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Centered in the Chinese hamster dihydrofolate reductase origin of
replication is a prominent nuclear matrix attachment region (MAR).
Indirect lines of evidence suggested that this MAR might be
required for origin activation in early S phase. To test this possi-
bility, we have deleted the MAR from a Chinese hamster ovary
variant harboring a single copy of the dihydrofolate reductase
locus. However, 2D gel replicon mapping shows that removal of
the MAR has no significant effect either on the frequency or timing
of initiation in this locus. Rather, fluorescence in situ hybridization
studies on cells swollen under either neutral or alkaline conditions
show that deletion of the MAR interferes with local separation of
daughter chromatids. This surprising result provides direct genetic
evidence that at least a subset of MARs performs an important
biological function, possibly related to chromatid cohesion and
separation.

In metaphase, chromatin loops are radially attached to a
proteinaceous scaffolding running through the center of each

chromosome arm (1). The sequences at the bases of each loop
are AT rich, and their juxtaposition on the scaffold generates a
so-called AT queue that can be visualized microscopically (2).
Presumably, differential compaction of the scaffolding gives rise
to characteristic chromosome bands (2). In the interphase
nucleus, chromosomes remain constrained, occupying distinct
chromosome territories (3) separated by interchromosome do-
mains (reviewed in ref. 4). Many active genes are located at the
surface of the chromosome territories (5), whereas other active
domains protrude into the interchromosome domain as large
loops (6). These observations are consistent with the view that,
within each territory, the chromatin folding that characterizes
metaphase chromosomes is maintained largely in interphase,
with the �100-kb loop probably constituting the basic building
block. Electron microscopic observation of a distinct fibrillo-
granular network in chromatin-depleted interphase nuclei sug-
gests the existence of an internal matrix (7), which would explain
why replication and transcription foci remain in place after
chromatin removal (8). As in metaphase, DNA appears to be
attached to this nuclear scaffolding via AT-rich matrix attach-
ment regions (MARs; ref. 9). However, direct evidence for a
nuclear matrix in interphase cells in vivo is still lacking. Indeed,
it has been argued that the insoluble structure remaining after
extraction of nuclei with high salt or isotonic lithium 3,5-
diiodosalicylate (LIS) is an artifact of aggregation of normally
soluble proteins (10, 11). Yet, given the observed compartmen-
talization of the nucleus, even artifactual aggregations may
reflect some underlying organizational principles within the
living cell. Thus, it is yet to be determined whether the matrix
(operationally defined here as the insoluble structure remaining
after LIS extraction of nuclei) and the AT-rich MARs that
associate with them, have any functional significance.

We and others have extensively characterized the Chinese
hamster dihydrofolate reductase (DHFR) domain, which con-
sists of two convergently transcribed genes (DHFR and 2BE2121;
Fig. 1A) f lanking a 55-kb intergenic spacer. Replication initiates

at any of a large number of sites scattered throughout the
intergenic spacer (12–15), with at least three sites within the
spacer being preferred (ori-�, ori-��, and ori-�; refs. 15–21). We
previously identified a MAR near the center of this complex
origin and localized it to a 3.4-kb PvuII fragment (Fig. 1 A; ref.
22). Additionally, we showed that two of the most efficient
initiation sites in the spacer display an altered chromatin struc-
ture (ori-� and ori-�; Fig. 1), but only in the subset of origins that
partitions with the matrix when chromatin loops are excised with
an endonuclease (23). Thus, the possibility arose that attachment
to the intergenic MAR might be required for origin activity in
early S phase. This model would be consistent with studies
showing that DNA synthesized at the onset of S phase remains
close to the matrix throughout S phase, but DNA synthesized at
later times migrates into the DNA loops (24, 25).

In the present study, we have defined the intergenic MAR
more precisely and have deleted it by using a reach-out-and-
knock-out (ROKO) homologous recombination strategy (26).
The unexpected phenotypic consequences of this deletion are
described.

