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centage of yellow sites observed (arrows in 
Fig. 11) is likely due to the occasional 
overlay of the green replication and red 
transcription sites at different levels in 
three-dimensional space, rather than con- 
currence of red and green fluorescence at a 
single site. We routinely observe this phe- 
nomenon in optical sections of mixed red 

Xiangyun Wei, Jagath Samarabandu,* Rakendu 5. Devdhar, and green fluorescence beads. These results 
Alan J. Siegel, Raj Acharya, Ronald Bereznefl are consistent with those of Wansink et al. 

(12) but in direct contradiction to those of 
Microscopy shows that individual sites of DNA replication and transcription of Hassan et al. (13). 
mammalian nuclei segregate into sets of roughly 22 and 16 higher order We observed that replication (thin ar- 
domains, respectively. Each domain set displayed a distinct network-like ap- rows; Fig. 1F) and transcription sites (thick 
pearance, including regions of individual domains and interdigitation of do- arrows; Fig. IF), aside from being separate 
mains between the two networks. These data support a dynamic mosaic model from one another, were grouped into sepa- 
for the higher order arrangement of genomic function inside the cell nuclei. rate and distinct clusters. To study the over- 

all distribution of individual sites, we per- 
Genomic processes have an underlying struc- 1) (10). More than 95% of the replication formed contour analysis on individual op- 
tural organization in the cell nucleus (1, 2). sites activated early in the S phase do not tical sections at mid-plane (Fig. 2, A and B) 
The genome itself is arranged into discrete coincide with transcription sites (11). A in nuclei showing typical early S phase 
chromosome-specific territories (3), and yellow color represents an overlap between replication patterns (14). Of the contoured 
there is an emerging view that the genome red and green signals. The very small per- area in the extranucleolar regions (15), 
and its associated functional domains are dy- 
namically linked in an overall nuclear archi- ""'A 1NA Merg-' 
tecture termed the nuclear matrix (1, 2, 4). 
Numerous studies have demonstrated that the 
sites of DNA replication, transcription, RNA 
splicing factors, and RNA tracks visualized 
in the nucleus of the intact cell are spatially rn 
maintained following extraction for nuclear 
matrix (5-7). 

Another approach to investigating the 
relationship of nuclear architecture to 

F 
genomic function is to determine whether 
the individual sites of replication or tran. 
scription, or both, are arranged into higher 
order domains in the cell nucleus. We di- 
rectly addressed this issue by simultaneous. 
ly labeling sites of replication and tran- 

i-r 
scription in permeabilized mouse 3T3 or 
human diploid NHFl fibroblasts (8). Fluo. 
rescence laser scanning confocal microsco- 
py and three-dimensional image analysis 

i 
8 '  

were then used to visualize the individual 
sites of replication and transcription, and 
the spatial relationships between these sites rn 

(9). The extranucleolar transcription sites & 
that are visualized with this procedure are 
predominantly, if not exclusively, tran- 
scribed by RNA polymerase I1 (8). 

We found that the individual sites of 
I 

DNA replication and transcription are spa- 
tially distinct (separate red and green col- = 

I 
ors) during all periods of the S phase (Fig. " 
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Fig. 2. Preferential clustering of replication and 
transcription sites in early S phase. (A) Clus- 
tered replication sites are contoured with light 
green lines. (0) Clustered transcription sites are 
contoured with pink lines. ICI Areas occupied 
by replication site clusters' and transcridtion 
site clusters are filled with green and red, re- 
spectively. Areas occupied with replication and 
transcription sites in a mixed pattern are filled 
with yellow. Nuclear areas with sparsely dis- 
tributed replication and transcription sites are 
not contoured and appear as black regions (14). 
(D) The same contour analysis was applied to a 
computer-generated random sampling model 
(1 7). (E) Bar plot of percentage distribution of 
separate clustered (black bars) versus mixed 
(striped bars) areas in the extranucleolar re- 
gions of experimental samples and random 
sampling (76). Error bars denote the standard 
error of the mean. 

77.4% were occupied by separate clusters 
of replication and transcription sites (Fig. 
2, C and E). Because this analysis was 
performed on exponentially dividing cells, 
the findings should reflect the entire early S 
period (approximately 4 hours), when most 
active genes are replicated (10). Similar 
results were obtained in cells labeled im- 
mediately after release from the G,/S bor- 
der (16). This indicates preferential group- 
ing, because only 36.9% of the extranucleo- 
lar area is predicted to form separate repli- 
cation and transcription clusters by a 
random clustering model (Fig. 2, D and E) 
(17). 

