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ABSTRACT

DNA sequences attaching loops of nuclear and mito-
chondrial DNA to underlying structures in HelLa cells
have been cloned and 106 representative clones
sequenced; 10 clones containing random genomic
fragments served as controls. As chromatin is prone to
rearrangement, care was taken to isolate sequences
using ‘physiological’ conditions that did not create
additional attachments. Comparison (by Southern
blotting) of the concentration of each cloned sequence
in ‘total’ and ‘attached’ fractions of DNA showed that
most clones did contain attached sequences, but even
highly-attached sequences were not attached in all
cells in the population. Results demonstrated that 28%
of clones were derived from three specific parts of the
mitochondrial genome and 22% from different parts of
the alu repeat. In addition, 41% of clones contained
unique nuclear sequences; these contained no more
of the motifs found attached to nuclear scaffolds or
matrices (ie SARs or MARs) than would be expected
from their base composition. No other attachment
motif(s) could be identified by sequence analysis.
However, Northern blotting showed that all the mito-
chondrial clones and 76% of clones containing unique
sequences were transcribed; the degree of attachment
correlated with transcriptional activity. These results
are consistent with transcription being responsible for
ever-changing attachments in both nuclei and mito-
chondria.

INTRODUCTION

GenBank accession numbers*

from cell to cell, depending upon replicational and transcriptional
activity (4).

Three general approaches have been used to define attachec
sequences. One involves progressively detaching DNA from the
skeleton with a nuclease; sequences at attachment points resis!
detachment and become enriched in a pelleted fracijép (
Sequences with a high affinity for isolated skeletons can also be
selected by incubating isolates with various DNA fragments to
see which bind specifically7). And if attached sequences
determine the functional boundaries of a chromatin domain, they
can also be defined by their ability to buffer the domain from the
repressive effects of flanking chromati-10).

Despite the availability of these assays, there remains little
agreement on the identity of the molecules at attachment points.
Sometimes the DNA sequences that resist detachment are found
within genes (e.g. the canonical matrix attached region, or MAR,
of the kappa immunoglobulin gend; sometimes not (e.g. the
canonical scaffold attachment region, or SAR, next to the histone
gene;6); sometimes MARS/SARs act as domain boundaries (e.g.
the chicken lysozyme MARS), sometimes not (e.g. the MAR/
SAR of the heat-shock locus(). Moreover, different proteins
with a high affinity for MARsS/SARs have been identified,
including topoisomerase IL{), SATB1 (1L2), SAF-A (1L3) and
ARBP (14). In the absence of any consensus, sceptics suggest that
these differences result from the induction by the unphysiological
conditions used during isolation of new and artifactual attachments
of loops to an underlying substructugel).

Unphysiological conditions are often used because nuclei and
chromatin tend to aggregate at an isotonic salt concentration.
However, aggregation can be prevented by encapsulating cells in
agarose microbeads (diameter 50415 before lysis with Tton
X-100 in a ‘physiological’ bufferi(6); then the now-encapsulated
chromatin is accessible to molecular probes like enzymes and
antibodies. The loops are sufficiently protected to retain their

It is widely assumed that nuclear DNA is looped into domains tgttachments, integrity and contour length during extensive
attachment to some underlying skeleton (e.g. a matrix or scaffoldanipulation {7). We have now cloned and sequenced DNA
for reviews sed—3). Most models for loop structure involve fragments at attachment points in this material. We find no evidence
stable ‘structural’ attachments of repeated DNA motifs in modobr ‘structural’ attachments involving the same (repeated) motif;
cells in an organism, as well as ‘functional’ attachments that vargther, different sequences had different probabilities of attachment,

* To whom correspondence should be addressed
*tX89762-X89767, X89831-X89840, X89842—X89848, X91562, X91844, X91537-X91561, X91563—-X91585, X91587—X91610, X91841-X91844



Nucleic Acids Research, 1996, Vol. 24, No. 71213

a high probability correlating with a high transcriptional activitymitochondrial, alu and other sequences, respectively) were

Therefore attachments are predominantly ‘functional’. identical to others in the 106 clones and so could have arisen by
division of bacteria following the same initial ligation event; they

MATERIALS AND METHODS were not analysed subsequently. The resulting loop attachment
sequences (LASs) were analysed using the GCG package

Preparation of the library (program manual for the Wisconsin GCG package, version 8) for

Unsynchronized HelLa cells were grown in suspension for 24 hE]omoIogy with sequences in the EMBL database version 44.25
Y 9 P ere identical (or differed at 1-2 places) with mitochondrial