Materials and Methods
Cell Culture and Synchronization. Chinese hamster ovary (CHO),
CHOC400, DR-8A7, and DHFR� derivatives of DR-8A7 were
maintained and synchronized as described (26–29).

In Vivo and in Vitro MAR Assays. MAR assays were performed as
described (22) on matrix�halo structures prepared by extracting
nuclei with lithium 3,5-diiodosalicylate (LIS) (9). For the in vivo
assay (9, 22), �1 � 108 CHOC400 or 2–3 � 108 CHO cell
equivalents were digested with a combination of PvuII and HinfI
to yield matrix-attached and loop DNA fractions. For the in vitro
assay (22, 30), 2–4 � 106 matrices from CHOC400 cells were
digested with DNase I (GIBCO�BRL), and naked matrices were
incubated with �10 ng of the appropriate end-labeled digest and
increasing concentrations of nonspecific competitor DNA
(pBR322 digested with HinfI, to yield fragments of similar
average size as the labeled probes). See figure legends for details.

Construction of Donor Bacterial Artificial Chromosome (BACs) for
Performing in Loco Mutagenesis. A recombinant BAC was con-
structed in the pBeloBAC-11 vector (31) that contains the entire
intergenic region except for the 12-kb XhoI fragment that
harbors the MAR (Fig. 1C; L.D.M., unpublished data). This
BAC then served as the acceptor for the same 12-kb XhoI
fragment from which regions of interest had been deleted (Fig.
1 C and F). The 78-bp AT-MARKO donor construct was
generated by performing PCR on a closed-circular plasmid into
which a MAR-containing 1.9-kb EcoR1�PstI fragment was

Abbreviations: DHFR, dihydrofolate reductase; MAR, matrix attachment region; RO, reach
out; KO, knock out; CHO, Chinese hamster ovary; BAC, bacterial artificial chromosome;
FISH, fluorescence in situ hybridization.
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cloned by using primers oriented away from the MAR (primers:
positions 148–130 and 227–246; Fig. 2D). For diagnostic pur-
poses (see text), a new SpeI site was engineered into this region
by insertion of a C residue at position 144 (Fig. 2D). The product
was circularized, and the insert was excised and exchanged with
the corresponding WT fragment in the donor XhoI fragment.
Maps, detailed protocols, and clones are available on request.

Transfection and Screening of Potential Recombinants. Transfections
were performed as described (26), after linearizing donor BACs
with NotI and SalI. DR-8A7 cells were electroporated with 10 �g
of DNA per 108 cells in a volume of 250 �l. DHFR� cells were
selected on minimal medium as described (26), and surviving
clones were screened by Southern blotting.

2D Gel Replicon Mapping. Cells were released from a G1�S
mimosine block (27) and sampled 90, 180, 360, and 540 min later
(2–3 � 108 cells per sample). Replication intermediates were
prepared with EcoRI as described (29), separated on neutral�
neutral 2D gels (29, 32), and transferred to Hybond N� (Am-
ersham Pharmacia). Probes were (i) a mixture of probe 12 (a
0.3-kb BamH1�PvuII fragment) and probe 38 (a 0.47-kb PvuII�
XmnI fragment), and (ii) a 1.2-kb BamH1 fragment that recog-
nizes a 6.5-kb fragment in the rhodopsin locus (Fig. 1 A; ref. 33).

Fluorescence in Situ Hybridization (FISH) Analysis. Determination of
the kinetics of replication and segregation of the DHFR domain
by FISH was performed as described (26), except that, in
addition to swelling in 40 mM KCl (neutral FISH), a separate
aliquot of cells was swollen in 40 mM KCl, 5 mM glycine, pH 9.5
(alkaline FISH) before fixation (34). Only those alkaline FISH
samples that showed no appreciable loss in the number of cells
compared with neutral FISH samples were analyzed.

