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Understanding how DNA binding proteins control global gene expression and 
chromosomal maintenance requires knowledge of the chromosomal locations 
a t  which these proteins function in vivo. We developed a microarray method 
that reveals the genome-wide location of DNA-bound proteins and used this 
method t o  monitor binding of gene-specific transcription activators in yeast. 
A combination of location and expression profiles was used t o  identify genes 
whose expression is directly controlled by Gal4 and StelZ as cells respond t o  
changes in carbon source and mating pheromone, respectively. The results 
identify pathways that are coordinately regulated by each of the two activators 
and reveal previously unknown functions for Gal4 and StelZ. Genome-wide 
location analysis will facilitate investigation of gene regulatory networks, gene 
function, and genome maintenance. 

Many proteins bind to specific sites in the ge- specific DNA sites (7), with DNA microarray 
nome to regulate genome expressionand main- analysis. Briefly, cells were fixed with formal-
tenance. Transcriptional activators, for exam- dehyde, harvested,and disrupted by sonication. 
ple, bind to specific promoter sequences and The DNA fragmentscross-linked to a protein of 
recruit chromatinmodifyingcomplexes and the interest were enriched by immunoprecipitation 
transcription apparatus to initiate RNA synthe-
sis (1-3). The reprogramming of gene expres-
sion that occurs as cells move through the cell 
cycle, or when cells sense changes in their 
environment, is effected in part by changes in 
the DNA binding status of transcriptional acti-
vators. Distinct DNA binding proteins are also 
associated with origins of DNA replication, 
centromeres, telomeres, and other sites, where 
they regulate chromosome replication, conden-
sation, cohesion, and other aspects of genome 
maintenance(4,s). Our understanding of these 
proteins and their hc t ions  is limited by our 

with a specific antibody. After reversal of the 
cross-links, the enriched DNA was amplified 
and labeled with a fluorescent dye (Cy5) with 
the use of ligation-mediated-polymerase chain 
reaction (LM-PCR). A sample of DNA that 
was not enriched by imrnunoprecipitation was 
subjected to LM-PCR in the presence of a 
different fluorophore(Cy3), and both immuno-
precipitation (1P)-enriched and -unenriched 
pools of labeled DNA were hybridized to a 
single DNA microarray containing all yeast 
intergenic sequences (Fig. 1). A single-array 
error model (8) was adopted to handle noise 

howledge of their binding sites in the genome. associated with low-intensity spots and to per-
The genome-wide location analysis method mit a confidenceestimate for binding (P value). 

we have developed allows protein-DNA inter- When independent samples of 1 ng of genomic 
actions to be monitored across the entire yeast DNA were amplified with the LM-PCR meth-
genome (6).The method combines a modified od, signalsfor greaterthan 99.8% of genes were 
chromatin immunoprecipitation (ChIP) proce- essentially identical within the error range ( P-
dure, whicfi has been previously used to study value <lo-'). The IP-enrichedlunenriched ra-
protein-DNA interactions at a small number of tio of fluorescenceintensity obtained from three 

independent experiments was used with a 
weiehted average analvsis method to calculate 
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in galactose using our analysis criteria (Fig. 
2A). These included seven genes previously 
reported to be regulated by Gal4 (GALI, GAL2, 
GAL3, GAL7, GALIO, GAL80, and GCYI). The 
MTHI, PCLIO, and FUR4 genes were also 
bound by Gal4 and activated in galactose. Each 
of these results was confirmed by conventional 
ChIP analysis (Fig. 2B) (6), and MTHI, 
PCLIO, and FUR4 activation in galactose was 
found to be dependent on Gal4 (Fig. 2C). Both 
microarray and conventionalChIP showed that 
Gal4 binds to GALI, GAL2, GAL3, and GALIO 
promoters under glucose and galactose condi-
tions, but the binding was generally weaker in 
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Fig. 1. The genome-wide location profiling 
method. (A) Close-up of a scanned image of a 
microarray containing DNA fragments repre-
senting 6361 intergenic regions of the yeast 
genome. The arrow points to a spot where the 
red intensity is over-represented, identifying a 
region bound in vivo by the protein under 
investigation. (B) Analysis of Cy3- and Cy5-
labeled DNA amplified from 1 ng of yeast 
genomic DNA using a single-array error model 
(8).The error model cutoffs for P values equal 
to and are displayed. (C) Experimen-
tal design. For each factor, three independent 
experiments were, performed and each of the 
three samples were analyzed individually using 
a single-array error model. The average binding 
ratio and associated P value from the triplicate 
experiments were calculated using a weighted 
average analysis method (6). 
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glucose (6). The consensus Gal4 binding se-
quence that occurs in the promoters of these 
genes (CGGN, ,CCG) can also be found at 
many sites through the yeast genome where 
Gal4 binding is not detected; therefore, se-
quence alone is not sufficientto account for the 
specificity of Gal4 binding in vivo. Previous 
studies of Gal4-DNA binding have suggested 
that additional factors such as chromatin struc-
ture contribute to specificity in vivo (10, 11). 