3 idi imi: i i

[ H_]thymlglmg (0.1pCiiml; [50 Ci/mmol) to Iabel_u_nlformly sequences. Twenty, 3 and 3 clones were homologoushwjth

their DNA; this allows the percent chromatin remaining attache phoid and LINE repeats, respectively. The TIGR database of

Fglﬁir}%rﬁgiﬁtéon Eg§§|§§tggﬁste\fvjefrr§2n?§ Eﬁgtigtiﬁcgd;?igéu(b Ts @0) was then screened with the non-mitochondrial and
9- P 9 n-repeated sequences, including unique sequences %o

x 1P cells/ml packed beads), washed in a ‘physiological bUﬁetregions of homology withlu-a (named LAS#END1 and END2,

I(\;)Bz;+f'28|SCOI\;‘?remrg%ciniSazr?nﬁﬂchMl;'}lrﬁlao LnM f tl TMM respectively). Sequences were also analysed using the GCG anc
g°', <U.ophliree La-, 1o ; phosphate, . Staden 21,22) suites, as well as PROMOTER SCARB), and

ATP and 1 mM dithiothreitol; pH 7.4), permeabilized byWaSh'n%leposited in the EMBL database with accession numbers

3xin PB + 0.25% Triton X-100 and then rewashe&drbPB. < oo705"7 y89831-40 X89842-8 X91562 X91844 (mito-

Beads, 2 ml (containing’61F cells), were resuspended in 10 ml : . o - _
PB, incubated (20 min; 38) with Haell (5000 U) andEcaRi T ONTNIE), XD ES5(-61, XO1563-85, XO1587-610, X91841-4

(25 000 U), washed in PB, reincubated with the two enzymes as
before, and released chromatin fragments electroeluted (3 Vicm; . _ .
5 h). Beads, 2 ml (now containing 4.3% chromatin), Wer&?app'ng proximity to attachment points
incubated in 10 ml PB witAlul, Hinfl, Rsd, Pst (500 U each), The relative concentrations of each LAS in ‘total’ and ‘attached’
Hpal, Msp, Mbol andSawBA1 (250 U each), placed in dialysis DNA fractions were determined by ‘Southern’ blotting. Attached
tubing, re-subjected to electrophoresis (2 V/cm; 4 h) and bofhNA was isolated as illustrated in FigutE after treating (20
beads and surrounding fluid recovered. DNA was purified byhin) beads (5 10° cells/ml beads) witkadll (250 U/ml) and
treating beads with 0.2% sarkosyl, RNase Au@nl; 33C; 30 EcoRI (2500 U/ml). This modification was necessary as exhaus-
min) and proteinase K (206g/ml; 33C; 1 h); after melting tive cutting as in FigurdE is expensive; as a resuli90%
beads (70C; 15 min), the solution was extracted successivelghromatin is detached. Attached DNA was then purified as above,
with phenol (this removes agarose), phenol—chloroform and thgg was total DNA after adding Sarkosyl to unencapsulated cells.
chloroform and DNA precipitated with ethanol. The ends offotal’ and ‘attached’ fragments were completely recut with
fragments (number-average size 1.2 kb) were ‘in-filled’ usingjagll, precipitated, appropriate amounts3efloaded on a gel,
‘Klenow’, ligated into Bluescript Il vector (cut witBmad and  subjected to gel electrophoresis (all as above), blotted, hybridized,
phosphatase-treated) and used to trandischerichia colstrain  autoradiograms prepared using X-ray film or a Phosphorimager,
DHS5 to givel’ 5000 colonies(8; inserts had a number-average sizeand enrichments of ‘attached’ bands relative to those in ‘total
of 1.0 kb). A similar library was also prepared from ‘total’ DNADNA determined by quantitative densitomefty)( 32P-Labelled
(Fig. 1, stage D). probes (specific activity1(® c.p.m.fig) were prepared using a
For Figurell, DNA was purified from (i) beads collected ‘random primed DNA labelling kit (Boehringer). Note that
immediately after the second incubation witadll and  depletions cannot be quantitated accurately, as relevant concentra-
EcoRl (total DNA,Hadlll-EcoRI fragments; lane 1); (i) beads tions of ‘total’ DNA were not run in adjacent tracks. Therefore all
immediately after the first electroelution (4.3%Hatd - EcaRl depletions (and enrichments o4 are (conservatively) grouped
fragments remaining attached; lane 2); (iii) buffer outside beadstifigether; this has the effect of underemphasizing the number of
the dialysis bag after the second electroelution (2.9% releaseflSs that are attached.
fragments; lane 3); and (iv) beads in the dialysis bag (1.4% attachetfhe relative concentrations of sequences in the ‘total’ clones
fragments; lane 4). The number-average molecular weights @hs determined in a way that overemphasised their attachment.
fragments and corresponding loop sizes were deterniiigd)  Many of theHadlll fragments contained in the ‘total’ library are
using agarose gels (1.7% in TEA buffer; 30 V per 10 cm, 5 h).<300 bp and so are lost during blotting. Therefore larger ‘total’
and ‘attached’ fragments were prepared as in FitDrand E
Sequencing using onlyEcdRI; [(20% chromatin was then retained and this