Results
Characterization of the Intergenic MAR. In a previous study, a 3.4-kb
PvuII fragment near the center of the intergenic spacer was

shown to be enriched in the matrix-attached DNA fraction of
both CHOC400 and CHO cells (labeled M in Fig. 1 A; ref. 22).
Additional mapping was performed by an in vivo assay to further
localize the matrix-binding activity. Matrix�halo structures were
prepared from CHO and CHOC400 cells and digested to
completion with a combination of PvuII and HinfI, which yields
fragments in a narrow size range. The matrix and loop fractions
were then analyzed by Southern blotting and hybridization with
radioactive probes to identify those selectively retained by the
matrix. For example, a combination of 450- and 378-bp PvuII�
HinfI probes (Fig. 2C) demonstrates the preferential retention of
the 378-bp fragment by the matrix in both cell lines (Fig. 2 A;
other probings not shown). This fragment has an AT-rich core,
within which the sequence AAAT is tandemly repeated almost
perfectly nine times (Fig. 2D; 155–190 nt). (Note that matrix
preparations normally contain considerable amounts of RNA,
which was not removed completely from the sample in Fig. 2 A,
resulting in faster migration of the DNA fragments. The 378-bp
fragment migrates normally in the total and loop DNA samples
in the same gel and in the CHOC400 samples.)

The matrix-binding element was further localized within the
378-bp PvuII�HinfI fragment by an in vitro assay in which various
32P-labeled subfragments were incubated with naked matrices in
the presence or absence of unlabeled competitor. The bound
DNA was isolated, purified, and separated on an agarose gel
along with an aliquot of labeled input DNA. As shown in the
resulting autoradiogram (Fig. 2B), all of the subfragments have
some affinity for the matrix in the absence of nonspecific
competitor DNA. However, only subfragment 139–270 remains
attached to the matrix in the presence of 10 �g�ml competitor.
Because the overlapping fragment 212–378 has little, if any,
specific affinity for the matrix, binding can be attributed pri-
marily to the region between residues 139 and 212, which
encompasses the AT-rich core.

Deleting Sequences in and Around the MAR Region by the ROKO
Approach. Because we could not predict whether any biologically
relevant sequence would be completely contained within the

Fig. 1. The DHFR locus and the ROKO approach. (A) The 120-kb region encompassing the DHFR and 2BE2121 (53, 54) genes in the WT hemizygote, UA21,
showing the position of three preferred replication initiation sites (ori-�, ori-��, and ori-�; refs. 16, 17, and 21) and the intergenic MAR (black square; ref. 22).
Positions of relevant hybridization probes and an EcoRI map of the region are shown above and below the map, respectively. (B) The DHFR-deficient variant,
DR-8A7, with the diagnostic deletion junction EcoRI fragment shown below. (C) The BAC donor used to restore the DHFR gene and knock out the downstream
sequence of interest, showing the XhoI fragment into which each deletion was engineered (in the example shown, a 7-kb region encompassing the MAR; see
text). (D and E) Recombination near sites a and b (C) leads to a restored WT derivative (D), whereas recombination near sites a and c leads to restoration of the
gene and simultaneous deletion of the downstream target (E). (F) Detailed maps showing positions of deletions (see text) and sizes of resulting diagnostic EcoRI
fragments. X, XhoI; R, EcoRI; P, PstI; B, BstEII. (G) Southern analysis of EcoRI digests of each cell line, hybridized with a mixture of probes 100, 35, and 71 (see A
and F). Size markers are a mixture of a 1-kb ladder and high molecular weight standard (Invitrogen).
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minimal matrix-binding element, a series of MAR deletions was
performed, culminating in the removal of a 78-bp sequence
encompassing the AT-rich core (Figs. 1F and 2D, shaded
region). In the ROKO approach (26), the truncated DHFR gene
in the DHFR-deficient variant, DR-8A7 (35), is restored to WT
by recombination with a donor BAC that supplies a small region
of homologous overlap with the truncated DHFR gene in
DR-8A7, the missing 3� end of the gene, and the downstream
region from which the targeted sequence has been deleted (Fig.
1 B and C). DHFR� cells that have undergone exchanges near
regions a and either b or c are selected on minimal medium,
which does not supply the thymidine, hypoxanthine, or glycine
needed by cells lacking a functional DHFR gene (36). Those
DHFR� survivors that have recombined downstream from the
target sequence in region c are then identified by Southern
blotting (Fig. 1G).

