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components of initiation complexes might 
activate transcription when fused to the 
Gal4 transcriptional activation domain 
(GAD) (Fig. 1A). This possibility has 
formed the basis of a genetic screen de- 
signed to identify gene products thatlmight 
interact with an intact and functional rep- 
lication origin. 

A yeast strain containing an ARSI-hcZ 
reporter construct was tested for expression 
of p-galactosidase after transformation with 
a library of yeast complementary DNAs 
(cDNAs) fused to GAD. Five positive 
clones that expressed p-galactosidase in an 
ARS1-dependent manner were identified 
and contained overlapping sequences from 
the previously characterized DBF4 gene (5) 
fused in-frame to GAD. One clone, C2 
(Fig. 1 B), was further characterized. In sub- 
sequent experiments, transcriptional activa- 
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tion of lac2 by C2 was used as an assay for 
Dbf4-origin interactions in vivo. Dbf4 in- 
teracted with all ARSs tested including 
ARS1, ARS2, the 2-p,m plasmid origin, 
and ARS307 as well as the ARS tran- 
scriptional silencer HMR E in an orien- 
tation-independent manner (Fig. 1C). 
These results suggest that interaction of 
Dbf4 with yeast replication origins is a 
general phenomenon. 

Domains A and B of ARSl have been 
subdivided by analysis of linker substitution 
mutations into four functional elements 
designated A, B1, B2, and B3 (3). Muta- 
tions in the A element inactivate ARS1, 
whereas mutations in any single B element 
result in a functional, but significantly less 
efficient, origin. The B3 element is a bind- 
ing site for the transcription factor-origin 
binding protein ABF1, although the func- 
tion of the B1 and B2 elements is currently 
unknown. Domain A serves as the binding 
site for the multi-subunit origin recognition 
complex (ORC) both in vitro and in vivo 
(6-8). Genetic analysis has indicated a role 
for ORC in both DNA replication and 
transcriptional silencing (9). Genes encod- 
ing all six subunits of ORC have been iso- 
lated; none correspond to DBF4 (8-10). 

Mutations in the individual elements of 
ARSl affected Dbf4 recruitment (Fig. 2). 
Inactivation of the A element by linker 
substitution mutation abolished interac- 
tions between Dbf4 and ARSl (Fig. 2A). 
Inactivation of either B1 or B2 by linker 
substitution resulted in a significant reduc- 
tion in Dbf4 recruitment in vivo, whereas 
mutation of the B3 element had no effect 
(Fig. 2A). Double mutations in B1 and B2, 
which severely reduce ARS function in 
vivo, caused further reduction in P-galacto- 
sidase activity, suggesting that these ele- 
ments act additively in Dbf4 recruitment 
(Fig. 2B). Double mutations in B3 and ei- 
ther B1 or B2 resulted in P-galactosidase 
levels similar to those from single mutations 
in B1 or B2. Therefore, domain A is essen- 
tial for recruitment of Dbf4 to ARS1, 
whereas B1 and B2, but not B3, make sig- 
nificant but nonessential contributions. 

Domain A was sufficient for a reduced 
amount of recruitment of Dbf4 in an orien- 
tation-independent manner (Fig. 3A). A 
series of point mutations in the ARS con- 
sensus sequence (ACS), characterized by 
their effect on ORC binding in vitro and 
origin function in vivo (6), were tested for 
their ability to recruit Dbf4 to ARS1. The 
859 T + A and 863 A + C ACS muta- 
tions, which abolish both ORC binding and 
ARS function, are incapable of recruiting 
Dbf4 to ARS1, whereas the 860 T + A 
mutation which results in a significant re- 
duction in ORC binding and ARS func- 
tion, has a quantitatively similar effect on 
Dbf4 recruitment (Fig. 3B). Thus, there is a 

strong correlation among the effects these 
point mutations have on ORC binding, 
origin function, and Dbf4 recruitment. 