was used as the ‘attached’ fraction for blotting. Then, a greater

Sequences were determined after amplifying inserts in clongg,nortion of the sequences in the genome appear enriched.
using the polymerase chain reaction and Bluescript primers, using

‘Sequenase’ (USB) and 6% polyacrylamide g&B.(Clones, M
140, containing ‘attached’ fragments (designated by C#) were
amplified; 106, 27 and 5 had inserts of <500, 500-2000 ariche concentration of transcripts in whole cells, nuclei and golyA
>2000 bp, respectively (2 had no inserts; number-average sizeRMA that were complementary to LASs was determined using
inserts was 0.5 kb). The 106 with short inserts were sequencibrthern’ blots (8). Cells were washed in PBS, and nuclei
from both ends; most inserts were short enough to allow compléselated by swelling cells (15 min;@) in 50 mM NacCl, 1 mM
overlap of the two resulting sequences (designated as LAS#), MgCl,, 10 mM Tris (pH 8.0), breaking them with 20 strokes of
longer ones gave two partially or completely non-overlapping Dounce homogenizer, before spinning (2608 min) and
sequences (designated as LAS#A or B) that were analysenivashing. RNA was extracted from cell or nuclear pellets using
independently. Sixteen inserts (8, 3 and 5 homologous #RNAzol B kit (Biogenesis); polyARNA was selected from

easurement of transcript concentration
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Figure 1. The approach used to create a library containing sequences at attachment points. The percentage of chromatin present at various stages, and the
of the samples applied to the different lanes in (1), are indicated in square brackeissynchronized HelLa cells were grown (24 h]fhymidine to label
uniformly their DNA; the percentage of chromatin remaining at different stages in the procedure could then be estimated from the amount of agidl-insoluble
(B) Cells were encapsulated in agarose be@jsAfter lysis with Triton X-100, the cytoskeleton, lamina, internal nucleoskeleton, associated attachment points
(oval) and DNA loops covered with nucleosomes (small circles) became accessible to added enzymes; mitochondrial genomes (not shown) are also attact
cytoskeletal element<Df AddedEcdR| andHadl cut (arrows) chromatin loops (shown enlarged); after pelleting, this cutting was reige@6&o Chromatin was

eluted from beads to leave 4% attachEjiResidual fragments were trimmed (arrows) closer to attachment points with eight other restriction ey fution(

removes 2.9% chromatin to leave 1.4% attact#dResidual fragments derived from both nuclear and mitochondrial loops were dlpSadhfles (0.5ig DNA;

7500 c.p.m.) from different stages in the procedure jgHisdIll and @X174Hadll markers, M) were subjected to electrophoresis on a 1.7% agarose gel, stained
with ethidium and the gel photographed under uv-illumination. Weight-average molecular weights and loop sizes are indicated.

