
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 

James A. Wohlschlegel,' Brian T. Dwyer,' Suman K. Dhar,' 

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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cipitate because of their association with gemi- ila melanogaster (10-12). Inactivation of the 
nin and that these polypeptides could be the gene or immunodepletion of the protein from 
target of geminin action. cell extracts results in failure to recruit the 

A new replication initiation factor, Cdtl or MCM complex on chromatin despite the load- 
double-parked, was recently identified as being ing of ORC and CDC6. Because pre-RC for- 
essential for DNA replication in Schizosaccha- mation was blocked at the step of MCM load- 
romyces pombe, Xenopzrs laevis, and Drosoph- ing either by depletion of Cdtl or by addition of 

Fig. 1. Human geminin is associated with pro- A B Boil I 
teins of 65 and 130 kD. (A) lmmunoblotting of PI I PI 1 ~ e - I F  
cell lysates with antibody to geminin (I) recog- r - 7  

nizes a 33-kD protein while the preimmune sera - p130 
does not (PI). (B) lmmunoprecipitation of 35S- 97- 97 - 
methionine labeled cell extracts with antibody ee- , 66 - 
to geminin and its corresponding preimmune - p65 

sera followed by fluorography of the immuno- 45- - -Geminin 45- 
precipitate. The anti-geminin immunoprecipitate 31- 

was boiled in 1% SDS, diluted 10-fold, and 
31- 

-Geminin 
reimmunoprecipitated with antibodies to gemi- 
nin to show that the antibody recognized only 
the 33-kD geminin protein under denaturing 
conditions. 

geminin, we hypothesized that geminin inter- 
acts with and inhibits Cdtl. However, the pub- 
lished sequence of human Cdtl predicted a 
protein of about 45 kD (12) that was not present 
in the geminin immunoprecipitate. Rescreening 
the expressed sequence tag (EST) database for 
homology to the Xenopus Cdtl gene identified 
a cDNA clone for human Cdt 1 that was extend- 
ed at the NH2-terminus by 145 amino acids and 
coded for a protein of about 65 kD (13). The 
GenBank accession number for this sequence is 
AF321125. With the new addition, the human 
Cdtl protein is similar to Xenopzrs Cdtl all the 
way to the NH2-terminus (Fig. 2A) (46% iden- 
tity and 60% similarity). An antibody raised 
against bacterially expressed protein containing 
amino acids 238 to 546 of Cdtl recognized a 
single protein with a molecular mass of 65 kD 
upon immunoblotting of 293T cell extracts 
(Fig. 2B) (14). The size of the protein corre- 
sponds to the predicted size of Cdtl with the 

H5Cdt 1 
XCdt 1 
h C d t  1 
SpCdtl 

HrCdC 1 
XCdt 1 
rmcdt 1 
Spcdt 1 

----- 
----- 
LPNCA 
-...- 

- Cdtl 

0 a -  - 
C 

1 2 3  4 5 6 7 0 9  

Fig. 2. Human Cdtl protein is a 65-kD protein 
that coimmunoprecipitates with geminin. (A) 
Alignment of the complete human Cdtl se- 
quence with that of Xenopus. Drosophila, and 
5. pombe Cdtl homologs. Human Cdtl from 
amino acid residues 145 to 546 has been pub- 
lished (72). (B) Antibody to human Cdtl (I) 
recognizes a 65-kD protein upon immunoblot- 
ting of 293T cell lysates whereas the preim- 
mune control (PI) does not. (C) Immunoprecipi- 
tation of 35S-methionine labeled cell extracts 
with antibody to Cdtl (I) and the correspond- 
ing preimmune sera (PI) followed by fluorogra- 
phy of the immunoprecipitate. (D) Immunopre- 
cipitation of 293T cell lysates with either anti- 
bodies to geminin or Cdtl followed by immu- 
noblotting with antibodies to Cdtl and 
geminin. (E) CST-geminin specifically associ- 
ates with human and Xenoous Cdtl but not 
human MCM3. Cdtl or M ~ M  proteins were 