The sequences deleted from the DHFR locus are as follows
(Fig. 1F): (i) an �7-kb region corresponding to the 5.0-, 1.1-, and
0.9-kb PstI fragments in which the MAR is centered (7K-
MARKO); (ii) a 560-bp BstEI fragment encompassing the
378-bp PvuII�HinfI fragment and �150-bp downstream (560-
MARKO); (iii) a 78-bp sequence consisting of the AT-rich MAR
core (AT-MARKO; shaded region in Fig. 2D); and (iv) a control
2-kb region lying to the right of the MAR that corresponds to 1-
and 0.9-kb PstI fragments (ROMKO). Shown in Fig. 1G are the
patterns obtained when a mixture of probes 100, 35, and 71 (Fig.

1A) were hybridized with EcoRI digests of DNA from the
relevant cell lines (compare with expected diagnostic fragment
sizes in Fig. 1F). An AT-MARKO cell line was identified first by
Southern analysis of an SpeI digest, which yields a 12-kb frag-
ment in the wild-type configuration, but a 6-kb variant fragment
in the AT-MARKO resulting from the introduction of a C at
position 144 (Fig. 2D; see Materials and Methods). Sequencing of
a PCR product generated with primers flanking the shaded
sequence in Fig. 2D confirmed the deletion. The WT controls
are the restored derivative and the hemizygote, UA21 (Fig. 1 A
and D; ref. 36).

FISH Analysis Suggests That Deletion of the Intergenic MAR Delays
Replication of the DHFR Locus. To determine whether deletion of
the MAR has any effect on initiation in the DHFR origin, each
of the KO cell lines was first analyzed by a FISH-based assay that
has been used to determine replication timing (Fig. 3A; refs. 26
and 37). If early-firing origin activity is negatively affected by
deletion of the MAR, then the locus should replicate later than
the WT arrangement. Synchronized cells were sampled 90, 180,
360, and 540 min after entry into S-phase cells were swollen at
neutral pH and spread on microscope slides. The spreads were
hybridized with a combination of (i) digoxygenin-labeled cosmid
KD504, which spans the central 45 kb of the intergenic region,
and (ii) biotin-labeled cosmid C3B, which contains sequences
from the control, early-replicating, rhodopsin origin (15, 33).

Fig. 2. Defining the minimal MAR-binding sequence. (A) Matrix-halo structures were prepared from CHO and CHOC400 cells as described in Materials and
Methods, and loop DNA was removed with a combination of PvuII and HinfI. Equal weights of matrix and loop DNA fractions were separated on an agarose gel
and blotted to a nylon membrane. The transfer was then hybridized with a combination of 450- and 379-bp PvuII�HinfI subfragments. The marker is an
end-labeled 123-bp ladder (BRL). (B) Matrix�halo structures were prepared from CHOC400 cells and all attached DNA was completely removed with DNaseI.
Isolated DNA-free matrices were then incubated with end-labeled fragments from the 3.4-kb PvuII MAR-containing fragment in the presence and absence of
cold competitor DNA. The bound radioactive DNA was analyzed by Southern blotting. (C) HinfI subfragments of the 3.4-kb PvuII MAR-binding fragment (22),
which were tested for association with the matrix in the in vivo assay illustrated in A (additional probings not shown). (D) Primary sequence of the 378-bp
PvuII�HinfI MAR-binding fragment. Relevant restriction enzyme sites are shown above the sequence, and the 78-bp AT-rich deletion in the AT-MARKO cell line
is shaded. At position 144, a C was inserted in the donor BAC that gave rise to the AT-MARKO cell line to create an SpeI site for diagnosis of recombinants. The
sequence shown is from PCR products obtained from DR8A-7, as well as a subclone from a CHOC400 cosmid library. Sequence was also obtained from the
AT-MARKO cell line to confirm deletion of the shaded region.