The identification of MTHI, PCLIO, and 
FUR4 as GalCregulated genes reveals previ-
ously unknown functionsfor Gal4 and explains 
how regulation of several different metabolic 
pathways can be coordinated (Fig. 2D). MTHI 
encodes a transcriptional repressor of certain 
HXT genes involved in hexose transport (12). 
Our results suggest that the cell responds to 
galactose by increasing the concentration of its 
galactose transporter at the expense of other 
transporters. In other words, while Gal4 acti-
vates expression of the galactose transporter 
gene GAL2, Gal4 induction of the MTHI re-

R E P O R T S  

pressor gene leads to reduced levels of glucose 
transporter expression. The PcllO cyclin asso-
ciates with Pho85p and appears to repress the 
formation of glycogen (13). Thus, the observa-
tion that PCLlO is Gal4-activated suggests that 
reduced glycogenesis occurs to maximize the 
energy obtained from galactose metabolism. 
FUR4 encodes a uracil permease (14), and its 
induction by Gal4 may reflect a need to in-
crease intracellular pools of pyrimadinesto per-
mit efficient uridine 5'-diphosphate (UDP) ad-
dition to galactose catalyzed by Ga17. 

We next investigated the genome-wide 
binding profile of the transcription activator 
Stel2, which functions in the response of hap-
loid yeast to mating pheromones (15). Activa-
tion of the pheromone-response pathway by 
mating pheromones causes cell cycle arrest and 
transcriptional activation of more than 200 
genes in a Stel2-dependent fashion (8, 15). 
However, it is not clear which of these genes is 
directly regulated by Stel2 and which are reg-
ulated by other ancillary factors. The genome-

Binding Expression 

Glucose Galactose 
ratio P-value ratio P-value 

... 

G C Y ~  1.1 0.74 4.3 1 . ~ 1 0 - ~  
MTHl 2.5 0.01 4.1 2 . 1 ~ 1 ~ ~  
GAL80 1.4 0.39 3.7 4.1~10'5 
PCLlO 0.6 0.24 3.0 2.6Xl(r4 

ratio 
(Gal/Glu) 

wide binding profile of epitope-tagged Stel2, 
determined before and after her om one treat-
ment in three independent experiments, indi-
cates that 29 pheromone-induced genes are reg-
ulated directly by Stel2. Figure 3A lists the 
yeast genes whose promoter regions are bound 
by Stel2 at the 99.5% confidence level (i.e., P 
value C0.005) and whose expression is in-
duced by CY factor. These 29 genes are likely to 
be directly regulated by Stel2 because (i) all 
have promoter regions bound by Stel2, (ii) 
exposure to pheromone causes an increase in 
their transcription, and (iii) pheromone induc-
tion of transcription is dependent on Stel2. 

Of the genes that are directly regulated by 
Stel2, 11 are already known to participate in 
various steps of the mating process (Fig. 3B). 
FUS3 and STEl2 encode components of the 
signal transduction pathway involved in the 
response to pheromone (16); AFRl and GIC2 
q e  required for the formationof mating projec-
tions (17-19); FIG2, AGAI, FIGI, and FUSI 
are involved in cell fusion (20-23); and CIKl 

Description 

Galactose permease 
Regulatory proteinrequiredfor rapM inductionof galactosepathway 
UDP-glucose-hexosel phosphateuridylyitransferase 
UDP-glucose Qapimerase 
Galactokinase, first step in galactose metabolism 
Uracile permease (adjacent to GAL1) 
Galactose-inducedoxidoreductaoe 
Repressor of hexose transport genes 
Negative regulator for expressionof galactose-induced genes 
Cyclin that associates with Pho85p, involved in glycogen accumulation 

Fig. 2. Genome-wide location B M~ctagged: + - + -
nn nn + -

nn + -
of Gal4 protein. (A) Genes l P I  P l P l P  l P l P  l P l P

nn 
whose promoter regions were 
bound by myc-tagged Gal4 (P GAL2 + 
value < 0.001) and whose ex- GAL3 * 
pression levels were induced at GAL1/ I  0+ . 2 
least twofold by galactose are control + ,. GCY1 + 
listed. The weight-averaged ra-
tios and P values are shown for control +l* * 1- 3+. control .-&,h,7 