700 720 7 4 0  produced by in vitro transcription and transla- 
HsCdt 1 : : 546 
xcdt 1 : tion and were tested for their ability to bind 
m c d t l  : either CST or CST-geminin in a pull-down as- 
s ~ ~ i l t  1 : say on glutathione agarose beads. For each set. 

the input lane contains 5% of the amount of 
labeled protein incubated with CST or CST-geminin. The labeled proteins were visualized by SDS-PACE and fluorography. 
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NH,-terminal extension reported here. Immu- 
noprecipitation of 35S-methionine-labeled cell 
extracts revealed that the 65-kD Cdt 1 protein 
was coimmunoprecipitated with a 33-kD cellu- 
lar protein (Fig. 2C) (9). 

The presence of a 33-kD polypeptide in the 
Cdtl immunoprecipitate and a 65-kD polypep- 
tide in the geminin immunoprecipitate led us to 
test whether geminin (33 kD) and Cdtl (65 kD) 
associate with each other in extracts of asyn- 
chronously growing cells. Immunoprecipitation 
of cellular proteins with antibody to geminin 
followed by immunoblotting of the precipitate 
with antibody to Cdtl revealed that Cdtl was 
present in the geminin immunoprecipitate (Fig. 
2D, lane 3). Conversely, immunoprecipitation 
of cell extracts with antibody to Cdtl and im- 
munoblotting the precipitate with antibody to 
geminin revealed that geminin was present in 
the Cdtl immunoprecipitate (Fig. 2D, lane 5). 
The ratio of geminin to Cdtl in the Cdtl im- 
munoprecipitate (lane 5) is similar to their ratio 
in the input cell extract (lane l), arguing for a 
very efficient interaction between geminin and 
Cdtl in extracts of 293T cells. The association 
of Cdtl and geminin could also be reproduced 
in vitro. Glutathione S-transferase (GSTFgem- 
inin purified from bacteria specifically associ- 
ated with full-length human and Xenopus Cdtl 
produced in rabbit reticulocyte lysates by in 
vitro transcription and translation but not to sim- 
ilarly produced human MCM3 (Fig. 2E) (15). 

Because the geminin-Cdt l interaction could 
be re-created in vitro, we turned to an in vitro 
system of DNA replication to test whether 
geminin inhibits replication initiation by target- 
ing Cdtl (16). In this system, sperm chromatin 
is incubated in cytosolic egg extract to assemble 

Fig. 3. Cdtl reverses inhi- 
bition of DNA replication A C .- 

C 

by geminin. (A) CST-gemi- + 5 
nin interacts with XCdtl + 
fromxenopus egg extracts. L o 

pre-RCs. The pre-RCs are then induced to ini- 
tiate replication through the addition of a nucle- 
oplasmic extract (NPE). Because replication in 
this system typically uses only Xenopus repli- 
cation factors, it was first necessary to show 
that human geminin and human Cdtl could 
function in this system. In Fig. 3A, we show 
that bacterially expressed GST-geminin but not 
GST alone interacts with XCdtl from egg cy- 
tosol. In Fig. 3B, we show that human GST- 
Cdtl is capable of associating with sperm chro- 
matin when added to Xenopus extracts (16). To 
examine geminin's ability to inhibit DNA rep- 
lication through Cdtl, sperm chromatin was 
incubated with cytosolic egg extract that was 
supplemented with geminin (8), Cdtl (17), or 
both, and the proteins that associated with the 
chromatin were examined by immunoblotting. 
As reported previously for Xenopus geminin 
(7), recombinant human geminin disrupted pre- 
RC assembly by inhibiting the loading of 
XMCM4 onto chromatin without affecting the 
loading of XORC2 (Fig. 3C, lane 4) (16). Strik- 
ingly, when recombinant human Cdtl was add- 
ed with the geminin, the binding of MCM to 
chromatin was restored (Fig. 3C, lane 5). To 
ask whether addition of human Cdtl rescues 
formation of functional pre-RCs, the pre-RCs 
assembled in Fig. 3C were mixed with nucleo- 
plasmic extract, and replication was measured. 
As expected from previous results (7), pre-RCs 
assembled in the presence of geminin did not 
support DNA replication (Fig. 3D, lanes 3 and 
7) (16). However, when human Cdtl was also 
present during pre-RC formation, replication 
was restored (Fig. 3D, lanes 4 and 8). There- 
fore, the inhibition of pre-RC formation and 
DNA replication by geminin is counteracted by 