We next examined the replication and 
transcription clusters in three dimensions. 
Contour analysis was performed on individ- 
ual optical sections for each nucleus (Fig. 3) 
followed by three-dimensional reconstruction 
(Fig. 4) (18). Individual contours correspond- 
ing to specific clusters of replication (Fig. 
4A) or transcription (Fig. 4C) sites typically 

Fig. 3. Cluster distribution of replication and transcription sites in early 5 phase extending into 
several optical sections. To study the cluster distribution in three dimensions, the same contour 
analysis was applied to a series of optical sections (A throu h I) of mouse fibroblast nuclei labeled 
for replication (light green contours) and transcription i&nk contours) sites. Three nucleolar 
transcription clusters are also contoured in pink (indicated with arrows). 

extended into several optical sections (0.5 domains correlate with temporal programs 
Fm per section). An average of 22 + 2.7 and of replication and transcription in the cell. 
16 + 1.6 higher order domains for replication In this way, a domain may function in 
and transcription were calculated at a given replication at one time and in transcription 
instant in early S phase. Each set of higher at another time in S phase. Studies of rep- 
order domains was further arranged into a lication timing of specific gene sequences 
discontinuous network-like appearance that provide fiuther support for this conclusion 
extended throughout the nuclear volume (Fig. (1 0). The interdigitation of replication and 
4, A and C). Small regions of individual transcription domains that we observed in 
domains within each set were often found in three dimensions may, therefore, be an in- 
close apposition with neighboring domains dication of dynamic cross-talk between the 
(Fig. 4, A through D). Although the network replication and transcription domains or 
patterns corresponding to each set of domains temporal transitions from one functional 
appeared similar, they occupied completely statk to the other. 
separate regions of the nuclear volume (Fig. Arrangement of separate replication and 
4E). Individual domains from corresponding transcription domains into ev& higher or- 
sets, however, were strongly juxtaposed der network patterns suggests an underly- 
throughout the overall three-dimensional ar- . ing architectural basis. The notable preser- 
rangement (Fig. 4). vation of replication and transcription sites 

Previous studies indicate that individual 
sites of replication and transcription in the cell 
nucleus are composed of numerous replicons 
and genes, respectively (5, 6). Our results dem- 
onstrate an even higher order arrangement of 
these genomic sites. The extranucleolar region 
of the nucleus is segmented int0.a mosaic of 
spatially juxtaposed replication and transcrip- 
tion domains. Each individual domain contains 

on the nuclear matrix following in situ 
extraction (5, 6) implicates a dynamic nu- 
clear architecture as a basis for these global 
spatial properties of genomic function. The 
recent identification of a specific nuclear 
matrix targeting sequence provides a pos- 
sible direct approach for further study of 
higher order functional domains and nucle- 
ar architecture (19). 
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Fig. 4. Replication and transcription sites in early S 
phase separate into distinct higher order domains in 
three dimensions. Replication and transcription site 
clusters drawn on individual optical sections were 
reconstructed to visualize the spatial relationship of 
clusters between different sections. In this particular 
mouse fibroblast nucleus, three-dimensional observa- 
tion shows that replication site clusters form 24 high- 
er order domains, and transcription site dusters form 
20 higher order domains, three of which are located in 
nucleolar regions (indicated with arrows). (A) Stere- 
opair of three-dimensional reconstructed DNA repli- 
cation site clusters (light green contours). (B) Enlarge 
ment of the lower left part of (A). (C) Stereopair of 
three-dimensional reconstructed RNA transcription 
site clusters (pink contours). (D) Enlargement of the 
lower left part of (C). (E) Stereopair of merged image. 
(F) Enlargement of the lower Left part of (E). All 
stereoimages were constructed with a 10" angle. 
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fourth exon of the c-jos gene, allowing expres- 
sion of the reporter gene to be detected at the 
single cell level by immunofluorescence with 
the 9E10 antibody and to be quantified by 
confocal laser scanning microscopy (11). Entry 

Controlled by Nuclear Calcium of Ca2+ into A ~ T ~ O  cells, a mouse pituitary cell 
line, through L-type Ca2+ channels [triggered 

and CaM Kinase IV by KC1-induced membrane depolarization in 
the presence of the L-type Ca2+ channel ago- 

Sangeeta Chawla,* Ciles E. Hardingham,* 
David R. Quinn,l Hilmar Badingx 

Recruitment of the coactivator, CREB binding protein (CBP), by signal-regulated 
transcription factors, such as CREB [adenosine 3',5'-monophosphate (CAMP) 
response element binding protein], is critical for stimulation of gene expression. 
The mouse pituitary cell line AtT2O was used t o  show that the CBP recruitment 
step (CREB phosphorylation on serine-133) can be uncoupled from CREBICBP- 
activated transcription. CBP was found t o  contain a signal-regulated transcrip- 
tional activation domain that is controlled by nuclear calcium and calcium1 
calmodulindependent (CaM) protein kinase IV and by CAMP. Cytoplasmic 
calcium signals that stimulate the Ras mitogen-activated protein kinase sig- 
naling cascade or expression of the activated form of Ras provided the CBP 
recruitment signal but did not increase CBP activity and failed t o  activate CREB- 
and CBP-mediated transcription. These results identify CBP as a signal-regu- 
lated transcriptional coactivator and define a regulatory role for nuclear calcium 
and CAMP in CBP-dependent gene expression. 