Gal4 binding in galactose and 
glucose. Bindingratios are also 
displayed usinga blue and white 
color scheme and expression ra-
tios of galactoselglucose are dis-
played using a red and green 
color scheme. (B) Confirmation 
of microarray data for each gene 
in panel A using conventional 
chromatin IP procedure. Strains 
with (+) or without (-) a myc-
tagged Gal4 protein were grown 
in galactose. Amplification of 
the unenriched DNA (I) and IP-
enriched DNA (P) is shown. 
ARNl (control) was used as a 

PCL lo 
4 0 7 

Gall0 

D-glucase bphaaphate 

t 
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negativecont6L (C) Galactose-inducedexpressionof FUR4,M77-/1,andPUlO and was quantified by phosphorimaging.(D) Modelsummarizingthe role of 
is Gal4-dependent Samples from wild-type and ga14- strains were taken Gal4 in galactose-dependent cellular regulation. The products of genes 
before and after addition of galactose. The expression of FUR#, M77-/1, and newly identified as directly regulated by Gal4 are shown as green cirdes; 
PUlO was monitored by quantitative reverse transcriptase-PCR (RT-PCR) those previously identifiedare shown in blue. 
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and KAR5 are required for nuclear hsion (24). 
Furthermore, FUS3 and FARl are required for 
pheromone-induced cell cycle arrest (25, 26) 
(Fig. 3B). Among the Stel2 target genes iden- 
tified in this study that were not previously 
reported to be involved in mating, many are 
involved in processes likely to be relevant to 
mating. CHSI, PCL2, ERG24, SPC25, HYMI, 
and PGMI encode proteins involved in cell 
wall biosynthesis, cell morphology, membrane 
biosynthesis, nuclear congression and regula- 
tion of gene expression (Fig. 3B). Furthermore, 
YEROIgW, YOR129C, and SCH9 are among 
the genes that are cell cycle regulated (27). 

The genes that are regulated by Stel2 can be 
divided into two classes: those bound by Stel2 
both before and after pheromone exposure (e.g., 
STE12, PCL2, FIG2, and FUSI) and those 
bound by Stel2 only after exposure to phero- 
mone (e.g., CIKl and CHSI) (Fig. 3A). The 
first class of genes is induced immediately after 
pheromone exposure, most likely by a mecha- 
nism that converts an inactive DNA-bound 
Stel2 protein to an active transcriptional acti- 
vator. This could take place by removal of 
repressors of Stel2 such as DiglIRstl and 
Dig2IRst2 (28). In the secorid class of genes, 
induction of transcription is relatively slow. In 

this case, the binding of Stel2 appears to be 
limited before pheromone exposure. It is also 
possible that the epitope tag on Stel2 is masked 
at these promoters before pheromone treatment, 
perhaps due to the presence of additional regu- 
latory proteins. 

We have shown that a combination of 
genome-wide location and expression analy- 
sis can identify the global set of genes whose 
expression is controlled directly by transcrip- 
tional activators in vivo. The application of 
location analysis to two yeast transcriptional 
activators revealed how multiple functional 
pathways are coordinately controlled in vivo 

Fig. 3. Genome-wide A 
location of the Stel' Binding Expression Name Binding 
protein. (A) Genes - 
whose promoter re- 

N e: + 
before after 

Stel2 (P value < 
0.005) and whose ex- ratio P-value ratio P-value Description 

pression levels were PRMl 2.7 1 . 3 ~ 1 0 ~  6.2 4 .5~10 '~  Pheromone-regulated membrane protein 
induced by a factor ERG24 2.7 1 .3x104 6.2 4 .5~10-~  C-14 sterol reductase (adjacent to PRM1) 
(ratio > 1 and P < PCLZ 3.3 4.W10-~ 6.8 5 . 8 ~ 1 0 - ~  Cyclin partly in association with Pho8Sp 