whole cell RNA passing twice over oligodT-cellulose (PharmaHadll cut cellular DNA in encapsulated cells into fragments that
cia). RNA samples were precipitated, redissolved in formaldere multiples of 200 bp (Fidl, lane 1). These fragments have a
hyde gel-loading buffer and run (2 V/cm; 18 h) in 2%weight-average molecular weight of 3.1 kb, the length expected
agarose-formaldiyde gels. Gels were either washed, stained wittfithe enzymes cut only in linker DNA ). After removing most
ethidium and photographed (e.g. Bideft) or RNA was transferred chromatin, the residual fragments are longer and the nucleosomal
to nitrocellulose (0.45um pores; Schleicher and Schuell) andrepeat is less obvious (Fi, lane 2); this is consistent wiff
hybridized with probes made as above; finally autoradiographs wéde at attachment points being protected from cuttirf. (A
prepared. For Figuk& the strongest signal—whether in whole cell,number-average molecular weight of 3.84 kb can be derived from
nuclear, or polyA RNA—was expressed on the scale reflecting théhe distribution of fragments in lane 2 (see Materials and
minimum exposure required to detect a band on film (Phosphdwiethods) and—as 4.3% chromatin remained attached—the
Imager exposures used for weak signals were converted to arerage contour length is then (100/4.3)84 = 89.3 kb. After
equivalent time for film): — (no signal), + (>5 d), ++ (16 h-3 d) andrimming with eight other restriction enzymes, released frag-
+++ (2 h). ments are shorter, but retain an obvious nucleosomal repeat of 182
bp (Fig.1l, lane 3). The attached fragments are also shorter, but
are still(1l kb longer than the released ones, with a less obvious
repeat (Fig.1l, lane 4). The contour length also remains
essentially unchanged, as the reduction in length is offset by
increased detachment.
Figure 1 illustrates the approach used to create a library These results show that throughout the procedure the contour
containing sequences at points of attachment. HeLa cells wdeagth is close to the average value of 86 kb obtained previously
encapsulated in agarose, lysed, and chromatin loops cut exhaustiy&k19); therefore few attachments are made or broken during
with 10 different restriction enzymes; then most chromatin wasolation. Note that nucleosomes cannot ‘slide’ along DNA
electroeluted from the agarose beads to leave only 1.4% of thecause restriction sites that were initially covered remain
original amount. Finally, DNA was purified from these residuatovered—and so uncut—during the lengthy incubations. Note
fragments and cloned. As mitochondrial remnants remain associaédsb that as attached fragments lack the obvious nucleosomal
with the cytoskeleton and resist eluti@®)( sequences involved in repeat typical of detached fragments, they must be relatively free
attaching the mitochondrial genome to the substructure are afsbcontamination by them.
isolated. Clones, 140, were then selected and inserts in 106 sequenced
This approach requires that existing attachments are not brokéilom each end. (See Materials and Methods for a discussion of the
nor new attachments created, during the procedure; then, #eection criteria.) Sixteen were eliminated as they were identical
contour length of the loops should remain unchanged. Therefdre others among the 106; they probably arose from repeated
we monitored the length of nuclear loops, which can be calculatédation of identical sequences in the original isolate, or as
from the percentage of chromatin (i.2HJDNA) remaining in  bacteria divided during amplification of the library. The resulting
beads and the length of attached fragmerit2€). EcaRl and LASs were analysed for homology with sequences in the

RESULTS

The approach
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databases (Tabl&). Some proved to be mitochondrialy,
alphoid or LINE repeats. Only two of the remainder were
identified: LAS77 (part of the gene for the low-affinity Fc
receptor; 27) and LAS95 (the non-transcribed reglae $he
rDNA locus; 28). The latter region has been shown to be attached
previously using this approact¥j. Ten control inserts were also
derived by fragmenting ‘total’ DNA witHadl and then cloning

the fragments.

Table 1. Properties of 90 LASs and 10 control clones containing ‘total’ DNA

No. independent No. attached (%8)  No. transcribed (98)
clones (%)

LASs
Mitochondrial ~ 2528) 3/F (100) 3/3 (100)
Nuclear Figure 2. Positions of the mitochondrial clones are drawn outside the circular
map of the genome; the heavy- and light-strand origips @ Q) and
Unique 37 (41) 13/2454) 22/29(76) promoters (HSP and LSP), and thedd4 and 50Hadlll sites (outer and inner
Alu 20 (22) ne nte ring of ticks) are also shown.
Alphoid 3(3) nt ntf
LINES 3(3) nt nt Haelll HaelllHaelll  Alul [Alul]
3 46 93 1869 229
Other repeats 2 (2) nt nt 0 | | | | 290 bp
Controls 10 (100) 0/9(0) 1/99 (11) 05
27
nt: not tested. 29 32
aDetermined by ‘Southern’ blotting (as in Fig. 4); enrichmet2s are scored 41 333— TOENDT —
as ‘attached’.
bDetermined by ‘Northern’ blotting (as in Fig. 5). 43 BAA -
CThree representative examples tested. B— -
dSome sequences excluded because ‘Southerns’ gave no signals (perhaps be- ?g — 111133 T
cause their targets were too short to blot efficiently), or ‘Northerns’ gave smears. 103 1258 122—
eOne representative example tested; repeats not enriched and ‘Northern’ gave 112 135 123A --

strong, repeated, signal.

fMost bands given by representative example, LAS14, not enriched or tran-, ) ) . .
scribed (Figs 4 and 5). Figure 3. Maps of clones with homology withlu-a. The upper (thick) line

90ne sequence gave repeats on ‘Southern’ that were not enriched; it was nrgfresents t_he .290 bju-a sequence §howmg the posnmnbiaélll andAIgI
used for ‘Northern’ Sites (the site in square brackets is present in a variant, but alotah

Overlapping lines below illustrate regions of homology velira in the
various LASs indicated (dotted lines: end of insert not sequenced).