Mesner et al. PNAS � March 18, 2003 � vol. 100 � no. 6 � 3283

CE
LL

BI
O

LO
G

Y



The hybridization probes were detected with sheep antidigoxy-
genin and fluorescein-labeled donkey anti-sheep IgG or Texas
red-labeled streptavidin, respectively. The numbers of fluores-
cent dots of each color were then counted microscopically to
determine whether, in a given cell, the particular loci had

doubled and separated (see Fig. 3A). A replication index was
obtained by dividing the number of S-phase cells that display two
fluorescent DHFR signals by the number that have doubled one
or both early-replicating rhodopsin loci (box G). Representative
FISH images and data tabulation can be found in Tables 1–3 and
Fig. 5, which are published as supporting information on the
PNAS web site, www.pnas.org.

In Fig. 3B, the calculated replication indices of the various cell
lines are plotted as a function of time in the S period. It is clear
that the DHFR locus in most DR-8A7 cells (Fig. 3B, open circles)
does not replicate until very late in S phase relative to the
rhodopsin control, in agreement with earlier FISH and 2D gel
studies (26). However, when the missing 3� part of the DHFR
gene is restored by homologous recombination at positions a and
b (Fig. 1 B–D), the locus reverts to an early-replicating pheno-
type, with most cells doubling the locus at the same time as
rhodopsin (i.e., with replication indices for the restored cell line
close to unity at all time points; Fig. 3B, filled circles). The
DHFR locus in the ROMKO control was similarly early repli-
cating (Fig. 3B, filled triangles). In contrast, the DHFR locus in
the 7K-MARKO, 560-MARKO, and AT-MARKO cell lines did
not appear to double until very late in S phase (540 min). This
finding initially suggested that deletion of the MAR might inhibit
early-firing origin activity in the intergenic spacer.

2D Gel Analysis Suggests That DHFR Origin Activation Is Not Affected
by the MAR Deletion. To further test the possibility that the MAR
deletion might affect initiation per se, samples from the synchro-
nized cell preparations were also analyzed by a 2D gel replicon
mapping technique (32). Replication intermediates were pre-
pared at each time point by using EcoRI to digest the DNA, and
after separation on a 2D gel, were analyzed with a radiolabeled
probe specific for ori-�, one of the two most active initiation sites
in the intergenic spacer (15–17, 19, 21). The principle of the 2D
gel method is outlined in Fig. 4A Right.

In the WT restored control (Fig. 1D), a composite pattern
consisting of a bubble arc and a single fork arc is observed in both
the 90- and 180-min time points (Fig. 4A). This pattern char-
acterizes fragments located in an early-firing, broad, initiation
zone, because any given fragment will sometimes be replicated
from an internal initiation site (contributing to the bubble arc)
but most often by forks emanating from sites in a neighboring
fragment in the same zone (contributing to the single fork arc)
(12). By 360 min, very few single forks are detected in the ori-�
region, showing that most copies of the locus have finished
replicating (13, 14, 27). In contrast, the DR-8A7 cell line (the
late-replicating control) displays neither a bubble arc nor a single
fork arc in the 90-min sample (Fig. 4B). A single fork arc is visible
at 180 and 360 min, which diminishes by 540 min. When the same
transfer was stripped and rehybridized with a probe for the
early-firing rhodopsin control origin, an early-firing pattern was
detected (Fig. 4C), showing that the cells were well synchronized
in this experiment. Thus, the 2D gel data on the restored and
DR8-A7 cell lines are in agreement with results from the
FISH-based assay, indicating that the origin in DR8-A7 no
longer fires in early S phase, but can be restored to an early-firing
phenotype by restoration of the deletion (Fig. 1 B and D).

Surprisingly, when the three MARKO cell lines were analyzed
at the same time points, all three were seen to initiate replication
in early S phase and replicate the locus with similar kinetics as
the early replicating restored control and the ROMKO cell line
from which a sequence lying to the right of the MAR was deleted
(Fig. 4 D–F; data for the 560-MARKO not shown). (Note that
the films for the AT-MARKO cell line are somewhat underex-
posed relative to those for the other cell lines, but the overall
pattern is very similar to that of the early-firing rhodopsin
control.)