0.001) are listed. The 
FIG2 2.6 2 . 2 ~ 1 0 ~  5.6 9 . 5 ~ 1 0 - ~  Protein involved in mating induction 
SE12 4.1 1.4~1 o - ~  4.1 3.1 x104 Transcription factor required for mating 

weight-averaged ra- FUSl 5.0 2 . 8 ~ 1 0 - ~  4.1 5 . 6 ~ 1 0 ~  Protein required for cell fusion during mating 
tios and P values are FUS3 3.3 3 . 9 ~ 1 0 - ~  5.4 2 . 0 ~ 1 0 ~  MAPK mediating mating pheromone signaling 
shown for Stel2 PEP1 3.3 3.9X10-~ 5.4 2.0~103 Receptor for vacuolar swing (adjacent to FUS3) 
binding before and 30 YOR129C 0.7 0.13 5.2 1 . 0 ~ 1 0 ~  Protein of unknown function 
min after the addition AFR 1 1.0 0.86 5.1 1 .OX1 o4 Protein involved in morphogenesis of the mating projection 

of a factor. The bind- 
GlCZ 1.4 0.1 1 5.0 1 . 2 ~ 1 0 ~  Putative effector of Cdc42p. important for bud emergence 
YOR343C 1.1 0.70 3.9 4 . 1 ~ 1 0 ~  Protein of unknown function 

ing ratios and the fold CHSl 0.9 0.66 4.1 4 . 2 ~ 1 0 ~  Chitin synthase I, functions during cell separation 
changes of gene ex- is SCH9 1.3 0.21 4.2 4 . 5 ~ 1 0 ~  Serine/threonine protein kinase that is activated by CAMP 
pression are displayed KARS 1.2 0.37 3.8 4 . 7 ~ 1 0 ~  Membrane protein required for homotypic nuclear fusion 
as in Fig. 2A. The gene YR192C 0.9 0.35 3.6 6 . 5 ~ 1 0 ~  Protein of unknown function 
expression data, ob- YERO19W 1.3 0.20 4.1 6 . 6 ~ 1 0 ~  Moderately similar to mammalian neutral sphingomyel~nases 

tained from reference SPCZS 1.3 0.20 4.1 6 . 6 ~ 1 0 ~  Protein of the spindle pole body 
YlL083C 1.0 0.67 3.6 7 . 1 ~ 1 0 ~  Protein of unknown function 

(8), represent changes PGMl 2.0 0.01 3.8 7 . 2 ~ 1 0 ~  Phosphoglucomutase 
in mRNA levels be- YIL037C 1.1 0.55 3.4 8 . ~ 1 0 ~  Protein of unknown function 
tween wild-type cells nL169C 1.6 0.07 3.3 1 . 2 ~ 1 ~ ~  Protein of unknown function 
treated with a factor AGAl 1.4 0.1 1 3.1 1 . 9 ~ 1 0 ~  *Agglutinin anchor subunit 
for the specified peri- YOL155C l .0 0.73 3.0 2 . 1 ~ 1 0 - ~  Similar to S. cerevisiae glucan l -4-alphaglucosidase 

od versus untreated ClKl 0.9 0.76 3.0 2 . 2 ~ 1 0 ~  Involved in spindle formation and karyogarny 
FAR1 1.3 0.22 3.0 2 . 4 ~ 1 0 ~  Involved in cell cycle arrest for mating 

cells. The a-0' time pH081 1.0 0.83 2.9 2 . 7 ~ 1 0 - ~  CDK inhibitor for Pho8Op-Pho85p complex 
point (where ' indi- HYMl 1.4 0.1 8 2.7 4 . 9 ~ 1 ~ 3  Protein with similarity to Aspergillus nidulans hymA 
cates min) was 0b- FIG1 1.2 0.38 2.9 5 . 0 ~ 1 0 ~  Protein required for efficient mating 
tained by comparing - = - 
diately after a factor 
treatment t o  untreated cells. The Gal:StelZ and Stel2A data B 
were obtained by comparing Galstel2 (over-expressing 
Stel2) and Stel2A cells to  wild-type cells, respectively. 
Stel2A + a data were obtained by comparing cells lacking 
Ste12 before and 30 min after a factor treatment. (0) Model 
summarizing the role of Stel2 target genes in the yeast 
mating pathway. Gray boxes denote the cellular processes ShE,pg,r  
known to  be involved in mating; yellow boxes denote cellular - 
processes that may be associated with mating. Genes in 
black were previously reported to  be associated with the 
mating process; genes in red are Stel2 targets that may play 
a role in mating. 

FEZ, A W ,  FKil, W1, 

m1, SR2.9 
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during the response to specific changes in the 
extracellular environment. All of the known 
targets for these two activators were con-
firmed, and functional modules were discov- 
ered that are regulated directly by these factors. 