Mitochondrial attachments

Mitochondrial clones accounted for 28% (Tableeven though .
only [0.15% DNA in a HelLa cell is mitochondriald). Clones ~ Clones with repeated nuclear sequences

tended to be derived from one of three regions of the genome (Fithoughalu repeats represef®.5-5% of the nuclear genome,

2). This probably results, in part, from an appropriate distributiog1 94 non-mitochondrial clones contairad repeats (Tablé).

of Alul andHadll restriction sites within the three regions. TheSQDespite this preferential attachment, no one region oflthe
two enzymes cut _efficiently under our conditions to generate %nsensus sequence was invariably presenBjFidost repeats

and 36%, respectively, of all ends cloned by our procedure (Ngkre of sub-family a30,31) but members of sub-families b (e.g.
shown) and, as the resulting mitochondrial fragments have thasos, 119) and perhaps ¢ (LAS33) were also present; none
appropriate size, they are cloned preferentially and so over-repigere ‘precise variants3¢). LAS23 was almost identical to a
sented in the library. But desplt_e this efficient cutting, the thr%peated unit downstream of alu repeat consisting of eight
regions were nevertheless retained. _ tandem repeats each with Al site at the same locatiof3).

_The same part of the 16S rRNA gene was present in four clongigree inserts homologous with alphoid DNA shared positions
(l.e. C6, C8, C34 and C66), three of whlch must have arises_121 in the consensus sequence (T4bl&4), perhaps
independently as the sequence was present in different lengthg @ggesting a common attachment point, but this region did not

orientations. Two other clones (i.e. C45 and C109) containg@ntain the centromeric CENP-B box (positions 127-38g;
another region cloned in opposite orientations. Clearly, these two

regions resisted elution more frequently than others, and insp
tion showed they shared the motif TAAGESITGGGTTT. All
other mitochondrial clones contained matches to the part-motife next confirmed that the library did indeed contain attached
GTGGGTTT in at least six out of eight positions; however, loossequences. Sequences remote from attachment points should b
matches to other 8mers were also as common. detached and so eluted from beads, unlike those close to

®bnfirmation that clones contained attached sequences
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was enriched in this fraction. The band intensity in lane 4 was
intermediate between that seen in lanes 1 and 2 (which contain 9
and 3 the weight of DNA respectively), showing it was enriched
4-5x, confirming that the insert in this clone is indeed attached.
Note, however, that if a sequence was permanently attached in all
cells it should be enriched 40in an ‘attached’ fraction
representing 10% of the total. However, no sequence analysed
was enriched to this extent, suggesting that all were attached in
only a fraction of the cells.

M 12 3 4 LAS73 and LAS77 (encoding the Fc receptor) were typical of
many unigue sequences, being enrichd (Fig. 4). LAS117
provides another example of a highly-enriched (unique) se-

T ! ':" Tam LL] guence; as we shall see, its transcripts are found in high
LBl concentration. LAS124 detects two sequences, but only one is
o T enriched. Repeated nuclear sequences give multiple bands of
- higher intensity after shorter exposures; for example, LAS14 (an
1 ih alphoid repeat) gives six bands, five of which are not enriched. All
5d - - of the many bands given by LAS40 (an unknown repeat) are
. : l depleted, as is the ‘smear’ given by LAS81, despite an enrichment
- ‘ Fotal Gionas of specific bands. These results suggest that some repeats in &
— 1 | 14d family lie closer to attachment points than others. Mitochondrial
w sequences (exemplified in Figgby LAS8 and 62) give intense
“t bands after short exposures; all were highly enriched (LAS8 and
B il 62 were enriched 7.5 and,4espectively)Alu repeats also gave
i . - intense signals after short exposures but, in contrast, were not
.I '. A, enriched (not shown); therefore it seems that only a sub-fraction
i are attached.