The coactivator CBP and its close relative 
p300 are vital components of the cellular 
machinery that regulate gene expression (I,  
2). CBP can connect sequence-specific 
transcriptional activators to components of 
the basal transcription machinery (3, 4) and 
may disrupt repressive chromatin structures 
through its intrinsic or associated histone 
acetyltransferase activity ( 5 ) .  Signals from 
the environment are thought to induce gene 
transcription by activating intracellular bio- 
chemical pathways that control the ability 
of transcription factors to recruit CBP to 
specific promoters (3, 6-8) .  In this study, 
we investigated the possibility that intracel- 
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lular s~gnaling mechan~sms, in add~tion to 
lead~ng to CBP recrultment, control the rate 
of gene transcr~ptlon by regulating CBP 
actlvity CREB phosphorylated on SerI3' is 
the prototyp~cal CBP-interact~ng transcrlp- 
tional activator ( I )  Us~ng the mouse pitu- 
ltary cell l ~ n e  AtT20, we first assessed phos- 
phorylation of CREB on Ser13?, the CBP 
recrultment slgnal (1-3, 9), in lmmunocy- 
tochemical experiments with an antibody 
spec~fic for CREB phosphorylated on 
Ser'33 (10) CREB-mediated transcrlptlon- 
a1 responses were analyzed In parallel with 
an expression vector encoding GAL4-CREB, 
wh~ch was micro~njected together w~th  the re- 
porter gene pF222ACREmyc This construct 
contalns the human c-fos gene ~nclud~ng 222 
base pairs (bp) of upstream regulatory se- 
auence It lacks the c-fos CRE (ACRE) and 

+Present address: ~ e ~ a r t m e n t '  o f  Clinical Biochernis- donbins a single GALisite, whici, uponbind- 
try, University o f  Cambridge, Addenbrooke's Hospital, 
Hills Road, Cambridge CB2 ZQR, UK. 

ing of GAL4-CREB, can confer calcium 
:To w h o m  correspondence should be addressed. E-  (Ca2+) to the reporter gene (11). A 
mail: hbl@mrc-lmb.cam.ac.uk Myc epitope was inserted in frame into the 

nist FPL 64176 (KC1-FPL treatment)] (11) in- 
duced phosphorylation of CREB on Serl" fol- 
lowed by CREB-mediated transcriptional acti- 
vation (Fig. 1A). 

Because Ca2+ acts in two cellular com- 
partments, the nucleus and the cytoplasm, to 
activate gene expression by distinct mecha- 
nisms (1 I ) ,  we analyzed the control of CREB 
phosphorylation on Ser''3 by spatially dis- 
tinct Ca2+ signals. Selective inhibit~on of 
nuclear Ca2+ transients by means of nuclear 
microinjection of a nondiffusible Ca2+ che- 
lator, BAPTA-D70 [1,2-bis(2-aminophe- 
noxy)ethane-.V,lV,W",N1-tetraacetic acid 
linked to a 70-kD dextran molecule] (11), 
blocked CREB-mediated transcription in re- 
sponse to KC1-FPL but had little inhibitory 
effect on CREB phosphorylation on Ser'33 
(Fig. 1A). Thus, nuclear and cytoplasmic 
Ca2+ signals have distinct roles in CREB 
regulation. Activation of cytoplasmic Ca2+ 
signaling pathways stimulates CREB phos- 
phorylation on Ser'33 but, in the absence of 
nuclear Ca2+, CREB remains transcriptional- 
ly inactive. A second regulatory event is 
apparently triggered by nuclear Ca2+ and 
leads to transcriptional activation. CREB 
contains another phosphorylation site, Ser'42, 
that inhibits transcriptional activation by 
CREB (I2). However, nuclear Ca2+ appears 
not to control CREB through phosphorylation 
on SerI4' because inhibition of nuclear Ca2+ 
signals also blocked transcriptional activation 
by a mutant CREB protein, GAL4- 
CREB(Ser'42Ala), which contains a serine- 
to-alanine mutation at position 142 (12). 

Ca2+/calmodulin-dependent (CaM) pro- 
tein kinases are prime candidates for medi- 
ating Ca2+-regulated gene expression (13- 
15). Inhibition of CaM kinases with KN-62 
did not reduce Ca2+ -induced CREB phos- 
phorylation on Ser'33 (Fig. 1B) but did 
inhibit CREB-mediated transcriptional ac- 
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