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Nuclei isolated from Chinese hamster ovary (CHO) cells at various times during the GI 
phase of the cell cycle were stimulated to enter S phase by incubation in Xenopus egg 
cytosol. Replication of DNA initiated within the dihydrofolate reductase (DHFR) origin 
locus in nuclei isolated late in GI, but at random sites in nuclei isolated early in G,. A 
discrete transition point occurred 3 to 4 hours after metaphase. Neither replication li- 
censing nor nuclear assembly was sufficient for origin recognition. Thus, a distinct cell 
cyclc+regulated event in the nucleus restricts the initiation of replication to specific sites 
downstream of the DHFR gene. 

Mammalian origins of DNA replication 
have been difficult to identifv. Although - 
the initiation of replication in cultured fi- 
broblasts is confined to specific, genetically 
determined chromosomal loci, the size of 
these loci and the frequency of initiation at 
  articular seauences within these loci re- 
main unclear (1-4). Furthermore, attempts 
to identifv cis-acting control elements have - 
underscored the apparently limitless num- 
ber of DNA seauences that have the Doten- 
tial to function as origins (5). Extracts of 
Xenopus eggs induce initiation of replica- 
tion specifically within the DHFR origin 
locus when intact nuclei (6) of CHO cells 
are introduced as a substrate; however, rep- 
lication initiates at many more sites with 
damaged nuclei or bare DNA, demonstrat- 
ing that origin recognition requires some 
component of nuclear structure (7). In 
these latter experiments, intact nuclei were 
isolated from CHO cells that were synchro- 
nized exclusively at 4 hours after metaphase 
(7). Given that the well-characterized ori- 
gins of replication in Saccharomyces cerevi- 
siae are occupied throughout the cell cycle 
by an essential multisubunit origin recogni- 
tion complex (ORC) (8), it was important 
to determine whether recognition of mam- 
malian replication origins also requires a 
constitutive element of nuclear structure. 

We first examined whether nuclei iso- 
lated immediately after formation of the 
nuclear membrane are alreadv committed 
to initiate replication at specific sites. 
CHOC 400 cells (9) were synchronized in 
metaphase by brief (4 hours) treatment 
with nocodozole followed by selective de- 
tachment of mitotic cells (7), and were 
then released into G,  phase for 60 min- 
determined to be sufficient time to assemble 
an intact nuclear envelope in 95 to 100% of 
cells (Figs. 1 and 3B). Cells were then per- 
meabilized with digitonin (7), and intact 
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nuclei ("1-hour nuclei") were introduced 
into a Xenopw egg extract. As a control, 
nuclei isolated 4 hours after metaphase ("4- 
hour nuclei") were also introduced into Xen- 
opw egg extract. DNA synthesis in both 
1-hour and +hour nuclei was sensitive to 
the protein kinase inhibitor 6-dimethyl- 
aminopurine (6-DMAP), which specifically 
blocks initiation of replication (7), and be- 
gan after a similar lag period, indicating that 
the egg extract mediates assembly of initia- 
tion complexes in both types of nuclei at the 
same rate (Fig. 2A). Because 100% of both 
types of nuclei were engaged in DNA syn- 
thesis (Fig. 2B) at the same overall rate (Fig. 
2A), we conclude that similar numbers of 
replication forks were activated in both 
1-hour and 4-hour nuclei. 

Initiation of replication at specific 
genomic loci in 1-hour and +hour nuclei 
was evaluated (Fig. 2, C and D) by the early 
labeled-fragment hybridization (ELFH) assay 
(7). Nuclei were incubated in Xempus egg 
extract for 2 hours in the presence of aphidi- 
colin, a specific inhibitor of replicative poly- 
merases, to allow accumulation of newly 
formed replication forks arrested close to 
their sites of initiation (7). The nuclei were 
then washed free of aphidicolin, nascent 
DNA chains were labeled briefly with 
[a-32P]deoxyadenosine 5'-triphosphate, and 
the resulting [32P]DNA chains were tested 
for hybridization with 15 unique probes dis- 
tributed over a 130-kb region that included 
the DHFR origin of bidirectional replication 
(OBR) (7). Most of the [32P]DNA synthe- 
sized in +hour nuclei originated from within 
the initiation locus (Fig. 2C). In contrast, 
nascent DNA synthesized near the origins of 
1-hour nuclei hybridized almost equally well 
to each of the probes. In fact, the pattern of 
early DNA synthesis in 1-hour nuclei was 
virtually identical to that obtained when 
replication intermediates were labeled in nu- 
clei from exponentially growing CHOC 400 
cells (which serve as a pool of replication 
forks distributed randomly throughout the 
DHFR locus) and then tested for hybridiza- 
tion with these same probes (Fig. 2C). To  