We found that 54% inserts with unique sequences were
enriched in the ‘attached’ fraction (Tal)e confirming that they
Figure 4. Mapping the proximity of different sequences to attachment points. truly were attached. (Note sequences are conservatively scored as
Samples of total and attached DNA (prepared as in Fig. 1LA-E) were applied t@attached’ only if they gave enrichments of 2-fold or more.) In

gr;umléer of ge||S- Lane MiX174Hadlll aﬂdé\/innd”' magEFSZ-OLa”eSI)l—?&i contrast, none of the inserts in control clones were enriched
, 3 and Jug total DNA. Lane 4: Jug attached fragments (9-12% total). After ; ‘ ) .
electrophoresis and staining with ethidium, gels were photographed undegzlg' 4, ‘total’ clones 22 and 4; TabB'

uv-illumination and a typical one is shown at the top. DNA in the other gels was

blotted, hybridized wit§2P-labelled LASs or fragments of total DNA (clones .

22 and 4; bottom right), and autoradiograms prepared. Clone number anMany LASs are transcribed

exposure time are indicated in the top left and right of each Rl cut: . .

fragments prepared using offigcR| (and notHadll + EcaRl). The concentration of transcripts that were complementary to

different LASs was determined by ‘Northern’ blotting. RNA

from whole cells, nuclei or the polyAraction was separated by
attachment point$5(36). Therefore we determined the relative electrophoresis (Fid left, lanes 1-3, respectively), blotted and
concentrations of each cloned sequence in ‘total’ and ‘attacheuybridized with 32P-labelled probes prepared from clones
DNA fractions by ‘Southern’ blotting. As exhaustive cutting withcontaining either LASs or ‘total’ DNA; autoradiograms involv-
10 enzymes is so expensive, the large quantities of ‘attached the same examples used in Figuiere illustrated in Figure
fraction needed were prepared using lower concentrations @f Two repeats (i.e. LAS14 and 40) were not transcribed, but
EcaRl andHadlll; as a result, it contained onliL0% of the total.  another (LAS81) gave a strong signal with pdly#NA and was
Equal weights of the two fractions were completely cut withthe only LAS to hybridize with nuclear RNA. Of the single-copy
Haell, resolved into discrete fragments by electrophoresis (e.gequences, LAS15 gave two weak bands in the pdhpaétion
Fig. 4 top, lanes 3,4), blotted on to a filter and probed witl{arrows), but LAS73 was typical of most, giving a band in whole
[32P]DNA from each clone in turn. Sequences close to attachmesell RNA and a stronger band in the potyifaction. LAS77 (the
points will be enriched in the ‘attached’ fraction and so will yield=c receptor) hybridized with two faint bands in the pdlyA
bands of greater intensity in the resulting autoradiograms4(Figfraction (arrows). [cDNAs encoding the Fc receptor have been
bottom). The degree of enrichment is determined by referenceisolated from many other libraries made from various tissues,
known amounts of total DNA run in adjacent channels in the gehowing that it is widely expressezi).] LAS117 gave strong
(Fig. 4 top, lanes 1-3). bands and 124 was typical of several LASs (including 35, 93, 101,

The approach is exemplified by reference to LAS15 @&ig. 124 and 130) that hybridized with bands of different sizes in

middle left). One band was seen in ‘total’ DNA when it waswvhole cell and polyARNA. The mitochondrial LASs, 8 and 62,
probed with $2P]DNA from this clone (lane 1); therefore it are highly transcribed and give strong signals after short
probably contains a unique sequence. The intensity of this baexposures; transcripts from the latter, but not the former, are
decreased as less DNA was applied to the gel (lanes 1-8dly-adenylated (as expected). (The lack of signal given by LAS8
However, an equal weight of ‘attached’ DNA yielded a band ofvith the polyA" and nuclear fractions reflects their purity.) None
greater intensity (compare lanes 3 and 4), showing that this baofdhe ‘total’ clones tested (e.g. 22) gave significant signals, even
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Figure 5. Most LASs are transcribed. Marker DNA, total cell RNA (2§, nuclear RNA (1Qug) and polyA RNA (10ug) were applied to lanes M, and 1-3, of

a number of denaturing gels. (Relative cell equivalents of RNA loaded are roughly 1:5:12, respectively.) After electrophoresis and staining with ethidium, gels v
photographed under uv-illumination and a typical one is shown on the left; the two rRNA bands (lanes 1,2) are not fouh®RiNAdige 3). RNA in the other

gels was blotted on to nitrocellulose, hybridized w#P-labelled LASs or fragments of total DNA (clones 22 and 4; far right), and autoradiograms prepared. Clone
number and exposure time are indicated in the bottom left and right of each panel.

