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Nuclei isolated from eukaryotic cells can be depleted of
histones and most soluble nuclear proteins to isolate a
structural framework called the nuclear scaffold. This
structure maintains specific interactions with genomic
DNA at sites known as scaffold attached regions (SARs),
which are thought to be the bases of DNA loops. In both
Saccharomyces cerevisiae and Schizosaccharomyces
pombe, genomic ARS elements are recovered as SARs.
In addition, SARs from Drosophila melanogaster bind to
yeast nuclear scaffolds in vitro and a subclass of these
promotes autonomous replication of plasmids in yeast.
In the present report, we present rme mapping studies
of the Drosophilaftz SAR, which has both SAR and ARS
activities in yeast. The data establish a close relationship
between the sequences involved in ARS activity and
scaffold binding: ARS elements that can bind the nuclear
scaffold in vitro promote more efficient plasmid
replication in vivo, but scaffold association is not a strict
prerequisite for ARS function. Efficient interaction with
nuclear scaffolds from both yeast and Drosophila requires
a minimal length of SAR DNA that contains reiteration
of a narrow minor groove structure of the double helix.
Key words: ARS elements/chromatin/DNA replication/DNA
loops/nuclear scaffold

Introduction

The eukaryotic genome must be organized into both
functional and structural domains to ensure the proper

expression, replication and partitioning of the genetic
information. Chromosomal DNA is compacted - 250-fold
in length to fit in the interphase nucleus, a large fraction
of which is achieved through the binding of core histones
and histone HI. A higher level of organization is thought
to come about through the interaction of non-histone proteins
with DNA at dispersed sites, folding the chromatin fiber into
individual looped domains.

Scaffold or matrix attached regions (SARs or MARs) are

AT-rich genomic DNA sequences which remain specifically
attached to residual nuclear structures after extraction of
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histones and soluble nuclear proteins. SARs have been
mapped in a number of organisms and may serve to define
the bases of looped domains of DNA in vivo (reviewed in
Gasser and Laemmli, 1987; Gasser et al., 1989). The
binding of SARs to scaffolds is maintained in metaphase
(Mirkovitch et al., 1988), and in many cases SAR binding
sites are recognized across species (Cockerill and Garrard,
1986a,b; Mirkovitch et al., 1988; Izaurralde et al., 1988;
Phi-van and Stratling, 1988; Sykes et al., 1988; Amati and
Gasser, 1988, 1990; Brun et al., 1990). While scaffold
attached regions are generally AT-rich and share sequence
motifs, the majority do not form a class of cross-hybridizing
repetitive elements (e.g. Gasser and Laemmli, 1986;
Cockerill and Garrard, 1986a; Amati and Gasser, 1990).
The function of SARs in vivo is not clear. Several scaffold

binding sites coincide or map very near to enhancer elements
(Cockerill and Garrard, 1986a; Gasser and Laemmli, 1986;
Cockerill et al., 1987; Jarman and Higgs, 1988), while
others are found at the boundaries of chromatin domains that
show altered sensitivity to DNase I following transcriptional
modulation (Gasser and Laemmli, 1986; Jarman and Higgs,
1988; Phi-van and Stratling, 1988). When reporter genes
flanked by SARs are stably integrated into the genomes of
cultured cells, there appears to be an enhanced linearity
between copy number and expression level. One interpreta-
tion of these results is that SARs form domain boundaries,
protecting the reporter gene from inactivation by flanking
heterochromatin (Grosveld et al., 1987; Stief et al., 1989;
Blasquez et al., 1989; Xu et al., 1989; Phi-van et al., 1990).
An alternative function has been found in yeast, where
genomic ARS elements are scaffold bound (Amati and
Gasser, 1988, 1990).
ARS elements (autonomously replicating sequences) are