Dbf4 interacts with the Cdc7 protein 
kinase in vivo, as demonstrated by a two- 
hybrid assay in which Dbf4 is tethered to a 

B 
R R R  X 

500 bp 
x B n 

1 1 1  1 I I 
DBF4 coding sequence - 
GAD fusion in C2 

C 

Fig. 1. (A) A modified one-hybrid approach (8) for 
the identification of replication origin-interacting 
gene products. Gene products that interact with 
yeast origins either directly (shown in white) or 
indirectly (shown in gray) are expected to activate 
transcription from lacZ when fused to the tran- 
scriptional activation domain of GAL4 (GAD). Col- 
onies of cells harboring such fusions are then ex- 
pected to turn blue in X-gal assays. (B) Region of 
the DBF4 gene contained in the positive clone C2. 
One of the five positive clones isolated (C2) con- 
tained sequences corresponding to amino acids 4 
to 41 6 of the DBF4 gene fused, in frame, to GAD. 
The restriction sites in this map are as follows: R 
(Eco RI), X (Xho I), and 8 (Bcl I). (C) Interaction of 
Dbf4 with several yeast replication origins. Levels 
of p-galactosidase activity in cells from two inde- 
pendent transformants containing C2 (gray bars) 
or vector alone (black bars) with the indicated ARS 
reporter constructs in both orientations (arrows) 
are shown (22). 

LexA DNA binding domain and Cdc7 is 
tethered to the GAL4 transcriptional acti- 
vation domain (I I). We have used this 
assay to determine which regions of Dbf4 
are required for interaction with Cdc7 and 
have tested the same Dbf4 deletions for 
interaction with ARSl in our one-hybrid 
assay. Deletions of the NH2-terminus of 
Dbf4 eliminate its ability to interact with 
ARSl (construct 18) but do not affect its 
ability to interact with Cdc7 (Fig. 4). Fur- 
thermore, deletions from the COOH-termi- 
nus of Dbf4 eliminate its ability to interact 
with Cdc7 (construct 152) but do not affect 
its ability to interact with ARS1. Thus, the 
Cdc7 and ARS interaction domains of Dbf4 
are not coincident and, therefore, Dbf4 
does not interact with initiation complexes 
through Cdc7. Deletions that eliminate ei- 
ther the Cdc7 or ARSl interaction can no 
longer complement a dbf4 temperature-sen- 
sitive mutation, indicating that both the 
origin- and Cdc7-interacting domains are 
essential for Dbf4 function in vivo (Fig. 4). 
Finally, introduction of constructs 152 and 
18 together did not complement the dbf4 
temperature-sensitive mutation, suggesting 
that the Cdc7- and origin-interacting do- 
mains must be present on the same mole- 
cule (12). 

Our experiments indicate that Dbf4 in- 
teracts with initiation complexes at yeast 
replication origins in vivo and that interac- 
tion requires the binding site for the essen- 
tial ORC protein. Dbf4 may interact direct- 
ly with ORC. Alternatively, Dbf4 may in- 

Fig. 2. Domain 8 (81, 82, 83) is important and 
domain A (A) is essential for Dbf4 recruitment to 
ARS1. (A) The effect of mutations in single ele- 
ments ( X )  on Dbf4 recruitment to ARSl. (B) The 
effect of mutations in two elements on Dbf4 re- 
cruitment to ARSl (23). Reporters containing the 
indicated ARSl mutations were tested for their 
ability to recruit GAD-Dbf4 (C2; gray bars) or GAD 
alone (black bars) in quantitative p-galactosidase 
assays (22). 
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teract with an unidentified protein that, in 
turn. interacts with ORC. In addition to ~ ~~ 

requiring the A element, Dbf4 interaction 
is also stimulated by the presence of the B1 
and B2 elements. 

The role of Dbf4 at replication origins is 
presently unclear. However, given that 
Dbf4 interacts with and activates the Cdc7 
protein kinase (5, 11 ), we suggest that Dbf4 
may function by recruiting active Cdc7 to 
initiation complexes. Previous biochemical 
experiments have suggested that a Cdc7- 
dependent protein kinase, which may be 
Cdc7 itself, co-purifies with large replica- 
tion complexes in vitro (13). Cdc7-GAD, 
which can interact with Dbf4 in a two- 
hybrid assay (Fig. 4), does not activate tran- 

Fig. 3. Domain A is necessary and 
sufficient for Dbf4 recruitment. (A) 
Reporters containing just domain A 
from ARS1 in both orientations re- 
cruited GAD-Dbf4 (gray bars) to 
significant levels while mutant do- 
main A (865 to 872 linker substitu- 
tion) did not, relative to GAD alone 
(black bars). (B) The effect of point 
mutations in the ACS on Dbf4 re- 
cruitment (24) correlates with both 
ARS function and ORC binding, 
taken from (6). 

scription from an ARS1-lac2 construct 
(1 2). However, Cdc7-GAD does not permit 
cdc7 mutant strains to grow at the non- 
permissive temperature, suggesting that the 
molecule is not fully functional. Perhaps the 
bulky and highly charged transcriptional 
activation domain prevents Cdc7 from en- 
tering initiation complexes. Nonetheless, 
future experiments are required to deter- 
mine whether Cdc7 is a component of ini- 
tiation complexes. 