Expression analysis with DNA microar- 
rays allows investigators to identify changes 
in mRNA levels in living cells, but the in- 
ability to distinguish direct from indirect ef- 
fects limits the interpretation of the data in 
terms of the genes that are controlled by 
specific regulatory factors. Genome-wide lo- 
cation analysis provides information on the 
binding sites at which proteins reside through 
the genome under various conditions in vivo, 
and will prove to be a powerfUl tool for further 
discovery of global regulatory networks. 
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Inhibition of Eukaryotic DNA 

Replication by Ceminin 


Binding to  Cdtl 
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Christin Cvetic,' Johannes C. Walter,' Anindya ~ u t t a l *  

In all eukaryotic organisms, inappropriate firing of replication origins during the 
C, phase of the cell cycle is suppressed by cyclin-dependent kinases. Multi- 
cellular eukaryotes contain a second putative inhibitor of re-replication called 
geminin. Ceminin is believed to  block binding of the mini-chromosome main- 
tenance (MCM) complex to  origins of replication, but the mechanism of this 
inhibition is unclear. Here we show that geminin interacts tightly with Cdtl, a 
recently identified replication initiation factor necessary for MCM loading. The 
inhibition of DNA replication by geminin that is observed in cell-free DNA 
replication extracts is reversed by the addition of excess Cdtl. In the normal 
cell cycle, Cdtl is present only in C,and 5, whereas geminin is present in 5 and 
G, phases of the cell cycle. Together, these results suggest that geminin inhibits 
inappropriate origin firing by targeting Cdtl. 

Eukaryotic cells maintain a tight control on the 
initiation of DNA replication to ensure that 
chromosome duplication in S phase and chro- 
mosome segregation in M phase strictly alter- 
nate with each other so that daughter cells do 
not receive too many or too few chromosomes. 
Fusion of cells in the G, phase of the cell cycle 
to those in S phase revealed that the G, nuclei 
were unable to replicate their DNA, although 
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conditions in the heterokaryon were permissive 
for replication in the S phase nuclei ( I ) .  This 
observation led to the hypothesis that G, nuclei 
lack a factor essential for replication initiation 
and/or possess a negative factor that prevents 
replication initiation. For the initiation of DNA 
replication in eukaryotes, the origin recognition 
complex (ORC) binds to initiator elements and 
recruits the CDC6 and Cdtl proteins to chro- 
matin in the GI phase of the cell cycle. The 
latter, in turn, are required to recruit the MCM 
complex to form the pre-replication complex 
( pre-RC). After origin firing at the beginning of 
S phase, the pre-RC is dissociated and is not 
re-assembled until the cell passes through mi- 
tosis into the GI phase of the next cell-cycle. As 
factors essential for replication initiation were 
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discovered, it became clear that some of them 
become limitlng in G, nuclei (2, 3) In partic- 
ular. CDC6 is exported out of the nucleus (or 
proteolysed in yeast) as S phase proceeds, while 
the MCM proteins are phosphorylated and be- 
come dissociated from the chromatin (or ex- 
ported out of the nucleus in yeast) In addition, 
the elevated activity of cyclin-dependent kinase 
(cdk) in the G,-M phase of the cell cycle blocks 
re-replication b y  preventing assembly of pre- 
RC even when initiation factors such as CDC6 
are artificially expressed or stabilized in G, 
nuclei (4-6). Therefore, the absence of initia- 
tion factors and the presence of negative factors 
prevent a second round of origin firing until 
cells pass through mitosis. 

Geminin was identified in a screen for pro- 
telns that are degraded in mitotic extracts from 
Xenopus eggs and was shown to inhibit DNA 
replication by preventing the loading of MCM 
complex on chromatin (7). The target of gemi- 
nin in this inhibitory reaction was unclear, but 
its expression in S and G, led to the suggestion 
that it provides an additional mechanism to 
prevent re-replication in the normal cell cycle. 
TO identify the target of geminin, we raised 
antibodies to bacterially expressed His6-gemi- 
nin (Fig. 1A) (8).Immunoblotting of extracts 
from 293T cells with this antibody recognized 
the 33-kD geminin protein in cell extracts (Fig. 
1A). Immunoprecipitation of 35S-methionine 
labeled cell extracts indicated that the 33-kD 
geminin protein co-irnmunoprecipitated with 
cellular proteins of 65 and 130 kD (Fig. 1B) (9).  
Re-immunoprecipitation with antibody to 
geminin under denaturing conditions precipitat- 
ed geminin but not the 65- and 130-kD 
polypeptides (Fig. IB). These results suggest 
that the 65- and 130-kD polypeptides were 
present in the native anti-geminin immunopre- 
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