Fig. 3. The MARKO deletion variants appear to be very late replicating by the
criterion of the FISH-based replication timing assay. (A) Principle of the
FISH-based replication timing assay (37). Cells are swollen spread on micro-
scope slides (34, 40), and hybridized with a digoxygenin-labeled cosmid
specific for the intergenic region (KD504) and with a biotin-labeled cosmid
specific for the control, early-replicating, rhodopsin origin. The respective
signals are detected with fluorescein-labeled antidigoxygenin or Texas red-
labeled antiavidin, as outlined in Materials and Methods (40). The number of
dots of each color is recorded for at least 100 interphase nuclei from each cell
line. Boxes B–F represent cells in different stages of the S-period or G2. Box G
defines a replication index, which is calculated by dividing the number of cells
that have replicated the DHFR locus (as in boxes D–F) by the number that has
doubled the rhodopsin control locus (as in boxes B, C, E, and F). (B) Cells were
sampled from synchronized cultures at the indicated times and swollen under
neutral conditions. Resulting replication indices for each cell line are plotted
as a function of time after release from the G1�S mimosine block. (C) Synchro-
nized AT-MARKO and DR8-A7 cell lines were harvested at the indicated times,
divided into two, and prepared for the FISH assay under either neutral or
alkaline conditions. After hybridization with the mixed DHFR�rhodopsin
probe, replication indices were determined. (D) Unsynchronized cultures of
each of the indicated cell lines were divided into two and prepared for FISH
under either neutral or alkaline swelling conditions. Replication indices were
determined as described above.
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The Intergenic MAR Is Required for Local Chromatid Separation. Thus,
there is a clear dissociation between results of the FISH-based
assay and 2D gels when applied to the MARKOs, but not to any
other cell lines analyzed in this or other studies from our
laboratory (e.g., ref. 26). The source of this discrepancy could be
related to the fact that the FISH-based replication timing assay
depends for its validity not only on duplication of a locus, but also
on enough local separation of chromatids to resolve the two
fluorescent dots by microscopy. In fact, previous studies have
shown that structural features of some chromosomal loci can

result in the inability to discern two dots in the FISH-based assay,
even though independent replication assays show that the locus
has doubled (38, 39). To test whether the MARKO cell lines
might be impaired in their ability to separate daughter strands in
the vicinity of the DHFR locus, the FISH-based assay was
repeated on nuclei prepared for fixation and spreading either by
the standard neutral swelling conditions (40) or an alkaline
swelling regimen that is known to decompact chromatin and
expand the nuclei (34, 41).

FISH data on synchronized cultures of the DR8-A7 and
AT-MARKO cell lines are presented in Fig. 3C. The DHFR
locus in DR-8A7 appears to replicate at the same time in mid-
to late S phase regardless of whether nuclei are prepared under
neutral or alkaline conditions (Fig. 3C, open and filled circles,
respectively). However, the AT-MARKO cell line displays either
a late- or an early-replicating phenotype, depending on whether
nuclei were prepared under neutral or alkaline conditions,
respectively (Fig. 3C, open and filled squares). The 7K-MARKO
and 560-MARKO cell lines behaved identically to the AT-
MARKO variant (data not shown). Furthermore, a comparison
with unsynchronized cells swollen under the two conditions (Fig.
3D) recapitulates the data on synchronized cultures (Fig. 3C):
the replication indices of the three MARKOs are similar to that
of DR-8A7 (�0.5) when log cells were swollen at neutral pH, but
are similar to WT (i.e., are close to unity) when swollen in alkali.

Discussion
In the present study, we have used in vivo and in vitro assays to
narrow the minimal matrix-binding element to a 131-bp frag-
ment containing nine contiguous AAAT repeats (fragment
139–270; Fig. 2B). If a demonstrable phenotype were to result
from the deletion of this element, a failure to attach to the matrix
would likely be responsible. Although deletion of either the
largest or smallest MAR-containing fragments had no demon-
strable effect on initiation in the intergenic origin, a visible
separation of daughter DNA strands was dramatically delayed
until just before mitosis. Importantly, however, all of the
MARKO cell lines display two fluorescent dots at this locus on
mitotic chromosomes (L.D.M., unpublished observations).