Mutant cdc7 genes restore silencer activ- 
ity to certain defective mutant silencers, 
and overexpression of the wild-type Cdc7 
protein causes transcriptional derepression 
from a wild-type silencer (14). As Dbf4 
interacts with the HMR E silencer in vivo 

Dbf4 Insert 

None 

Interaction 8 
3 I g-,g 

ARSI Cdc7 29 
I n gu 

1 2  3 4  2 

r-ii- 

Fig. 4. Dbf4 interacts with origins and with Cdc7 through different domains that are each essential for 
Dbf4 function. Full-length and various deletions of Dbf4 were tested for their ability to interact with either 
ARSl or Cdc7 in a qualitative p-galactosidase assay. For ARSl interactions, Dbf4 derivatives were 
fused to GAD and assayed with either pLGA178 (column 1) or pLG-ARS1+ (column 2). For the Cdc7 
interaction, Dbf4 derivatives were fused to the LexA DNA binding domain in pBTM116 and assayed with 
either pGAD2F (column 3) or pGAD2F in which full-length Cdc7 was fused to GAD (column 4). Cdc7 
interaction experiments had to be done in this way because Cdc7 itself activates transcription when 
fused to LexA (1 1 ). The negative control (top row) in both cases is vector without any Dbf4 insert 
(pGAD2F for ARSl interaction and pBTM116 for Cdc7 interaction). The LexA and GAD-Dbf4 fusions 
were all tested for their ability to complement the temperature-sensitive dbf4-2 mutation (L202-1A: 
MATa ura3 leu2 trpl dbf4-2) at 37°C (25). 

(Fig. I), this effect may be exerted directly 
at the level of silencer binding proteins 
such as ORC, which has been shown to 
have a role in transcriptional silencing (9). 

Finally, the use of reporters containing 
an intact, multi-component, functional se- 
quence (an origin of DNA replication) ex- 
tends previous two-hybrid and one-hybrid 
approaches (8, 15) in which binding sites 
for single proteins were used. The approach 
outlined here may prove useful in identify- 
ing factors that interact with other complex 
functional sequences such as centromeres, 
telomeres, and transcriptional silencers. 
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(756, 758) (3) were cloned into pLGA178 in the 
indicated orientation as descrbed in the legend to 
Fig. 2. To construct the reporter containing ele- 
ments A and 61 alone (correspondng essentially 
to a 82, B3 double mutation), an Eco RI-Pst I 
fragment from pARSI -WTB(3) was blunt-ended 
and cloned Into the biunt-ended Xho I site of 
pLGA178. Quantitative p-gaiactos~dase assays 
were performed as described above (22). 

24. Domain A from either wild-type or mutated (865 to 
872 linker substitution) ARSl (3) was excsed as an 
Eco RI-Bgl I I  fragment and cloned into pLGA178 as 
described in the legend to Fg.  1. Arrows indicate the 
orientation of the ACS. The arrow pointing right rep- 
resents the ACS In the same orientation as t is in the 
intact ARSI. In (B), the wild-type doman A was re- 
constructed by the cloning of the double-stranded 
ol~gonucleot~de: 

~'GATCTAAACATAAAATCTGTAG 3' 

I I I I I I I I I I  
3'  ATTTGTATTTTAGACATCTTM 5' 

between the Eco RI and Bgl II sites of PARS-WTB (3). 
This procedure removes sequences 5' to the T-rch 
strand of the ACS that are not necessary for ARS 
function (3). Point mutations were constructed in the 
same manner, except that the double-stranded oli- 
gonucleotide contained the indicated point muta- 
tions. In each case, the wild-type or mutant ARSs 
were subcloned into pLGA178 and quantitative 
P-galactosidase assays were performed as de- 
scribed in (22). Levels of ARS act~vity and ORC bnd- 
ing were taken from (6). 