reveal the initiation sites in this region more 
accurately, we normalized the relative hybrid- 
ization of early replication intermediates to 
the 15 probes to that of exponentially growing 
cells (Fig. 2D). The bell-shaped curve appar- 
ent with +hour nuclei is consistent with pre- 
vious origin mapping data at this locus, one 
possible interpretation for which is a primary 
region (or regions) of initiation activity local- 
ized to within several kilobases, surrounded by 
secondary sites that constitute a larger initia- 
tion zone (2, 4,  7, 10). In contrast, no pref- 

DNA Nuclear exclusion 
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Fig. 1. Nuclear envelope assembly after mitotic 
synchrony. CHOC 400 cells were synchronized in 
metaphase as described (7) and then released 
into G, for the indicated times, permeabilized with 
digitonin (7), and incubated with 4,6-diamidino-2- 
phenylindole [DNA (DAPI)] and Texas red-labeled 
immunoglobulin G [nuclear exclusion (IgG)] (74). 
At 0.5 hour, a mixture of cells in anaphase (top 
0.5-hour panel) and telophase (bottom 0.5-hour 
panel) is observed. By 1 hour, nuclear membranes 
have completely surrounded chromatin in 95 to 
100% of cells, with some nuclei still containing 
partially condensed chromatin (top 1 -hour panel). 
By 1.5 hours, all cells appear as in the bottom 
1 -hour panel. Magnification, X 1000. 
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erence for initiation at specific sites was ob- 
served with 1-hour nuclei (Fig. 2D). 

DNA synthesis stimulated by Xenopus 
egg extract results from de novo initiation 
of DNA replication and not from DNA 
repair or the elongation of preprimed repli- 
cation forks (7). Furthermore, site-specific 
initiation in 4-hour nuclei exposed to Xen- 
opus egg extract is apparent in the absence 
of aphidicolin, providing that replication 

forks are labeled early in the replication 
reaction (7). To  confirm that the difference 
between 1-hour and +hour nuclei was not 
the result of an artifact imposed by the use 
of nocodozole, we collected untreated mi- 
totic cells and repeated the experiments 
shown in Fig. 2, with nearly identical re- 
sults. Thus, we conclude that Xenopus egg 
extract induced initiation of replication at 
the same specific sites in +hour nuclei as 

are apparent in cultured CHOC 400 cells, 
but at sites distributed randomly throughout 
the DHFR locus in 1-hour nuclei. 

To  determine the time during G, at 
which CHOC 400 cells restrict initiation to 
specific regions of the DHFR locus, we pre- 
pared nuclei at various times during GI and 
mapped the sites of replication initiation in 
Xenopus egg extract (Fig. 3A). Specificity 
was not detected until 3 hours after meta- 

Map Probe l-hour nucle~ Exponentla1 nucle~ 4-hour nucle~ 
P O S I ~ I O ~  Size Raw Relative Relative Raw Relattve Relatre Raw Relatfve Relallve 

(kbl Probe (bol data cpm cpmap dala cpm cpmbp data cpm cprnmp 

5.59 1.27 - 28.5 12.0 Map position (kb) 

1 .OO 1.50 - 5.41 15.1 Fig. 2. Uncouolina of reoltcation licensina from - , - .  ., 
1""- 

17.5 D 281 - 1.00 1.r~ 1.16 1.43 - 6.70 15.3 origin specification. Nuclei from CHOC 400 
cells synchronized at either 1 hour (a) or 4 

8. - - 380 - - - 9'56 16'2 hours (.)after metaphase were prepared as in 
al - 20 R 887 rr 3.21 1.45 - 4.20 1.64 C. 22.4 16.2 Fig. 1 and introduced into Xenopus egg ex- 
0 
3 