& random provided suitable controls with the same base content. No
4 - 191 o LAS contained an exact match with the (loosely-defined)
- fa0 topoisomerase |l consensus sequerd and only seven
ol A Y o 48 contained the same sequence withmismatches. [These values
5 35123 17 can be compared with 0 (exact match) and 9 (two mismatches)
@ 7 given by the ‘shuffled’ set.] One (none of the ‘shuffled’ set) had
@ + 87 & i <2 mismatches with the topoisomerase | consensus sequence
= “ (39). Eighteen (19 ‘shuffled’) hagt 2 mismatches with the SAR
[2] =zz|[=s] "R A box (39), whilst 15 (15 ‘shuffled’) hads 1 mismatch with the
- % e 13 SAR T box; 12 (11 ‘shuffled’) shared these loose matches with
T T both boxes. Similarly, LASs and their ‘shuffled’ counterparts
<2x. 2-4x >4x contained the same (few) number of SATB1 binding mdtifs (
Enrichment These results show LASs contain no more of these AT-rich motifs

than are expected by chance. LASs were also screened (see
Materials and Methods) for (i) deviations in base composition,
Figure 6. The relationship between the degree of enrichment (i.e. attachmenthairpin loops, repeats, Z DNA, and common ‘words’; (ii)
of the unique LASs relative to t.he"f”anscript d°°”°erg|' at(io)”ts- E_”rri]c?me;‘ts andromoters; and (iii) the binding sites for the transcription factors
transcript concentrations, ranging from non-detectable (=) to high (+++), wer -
determiﬁed as in Figures 4 agd g5 Results for mitochondrial LA?SS and clone pl, APZ_ and OCT_l that are known to be present in HeLa cells
containing 'total’ DNA are also shown in bold in italics and boxes, respectively.(40); no significant differences were found between the LASs and

their ‘shuffled’ counterparts.

after long exposures using a sensitive Phosphorimager; ‘totﬁ’I CUSSION
clone 4 gave the strongest, but this was hardly above background:

The results of this analysis are summarized in Talfiigure  The approach
6illustrates the rough correlation between the enrichment of both
mitochondrial and nuclear LASs and the concentration of the¥ive have isolated and cloned DNA sequences that attach nuclear
transcripts; control fragments (shown in boxes) tend not to t&d mitochondrial DNA in loops to underlying structures. HelLa
enriched or transcribed. cells were encapsulated in agarose beads to protect them during
subsequent manipulation and permeabilized with Triton X-100 in
a ‘physiological’ buffer; then loops were cut with restriction
enzymes, most DNA removed by electrophoresis and the residual
We next screened the nuclear LASs containing unique sequentet that remained attached was isolated and cloned, and 106
for possible attachment motifs. The same sequences ‘shuffledrapresentative clones sequenced (Ejglt is important to note

Possible attachment motifs in nuclear LASs
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that these LASs are defined operationally by the procedure usedpulation; they only have a higher probability than others of
any attachments sensitive to Triton or the electric field would nbieing attached. By definition, then, they are ‘functional’.
be seen. Although our LASs are characterized by their diversity, they do
Chromatin is notoriously prone to rearrangement, and oshare one common feature: most are transcription units and so
approach requires that few existing attachments are broken ragain can be classified as ‘functional’. For example, 76% unique
new attachments created during the procedure. Therefore, Ww&Ss were transcribed compared@ human genomet?)
used isotonic conditions throughout. We have previously shovamd only one of nine controls (Tafie In addition, all regions of
that the chromatin fibre in these permeabilized cells remaittise mitochondrial genome, and so all mitochondrial LASs, are
intact and that nuclear RNA and DNA synthesis can continue also transcribed@). [This was confirmed for only two (Fi@,
roughly the rates founth vivo (16); if chromatin aggregated LAS8 and 62).] Moreover, it is also possible, but difficult to
artifactually on lysis we would expect to lose activity. We als@rove, that mosilu LASs are transcriptionally active, since it is
monitored the length of the nucleosomal repeat as well as thew known that manglu repeats are transcribed; they occur
contour length of the nuclear loops; both remained unchangedthin other transcription units and some are even functional
during isolation. Moreover, nucleosomes did not ‘slide’ alongolymerase lll genes with internal promoters and operative
DNA under these conditions because restriction sites that wedinoic acid response elements (é446). Even if the attached
initially covered remain covered, and so uncut, during lengthglus are not transcribed, they nevertheless carry the stigmata of a
incubations. And as the attached fragments lacked the obviausnscription unit. Strikingly, then, most of our LASs—whether
nucleosomal repeat typical of detached fragments, they must halvey be unique, mitochondrial alu sequences—turn out to be
been relatively free of contamination by them. We also confirmeghrts of transcription units.
that we had indeed cloned attached sequences by measuring tfieplicating sequences, and perhaps origins, are closely asso-
relative concentrations of complementary sequences in ‘attachethted with nuclear matrices and caggg,%0). Although <1%
and ‘total’ DNA fractions (Fig4); 54% of the clones tested but loops in our unsynchronized cells can be replicating at any one
none of the controls behaved in the expected manner (itene, it remains formally possible that origins mediate many
homologous sequences were enriched in the ‘attached’ fracti@itachments. However, it is difficult to test this in the absence of
Tablel). appropriate assays.