25. Dbf4 deletions were generated by polymerase chain 
reaction with the use of oligonucleotides with Bam HI 
Sites for subcloning PCR products into the relevant 
vectors. The constructs contained the following por- 
tons of Dbf4: Full-length (FL), amino acids 1 to 695; 
C2, amino acds 4 to 41 6; 152, amno acids 1 to 320; 
154, amino acids 1 to 160; 16, amino acids 81 to 
416; and 18, amino acids 241 to 416. Because the 
two interaction assays are quite different, only qual- 
itative X-gal assays are shown. Construct 16 repro- 
ducibly activates signficant, albeit reduced, levels of 
p-galactosidase activity in ths  assay, suggesting a 
reduction but not elimination of ARS interaction ca- 
pability. All constructs were tested for their ability to 
complement a dbf4-2 mutant at 37°C. In no case 
was there a s~gnificant difference between the lexA 
and GAD fusions (72). 
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Convergent Pathways for Steroid Hormone- and 
Neurotransmitter-Induced Rat Sexual Behavior 

S. K. Mani, J. M. C. Allen, J. H. Clark, J. D. Blaustein, 
B. W. O'Malley* 

Estrogen and progesterone modulate gene expression in rodents by activation of intra- 
cellular receptors in the hypothalamus, which regulate neuronal networks that control 
female sexual behavior. However, the neurotransmitter dopamine has been shown to 
activate certain steroid receptors in a ligand-independent manner. A dopamine receptor 
stimulant and a Dl receptor agonist, but not a D, receptor agonist, mimicked the effects 
of progesterone in facilitating sexual behavior in female rats. The facilitatory effect of the 
neurotransmitter was blocked by progesterone receptor antagonists, a Dl receptor an- 
tagonist, or antisense oligonucleotides to the progesterone receptor. The results suggest 
that in rodents neurotransmitters may regulate in vivo gene expression and behavior by 
means of cross-talk with steroid receptors in the brain. 

Sexual receptivity in the female rat de- 
pends on the ovarian steroid hormones es- 
trogen (E) and progesterone (P) ( 1  ). The 
effects of E and P on sexual behavior in 
rodents appear to require their interaction 
with specific steroid hormone receptors lo- 
cated in the ventromedial nucleus of the 
hypothalamus (2). The receptors are 
thought to mediate the actions of these 
hormones by functioning as ligand-depen- 
dent nuclear transcription factors that alter 
the -expression of specific genes or gene 
networks in the hypothalamus (3). The 
time course of induction and decay of sex- 
ual behavior correlates with the amount of 
inducible progesterone receptor (PR) in the 
ventromedial nucleus region (4). The pro- 
gesterone antagonist RU 38486, adminis- 
tered before P, inhibits lordosis in E-primed 
rodents in a dose-dependent manner, which 
indicates that P occupies its classical nucle- 
ar receptor (5). Thus, certain actions of 
steroid hormones in the brain apparently 
result from activation of intracellular recep- 
tors that regulate behavioral functions by 
modulating gene expression (6). 

Certain steroid receptors, such as avian 
PR, human estrogen receptor (ER), and 
vitamin Dj receptor, can be activated in a 
ligand-independent manner by the neuro- 
transmitter dopamine in cultured cells (7). 
Dopamine has no detectable affinitv for 

intracellular steroid receptors and may act 
by altering phosphorylation of either the 
receptor itself or a specific transcription 
cofactor. A single amino acid mutation in 
theACOOH-terminal region of either PR or 
ER eliminates activation bv dowamine but , . 
not by the authentic cognate ligand. This 
ligand-independent activation of certain 
steroid receptors can also be induced by 
certain growth factors ( 8 ) .  To corroborate 
that dopamine activation of a steroid recew- 
tor has physiological relevance in the cen- 
tral nervous system, we used an established 
P-dependent behavioral model in female 
rats. Dopaminergic transmission also has 
effects on this model because hypothalamic 

, a  

administration of dopamine, or the dopa- 
mine receptor stimulant apomorphine, ex- 
erts a stimulatory effect on sexual behavior 
in E-primed female rats (9). We examined 
the effects of inhibition of PR gene expres- 
sion on dowamine-facilitated sexual behav- 
ior of female rats bv intracerebroventricular 
(icv) administration of antisense oligonu- 
cleotides to the PR. 

Ovariectomized Sprague-Dawley rats 
previously tested for receptive behavior in 
the presence of sexuallv active males were 
stereotaxically implan;ed with stainless 
steel cannulae into the third ventricle to 
facilitate direct icv iniection (1  0). When 
these animals were pribed with ~ ' subcuta-  
neously and P was adtninistered by icv in- 
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