C - - - + + Geminin 
- - + - + Cdtl 

the presence of excess Cdt 1. Together with the 
physical interaction of gerninin and Cdtl (Figs. 2 
and 3A), these results strongly suggest that gemi- 
nin blocks DNA replication by targeting Cdtl. 

If geminin targets Cdtl to inhibit re-replica- 
tion, it is expected to be expressed soon after 
Cdtl function is executed in the cell cycle. 
Pre-RCs are assembled in GI  and are dissoci- 
ated soon after origin firing in S phase, provid- 
ing a finite window of time during which Cdtl 
has to be active (18, 19). HeLa cells were 
released from a mitotic cell cycle block and 
were harvested at 3-hour intervals as they pro- 
gressed synchronously through GI  and S, and 
extracts were blotted for cyclin A, Orc2, Cdtl, 
and geminin (Fig. 4) (20). The time of expres- 
sion of cyclin A suggests that S phase began 
about 12 to 15 hours after release from the 
nocodazole block. Cdtl protein was detected in 
GI  and early S, consistent with its role in pre- 
RC formation, whereas its expression dropped 
off in G,. The absence of Cdtl in G, nuclei is, 
therefore, another mechanism by which the cell 
prevents re-replication. Conversely, geminin 
appears in S phase and persists through G, into 
mitosis, disappearing as cells enter GI .  Cdtl 
and geminin are coexpressed in S phase at 
about the time when geminin can inhibit Cdtl 
function without impairing the normal replica- 
tion initiation process. The excess of geminin in 
late S and G, suggests that even if Cdtl were 
expressed in G, nuclei, geminin would act as a 
negative factor to prevent the reinitiation of 
DNA replication. Therefore, the pattern of ex- 
pression of geminin in the cell cycle is consis- 
tent with it being a second negative factor in G, 
that prevents re-replication by targeting Cdt 1. 

In summary, our results identify Cdtl as the 
target of geminin. The results also indicate that 
Cdtl and geminin are separately regulated such 
that both the absence of Cdtl in G, and the 
appearance of geminin in S help prevent re- 
replication of the chromosomes. Clearly, evo- 

Xenopus egg extracts were 
#E- XCdl, incubated with either CST 

2 3 
- - XORC2 0 3 6 9 12 151821 24Tirne(hours) 

(lane 2) or CST-geminin ' 
(lane 3) in a pull-down as- 1 2 3 4 5  

\ 
L- - Gerninin 

say on glutathione agarose 
beads and were irnmuno- 

D c - c--- - Cdtl 
blotted with antibodies to B k c - 

XCdtl. Lane Z + - Chromatin . . + + - - + + 
XCdtl in the Xenopus egg - ---. - +-- c d t l -  + .  + - + - +  
extract. (B) Human CST- - - GST-cd11 

Cdtl associates with -- - - sperm chromatin in Xeno- 2 3 
pus extracts. After incuba- 1 2 3 4 5 . 6 7 8  

tion of CST-Cdtl with Xen- 
opus egg extracts with (lane 2) or without (lane 3) sperm chromatin, the chromatin was isolated and 
immunoblotted with antibodies to Cdtl. Lane 1 shows CST-Cdtl in the input (C) After incubation in 
Xenopus egg extracts, the chromatin was isolated and recruitment of ORC and MCM to the chromatin 
was visualized by immunoblotting with the indicated antibodies. The replication reactions contained the 
following additions: buffer (lane I), CST-Cdtl (400 nM, Lane 3), His6-geminin (100 nM, lane 4) and 
His6-geminin (100 nM) + CST-Cdtl (400 nM) (lane 5). No sperm chromatin was added to the negative 
control reaction in lane 2. (D) DNA replication in Xenopus egg extracts with addition of buffer (mock, 
lanes 1 and 5), CST-Cdtl (400 nM, lanes 2 and 6), His6-geminin (100 nM, Lanes 3 and 7). and 
His6-geminin (100 nM) + CST-Cdtl (400 nM) (lanes 4 and 8). Products of the replication reaction were 
separated on a 0.8% agarose gel and were visualized by autoradiography. Lanes 1 through 4 and 5 
through 8 correspond to the replication reaction 30 and 60 min after addition of NPE, respectively. 