Attachments of mitochondrial DNA Attachments seen in different material

Mitochondria are associated with cytoskeletal elements that resi&é’® is an extensive literature on three kinds of nuclear
elution from beads26) and so we expected to clone mitochon_gubstructure isolated using hypo- and hyper-_tom_c salt concentra-
drial sequences. However, 28% of our clones were derived frdigns. scaffolds, matrices and cages. Each is different from the
this organelle (Tabl&), even though onlyD.15% of the DNA in others and each is associated with a different subset of genomic
the cell is mitochondrial2g). Even more surprisingly, clones DNA (for reviews, se’,15). Our attachment sequences are
tended to be derived from one of three functionally importartlike those associated with scaffolds they contain no more
regions (Fig2). One region includes the origin of replication of{oPoiSomerase Il sites or SAR consensus sequences than would
the heavy strand, the heavy- and light-strand promoters and 2 expected from their base composition. SARs and MARs are
highly-transcribed rRNA genes, the second the other origin, aR¢e0 Very AT rich, but our non-mitochondrial LASs were less AT

the third a region that is commonly mutated or deleted in tH&h (i-e. 54%) than the whole genome (i.e. 60%). MARs are
mitochondrial myopathiegi(). sometimes transcribed ), sometimes not4g), depending on

the precise procedure used for isolation; most of our LASs are
transcribed (Tablé). Unlike MARs (12,49), our LASSs contain
‘Structural’ and ‘functional’ attachments no more inverted repeats or SATB1-binding sequences than
‘shuffled’ controls. This lack of similarity with either SARs or
As discussed in the Introduction, two extreme kinds of attachmewARs is unsurprising as loops decrease in length during the
can be imagined, ‘structural’ and ‘functional’, and we expectegreparation of scaffolds and matric&S)( this means that the
to find some combination of the twAlu sequences, which new attachments that create the smaller loops will inevitably
comprise 2.5-5% of the genome, constituted 31% of thabscure pre-existing ones.
non-mitochondrial LASs (Tabl® and so become candidates for The attachments seen here, however, are similar to those seer
members of the ‘structural’ class. However, Southern blottingarlier in cages prepared by lysing HelLa cells in Triton and 2 M
showed that mostlu repeats were not preferentially associatedNaCl without prior isolation of nuclei in hypotonic buffers. The
with the substructure (not shown); therefore only a fractiorresulting nucleoids contained loops of naked, supercoiled, DNA
presumably represented by the ones cloned, can be involvedattached to the cage; again mitochondrial DNA was preferentially
attachment. Moreover, no one region within the repeat wadtached, no one repeated sequence was responsible for attachin
invariably present in thalu LASs (Fig.3), so it seems unlikely the nuclear loops, and attached unique sequences tended to b
that they contain a ‘structural’ motif. transcribed or were rich in promoter or enhancer sequéites (

A ‘structural’ motif that was permanently bound in all cells inThis similarity was expected as loop length increases slightly on
the population should be enriched 10-fold when all but 10%olation, so it is unlikely that new, obscuring, attachments were
chromatin was detached. However, none of our nuclear oreated7).
mitochondrial LASs were enriched to this extent (Bjg.The The attachments of a (nuclear) ‘minichromosome’ containing
enrichments, which are generally 1.8-8nply that most LASs two transcription units have also been analysed using isotonic
were attached in only a fraction (i.e. 15-50%) of loops in theonditions and the approach illustrated in Figur®1). Two
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