50- 25.5 F 1250 w 3.25 1.04 ~r 5.44 1.51 - 32.4 16.7 tract. (A) The percentage of total DNA sub- 
P - 
al i 30 K 700 - 1.92 1.10 - 4.37 2.16 18.4 16.9 strate that replicated in the presence (open 

n 36 symbols) or absence (closed symbols) of 
-I 
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fime in extract (min) ;i 649 0.1 1 tested for hybridization with "7P-labeled early 
- replication intermediates from 1 -hour and 

4-hour nuclet, prepared as described in text. 
Labeled nascent DNA from exponentially proliferating CHOC 400 cells was also tested for hybridization to the same probes. Probe names and map positions 
are as described (7). Relative counts per minute were obtained with a Phosphorlmager (Molecular Dynamics); normalizing to the lowest experimental value; they 
were also divided by probe size to give relative counts per minute per base pair (cpm/bp). Probe A is a segment of bacteriophage A DNA included in each 
experiment to evaluate the extent of nonspecific hybridization. (D) Experimental variation between probes that was not specifically attributable to the synchrony 
of replication forks close to initiation sites [such as differences in hybridization efficiencies or deoxyadenine content (7)) was corrected by dividing the relativevalue 
for each probe with synchronized nuclei by the corresponding value for exponentially proliferating nuclei. Because the ELFH assay analyzes relative DNA 
synthesis after pulse labeling, the differences between probes, not the area under the curve, should be compared. The horizontal axis shows the relative map 
positions of the probes and includes a diagram to orient the DHFR and 2BE2121 transcription units. The vertical line through the graph shows the position of 
the previously mapped OBR (2-4). 
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Xenopus egg extracts 
al - 
u 0 5 10 15 0- were determined as in Fig. 

z Time after metaphase (hours) 2D. Data are corrected 
means t SEM from at 

least six independent experiments (SEM only shown when >I) .  The G,-S plot shows the 
mean of three ELFH assays performed after initiation in cultured cells. (6) The relative 
specificity of initiation was defined as the average values for probes B to E [highlighted by the 
gray line in (A)] in each population of cells and plotted (5SEM) as a function of time after 
metaphase (0). The completed assembly of a nuclear membrane was monitored after 
digitonin treatment but before incubation in Xenopus egg extract as in Fig. 1 (*). The onset of 
S phase was monitored by incorporation of PHIthymidine into acid-precipitable material 
during a 30-min labeling period (.) and by the fraction of nuclei that incorporated bromode- 
oxyur~dine in a 30-min labeling period 0 (7). 
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phase and reached a maximum between 3.5 
and 4 hours. Because the neak did not 
increase between 4 and 5 hours after meta- 
phase, and because the height of the ELFH 
peak after initiation in cultured CHOC 400 
cells (GI-S) was not greater than those of 
the ~ e a k s  at 4 and 5 hours, we conclude 
that the maximum attainable specificity 
was achieved by 4 hours after metaphase. 
The relative preference of Xenopus egg cy- 
tosol for initiation \xithin the DHFR origin 
locus in nuclei ~ r e ~ a r e d  at different times 
after metaphase is plotted, together with 
nuclear membrane assembly and the onset 
of S nhase, in Fie. 3B. The first cells entered 
S &ase 7 hoursifter lnetaphase and 50% of 
the cells were engaged in DNA synthesis by 
9 to 10 hours after ~ne t a~hase ,  consistent 
~vit11 tlow cytometric analysis that revealed 
an average G, nhase of 10 to 11 hours. - L L  

These data are also consistent with an in- 
crease in the percentage of cells that pass 
through a discrete regulatory point in G I  
between 3 and 4 hours after metaphase; n7e 
have termed this point the origin decision 
point (ODP) for the DHFR locus. 