fragments of genomic DNA that allow the autonomous
replication of recombinant plasmids in yeast cells by
functioning as origins of replication (reviewed by Newlon,
1988). In both Saccharomyces cerevisiae and Schizo-
saccharomyces pombe, restriction fragments containing
genomic ARS elements are scaffold attached (Amati and
Gasser, 1988, 1990). An extended study of Drosophila SARs
shows that 40% of the 58 Drosophila SARs tested function
as ARS elements in yeast, while only 2 of 43 non-SAR
fragments do (Brun et al., 1990; Amati and Gasser, 1990).
In addition a correlation between elevated affinity for the
scaffold and ARS activity was seen. In view of the
ARS-SAR correlation in yeast, and its extension to
heterologous SARs, we felt it important to define precisely
the sequences involved in each activity to see if the two have
similar structural requirements. We have studied the
Drosophilaftz 5' SAR element which, besides binding tightly
to Drosophila scaffolds, has both scaffold binding and ARS
activity in budding and fission yeasts (Amati and Gasser,
1990).
The 5' ftz SAR element maps between 4.6 and 5.8 kb

upstream of the Drosophila segmentation genefiushi tarazu,
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and is located within its upstream regulatory element (or
USE), one of the three cis-acting transcription regulatory
regions (Hiromi et al., 1985; Gasser and Laemmli, 1986).
Deletion analysis through theftz USE has been performed
to identify precisely the sequences necessary for enhancer
function (Pick et al., 1990). To define the sequences
involved in scaffold association and to determine their
relationship to both yeast ARS activity and this enhancer
element, we have analyzed deletions and subfragments of
theftz SAR for ARS activity in yeast and for scaffold binding
activities in yeast and in Drosophila.
Our data reveal a close correlation between the sequences

required for both ARS and SAR activities. A region having
residual ARS activity has been found that does not show
detectable binding to scaffolds in vitro, yet structural features
of the double helix due to oligo(dT) stretches appear to
contribute to both functions. The sequences defining the ARS
and SAR elements are upstream of the most distal enhancer
element, suggesting that the highly AT-rich region forms
the 5' boundary of the functional ftz regulatory domain.

Introduction
Analysis of deletions in the Drosophila ftz upstream
regulatory element for ARS and SAR activities in
yeast
Figure IA shows a map of the 2.57 kb Drosophila ftz
upstream regulatory element, or USE. The 5' ftz SAR was

identified as a 1.17 kb EcoRI fragment within the USE that
has high affinity for the Drosophila nuclear scaffold (Gasser
and Laemmli, 1986). Recently we have shown that the intact
ftz SAR functions as an efficient ARS element, supporting
plasmid replication as an unrearranged, non-integrated
episome in both S. cerevisiae and S.pombe (Amati and
Gasser, 1990). In Figure lB we can see that the ftz SAR
(labeled SAR 1.17) binds to nuclear scaffolds isolated from
the budding yeast S. cerevisiae, while the adjacent fragment
(labeled SUP 1.07) does not.
To identify the sequences within the SAR involved in ARS

activity, unidirectional deletions through theftz USE which
span the SAR (Figure 1A) were subcloned in a URA3-con-
taining, non-replicating vector and used to transform a ura3
mutant of S.cerevisiae. Positive ARS activity is evaluated
by high efficiency transformation, and extrachromosomal
maintenance as an unrearranged plasmid (see Materials and
methods). As summarized in Figure IA, we find that deletion
of the first 574 bp in the 5' end of the USE does not affect
ARS activity (A3), while deleting 247 bp further (A4) yields
an inactive plasmid, that fails to transform S.cerevisiae at
high frequency. The deletions A8 -A12 from the 3' end of
the USE are all efficient ARS elements, while the last
deletion (A 13), which only retains 314 bp of the USE, again
leads to loss of ARS activity. The same plasmids were also
tested in a ura4- mutant of S.pombe; at this level of
resolution, ARS activity in fission yeast correlates with that
in S. cerevisiae.
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Fig. 1. Correlation of yeast ARS and SAR activities in the ftz upstream region. (A) Map of the Drosophila ftz upstream region (USE). Numbering
starts as the upstream KpnI site, according to the sequence of Harrison and Travers (1988). The Xba12571 site is located -3.5 kb upstream of the
ftz transcription unit (-3.5). The 1.17 kb EcoRI SAR, the 1.1 kb EcoRI-XbaI non-SAR (SUP) and the ftz transcript regions are indicated. Al -A13
are unidirectional deletions through the ftz USE. ARS: ARS activity in S.cerevisiae and Spombe. SAR: binding in vitro to nuclear scaffolds from
S.cerevisiae. Deduced minimal ARS region: overlapping sequences from A3 and A12. The lower map shows the unique 11/11 match to the
S.cerevisiae ARS consensus sequence ( /TTTTATA/GTTTA/T, closed circle) and 10/11 matches (closed boxes). n.d., not determined; E, EcoRI; K,
KpnI; X, XbaI. (B) Binding of ftz USE deletion fragments to nuclear scaffolds from S.cerevisiae. Restriction enzyme digested plasmids, or gel-
purified DNA fragments were end-labeled with [a-3 P]dATP, and added to yeast scaffolds during digestion with BamHI, Sail and PvuIH. Individual
fragments are indicated beside each panel as in A, with their sizes in kb. Left panel: to generate the binding probes, plasmids containing A8-A13
were cleaved with XwoI-BamHI (larger set of fragments) and mixed with A8-A12 plasmids cleaved with XhoI-XbaI (smaller set of fragments).
Right panel: A3 and A4 XbaI fragments (covering all theftz region, from the XbaI site to the deletion endpoints) were mixed with the 1.17 kbftz
SAR and the 0.47 kb A12 EcoRl fragments. The probe mixture was added to scaffolds during digestion with BamHI, HindllI and XbaI (-ECO) or
these three and EcoRI (+ECO). T, total probe mixture; P, scaffold bound DNA fraction; S, non-bound DNA; PI, bands from plasmid DNA; %P,
percentage in the P fraction.
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Relationship of ARS and SAR activities in yeast