L - r  . 
-- - Cyclin A 

,/ ORC2 

Fig. 4. Expression of Cdtl and geminin proteins 
during the HeLa cell cycle. Cells released from a 
nocodazole block were ha~es ted  at the indi- 
cated time points, and the levels of Cdtl and 
geminin were visualized with immunoblotting. 
Cyclin A (S phase specific) was used to estimate 
progression of the cells through the cell cycle. 
ORC2 protein levels were used as a Loading 
control because ORC2 levels do not vary 
through the cell cycle. 
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lution has selected for multiple parallel path- 
ways to ensure that a replicated chromosome 
does not erroneously reinitiate replication until 
after chromosome segregation is completed in 
mitosis. Cdks are believed to prevent replica- 
tion initiation by phosphorylating CDC6 to tar- 
get it either for proteolysis (in yeasts) or for 
nuclear export (in higher eukaryotes) (6, 21-
23). In addition, phosphorylation of MCM pro- 
teins by cdk is concordant with their dissocia- 
tion from chromatin (3).However, in response 
to checkpoint activation. e.g., after DNA dam- 
age, cdk activity is repressed to block cell cycle 
progression until DNA repair is completed (24, 
25). The decrease in cdk activity could allow 
inappropriate pre-RC assembly on already fired 
origins, particularly because higher eukaryotes 
do not degrade CDC6 at the G,-S transition. 
Therefore geminin, a second negative factor for 
DNA replication in S and G,, may have 
evolved in higher eukaryotes to prevent re-
replication in the event that cdk activity is low- 
ered during a checkpoint response. It is also 
interesting that geminin targets a different ini- 
tiator protein, Cdtl, in comparison to the CDC6 
or MCM targeted by cdks. This diversity of 
targets prevents escape from re-replication con- 
trol through mutation in the gene of a single 
target protein. 

Note added in proqfi While this manu-
script was under review. we learned that Tada 
et al. have attained similar results 127). 
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Distinct Roles for TBP and 
TBP-Like Factor in Early 

Embryonic Gene Transcription 
in Xenopus 

Gert Jan C. Veenstra,'a2* Daniel L. week^,^ Alan P. Wolffe4 

The TATA-binding protein (TBP) is believed t o  function as a key component of 
the general transcription machinery. We tested the role of TBP during the onset 
of embryonic transcription by antisense oligonucleotide-mediated turnover of 
maternal TBP messenger RNA.Embryos without detectable TBP initiated gas- 
trulation but died before completing gastrulation. The expression of many 
genes transcribed by RNA polymerase 1 1  and Ill was reduced; however, some 
genes were transcribed with an efficiency identical t o  that of TBP-containing 
embryos. Using a similar antisense strategy, we found that the TBP-like factor 
TLFITRFZ is essential for development past the mid-blastula stage. Because TBP 
and a TLF factor play complementary roles in embryonic development, our 
results indicate that although similar mechanistic roles exist in  common, TBP 
and TLF function differentially t o  control transcription of specific genes. 

The TATA-binding protein (TBP) is often 
considered an essential component of the 
general transcription machinery, being in-
volved in transcription by all three eukaryotic 
RNA polymerases. TBP is essential in yeast, 
binds to a variety of TATA boxes. and is 

recruited to TATA-less promoters via pro- 
tein-protein interactions [reviewed in (I)]. 
Recently, however, TBP-related factors have 
been identified in metazoans. Drosophiltr has 
two such proteins (TRFI and TRFZ). TRFl 
plays a role in the transcription of rlldor and 
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