The data in Fig. 2 demonstrate that the 
DHFR locus ODP occurs 2 to 3 hours after 
replication licensing, the ~nechanisln that 
converts eukaryotic nuclei from a postrep- 
licative ( G I )  to a prereplicative (G, )  state 
(8,  1 1 ). Intact ma~nmalian nuclei that have 
not i~ndergone the licensing step ail1 not 
replicate in Xenoplis egg extracts (1 1 , 12). 
Pre-ODP nuclei have fully assembled nucle- 
ar envelopes (Fig. 1) and initiate replication 
at the same number of sites as post-ODP 
nuclei (Fig. 2, A and B). The DHFR locus 
ODP occurs close to the previously identi- 
fied restriction point (R point), the time 
after which entry into S phase is indepen- 
dent of growth factors or moderate concen- 
trations of protein synthesis inhibitors (13). 
Thus, it ~vill be of interest to determine 
whether a similar ODP serves to establish 
origins of re~lication at other malnmalian - 
chro~nosolnal loci and whether there is a 
mechanistic link between the colnmitment 
to cellular proliferation (R point) and the 
commitment to initiate replication at spe- 
cific chromosomal loci (ODP). 
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Blocked Signal Transduction to the ERK and JNK 
Protein Kinases in Anergic CD4+ T Cells 

Wei Li, Carmella D. Whaley, Anna Mondino, Daniel L. Mueller* 

T cells activated by antigen receptor stimulation in the absence of accessory cell-derived 
costimulatory signals lose the capacity to synthesize the growth factor interleukin-2 (IL-2), 
a state called clonal anergy. An analysis of CD3- and CD28-induced signal transduction 
revealed reduced ERK and JNK enzyme activities in murine anergic T cells. The amounts 
of ERK and JNK proteins were unchanged, and the kinases could be fully activated in the 
presence of phorbol 12-myristate 13-acetate. Dephosphorylation of the calcineurin sub- 
strate NFATp (preexisting nuclear factor of activated T cells) also remained inducible. 
These results suggest that a specific block in the activation of ERK and JNK contributes 
to defective IL-2 production in clonal anergy. 

Bretscher and Cohn (1 ) first suggested that 
antigen-receptor stimulation unaccompa- 
nied by critical costimulatory signals could 
cause the inactivation of mature lympho- 
cytes. Jenkins and Schwarti (2) subsequent- 
ly de~nonstrated such a functional unre- 
sponsiveness in murille CD4+ T cell clones 
exposed to peptide antigen (Ag) presented 
by chenlically modified accessory cells 
(ACs) lacking costimulatory molecules 
such as those of the Bi  family of CD28 
ligands (3 ,  4). They determined that these 
T cells were induced into a state of clonal 
anergy, in which they become incapable of 
producing IL-2 and proliferating upon reex- 
posure to Ag and the proper costimulatory 
ligands (2,  5). The biochemical basis for 
this IL-2 production defect in anergic T 
cells remains controversial (6); however, a 
study by Kang e t  al. (7) has indicated that 
IL-2 synthesis is blocked at the level of gene 
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transcription because of poor AP-1 complex 
assembly and f~lnction. 

We initiated a study of AP-1 signal 
transduction i~sing murine CD4+ helper T 
cell clo~nes (8-10) in an attempt to identify 
the bioche~llical basis for this defect. Over- 
night treatment of T cells with iminobilired 
monoclonal antibody (mAb) to CD3, in 
order to simulate Ag-receptor [T cell recep- 
tor (TCR)-CD3] occupancy in the absence 
of costimulatory ligands and to induce 
clonal anergy (1 I ) ,  resulted in a substantial 
defect in the capacity of the T cells to 
produce IL-2 (Fig. 1A).  Nevertheless, the 
anergic T cells were not globally deficient 
in their ability to transduce signals to the 
nucleus, because restimulation with CD3 
plus CD28 mAbs could still induce the 
rapid disappearance of the 120-kD form of 
the preexisting nuclear factor of activated T 
cells (NFATp) (12) from a Triton X-100- 
soluble cytosolic colnpartlnent (Fig. 1B) 
and result in the translocation of NFATp 

cine and ~enter fo~ lmmunology.  ~n i ve rs t y  of Minnesota illto the llucleLls (13). To test signal 
Medical School, Minneapolis. MN 55455, USA 
A. Mondino, Department of Microbiology and Center for duction to AP-l-bindillg DNA 
Immunology, University of Minnesota Medical School, elelnents, T cells were stably transfected 
Minneapolis, MN 55455, USA. ~vi th  plasmid DNA containing consensus 
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