The combined data from USE deletions defines a 189 bp
region, from the A3 to A12 endpoints, as the putative
minimal element required for replication in both yeast
species. The only perfect match to the S. cerevisiae ARS
consensus sequence in the USE is found within this region,
along with several 10/11 matches (Figure IA).
To assay SAR activity theftz USE deletion fragments were

end-labeled and used as probes for binding to S. cerevisiae
nuclear scaffolds in vitro. Mixtures of the deletion fragments
were incubated with yeast nuclear scaffolds during restric-
tion digestion of the genomic DNA in the presence of non-
specific competitor DNA. Bound fragments are recovered
in the scaffold pellet (lanes P, Figure iB), and unbound
fragments in the supernatant fraction (lanes S, Figure iB).
Previous studies have shown that pBR322-derived vectors
do not bind the yeast nuclear scaffold under standard binding
conditions (Amati and Gasser, 1988).
To demonstrate that the differential association of SAR

fragments is not due to their overall size, the deletion
fragments were excised from the plasmids such that they
include either a few bp or 1.56 kb of flanking vector DNA,
giving rise to two series of bands from the 3' deletions
(Figure iB). During the binding, the large, heavily labeled
vector sequences (labeled P1, lane T, Figure iB) become
digested such that they comigrate with two of the bands
derived from deletion fragments A12 and A8; for these
deletions the second set of bands must be analyzed for
scaffold association. Densitometric quantitation of the
binding assay shown in the first panel of Figure lB is given
in the left panel for the 3' deletions A8-A13 (%P). Deletions
A8, AM0, All and A12 bind to scaffolds, while A13 remains
in the soluble fraction.
The 5' series of deletions (Al -A6) were similarly tested

for scaffold binding and the results are summarized under
the column labeled SAR in Figure IA. Binding data for the
two most important deletions, A3 and A4, are shown in the
right panel of Figure lB (lanes -ECO); deletion A3 binds
scaffolds, while A4 remains soluble. To show that the
sequences mediating binding are not located 3' of the EcoRI
site within these deletions fragments, the same probes were
incubated in the presence of EcoRI (lanes +ECO). As
expected, the 1.07 kb EcoRI -XbaI fragment has no affinity
for the yeast scaffold (labeled SUP, lane S). Upon longer
exposure of the gel, we observe the same distribution of the
shorter A3 and A4 fragments into pellet and soluble fractions,
respectively, as seen above (data not shown). As controls
we also include the 1.17 kb SAR fragment and A12, both
of which bind with high affinity. Thus, as summarized in
Figure IA, ARS and SAR activities correlate and are retained
for deletions A1, A3 and A8 -A 12, while they are lost for
A4-A7 and A13. This suggests that the same minimal
sequences are necessary for scaffold binding of theftz SAR
and for ARS activity in S. cerevisiae.