We have demonstrated a clear phenotype associated with
deletion of a matrix attachment element from its native chro-
mosomal position, although effects of certain MARs on the
activity of colinear genes in transfected DNA have been reported
(e.g., refs. 42 and 43). An important additional conclusion is that
the in vivo and in vitro assays used to define the binding element
appear to measure a physiologically relevant interaction that can
be shown to be so by in loco mutagenesis.

It is somewhat surprising that deletion of the intergenic MAR
has no demonstrable effect on initiation of replication per se, in
view of the proposed association of replication forks and active
replication origins with the matrix (24, 44). Rather, the MAR
seems to be involved in the structural organization of the
replicating genome. Because topoisomerase II might be involved
in anchoring DNA loops to the nuclear matrix (45, 46), and
because some MARs contain topoisomerase II cleavage sites
(47), it has been proposed that MARs could be involved in
relieving torsional stress that accumulates during replication
and�or in deconcatenating daughter strands when forks from
adjacent origins meet (45–47). However, the AAAT repeat in
the intergenic element does not conform to a proposed topo-
isomerase II consensus sequence (47), nor have we detected
stalled termination structures in the region of the MAR deletion
on 2D gels (P.A.D., unpublished observations).

We consider it more likely that the MAR is involved directly
in interphase chromatid cohesion and�or separation (reviewed
in ref. 48). Cohesion is mediated by cohesin (49), which is loaded
onto chromosomes during replication, at least in yeast (48).
Cohesin prevents extracentromeric chromatid separation until

Fig. 4. 2D gel analysis of the MARKO variants suggests that deletion of the
MAR has no effect on either the efficiency or timing of initiation in the DHFR
locus. Replication intermediates were purified from aliquots of the same
synchronized cell populations analyzed by the FISH-based assay in Fig. 3B.
After digestion with EcoRI, intermediates were separated on a neutral�
neutral 2D gel, transferred to Hybond N�, and hybridized with a combination
of probes 12 and 38, which are specific for a fragment containing ori-�. Each
cell line was additionally analyzed with a probe specific for the early-
replicating rhodopsin standard (shown here for the DR8-A7 variant only). The
principle of the method is outlined in A Right. Replication intermediates are
separated in the first dimension according to molecular mass, which for any
fragment will vary from 1n (unreplicated) to just less than 2n. The first
dimension lane is excised, turned through 90°, and separated in the second
dimension according to both mass and shape (32). Linear nonreplicating
fragments trace a diagonal (curve a). If a fragment is replicated passively by a
fork originating from a site outside of the fragment, it will display a single fork
arc (curve b). However, if the fragment contains a centered initiation site, it
will display an arching bubble arc that extends from the 1n to the 2n positions
(curve c).
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the majority of the cohesin is lost from chromosomes before
metaphase (48). Perhaps in mammalian cells, the chromatids
begin to separate locally soon after replication forks pass, but are
held together periodically by cohesin until the early stages of
mitosis. In this scenario, the matrix itself presumably would also
be duplicating and separating concomitantly, and periodic at-
tachment of DNA to the matrix at noncohesed sites would
provide the mechanical leverage for local chromatid separation.
A related possibility is that some MARs might correspond to
periodic binding sites for a factor that can reverse local cohesin-
mediated chromatid interactions.

Finally, MARs can affect chromatin compaction over rela-
tively large distances (50), suggesting that the intergenic MAR
may be involved indirectly in sister chromatid separation. In

this regard, AT-hook proteins have been identified that bind
with high affinity to some MARs in vitro (51) and, when
expressed in Drosophila larvae, have been shown to affect
chromatin architecture (52). Having refined the critical matrix-
binding element in the DHFR domain to a 78-bp sequence in
the present study will help to distinguish among the many
mechanistic possibilities by helping to identify cognate binding
partners.
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