Fine mapping of ARS sequences in the ftz SAR: two
independent ARS elements
In order to test whether the 189 bp overlap between A3 and
A12 is sufficient for both ARS and SAR activities, and to
map the essential sequences within this region, we subcloned
the fragments shown in Figure 2A into both the non-
centromeric PIU vector and a non-replicating centromeric
vector in both orientations (see Materials and methods).
All subclones were tested both for ARS activity (high

frequency of transformation) and for binding to S. cerevisiae
scaffolds. The results are summarized in Figure 2A ('ARS'
and 'SAR'). Levels ofARS activity were initially evaluated
by following the growth rates of transformant colonies.
Relative growth rates are indicated symbolically in
Figure 2A ('ARS' column, see legend). For the centromere-
containing constructs the measurement of mitotic stability,
defined as the percentage of plasmid-containing cells in a
transformant population, allows a more accurate estimation
of the replicative activity of the various ftz subclones
(Figure 2B 'MTS'). The mitotic stability values forftz inserts
correlate roughly with the growth rates of transformant
colonies, except for values slightly lower than expected for
EA12 and F783. All are considerably lower than the mitotic
stability obtained with the * cerevisiae ARSI element in the
same vector (Figure 2A, bottom).
As predicted from the deletion analysis, the 189 bp

minimal element (F189, Figure 2A) has ARS function.
However, based on growth rates and mitotic stability, its
activity is lower than that of the entire SAR, EA 12 or EA3.
The addition of flanking sequences, including as little as
100 bp at AT-rich DNA to left (see F288), can thus enhance
the replicative ability of F189.
The only occurrence of a perfect S. cerevisiae ARS

consensus sequence in theftz SAR is in the left-hand portion
of F189 (solid circle in Figure 2A), suggesting that the
functional ARS might be located in this region. However,
deletion of 50 bp in the right end of F189 yields a totally
ARS-negative subclone (F139), while the rightmost portion
(F50) retains a weak but significant ARS activity. The
activity of F50 is again greatly increased by addition of
flanking sequences to the right (see F783), which themselves
do not provide an independent ARS activity (F708). Hence,
an element essential for replicative activity is found in the
50 bp stretch between positions 713 and 763. This 'core'
ARS, which we name ARS-R, requires flanking sequences
either to the left (F139) or to the right (F708) for maximal
activity.

Despite the failure of the F139 element to support plasmid
replication, it seemed likely that another 'core' ARS element
would be located in the region of the perfect ARS consensus,
requiring sequences spanning its left end (position 574,
Figure 2A). This is confirmed by subclone F386, which has
an efficient ARS function, comparable in levels with that
of F783 with which it shares no sequence overlap. No
independent ARS activity is contributed by the left-hand
sequences alone (F247). Thus, a second ARS element,
indicated as ARS-L, is present in theftz SAR, which requires
integrity of the sequences around position 574.

Fine mapping of the regions required for binding yeast
nuclear scaffolds
The binding experiments shown in Figure lB show that that
scaffold association of A3 and A12 is not due to sequences
outside the EcoRI defined SAR, since the EcoRI digested
A3 and A12 fragments bind the nuclear scaffold tightly.
When A3 and A12 fragments are end-labeled at EcoRI and
cleaved by AseI or SphI, none of the end-labeled cleavage
products bind in the scaffold binding assay (data not shown).
This includes fragments equivalent to F783, F139, F708,
F50 and a 149 bp fragment extending from the 5' EcoRI
site to Ase1476 (Figure 2A). To rule out that the failure of
some of the smaller fragments to bind scaffolds might be
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Fig. 2. Fine mapping of yeast ARS and SAR activities in the ftz SAR. (A) Map of the Drosophila ftz SAR and subclones derived in pIU (see
Materials and methods). The names of the subclones given on the right correspond to the approximate length of the inserts. Numbering is as in
Figure 1A. The S.cerevisiae ARS consensus (closed circle), the 10/11 matches (closed boxes) and the 9/11 matches (open boxes) are indicated, with
the T-rich strand corresponding to either the upper (boxes above) or to the lower strand (boxes below) of ftz DNA. The open bar is a 149 bp region
from positions 466 to 614 composed to 97.3% of dA-dT base pairs, with a strong asymmetry for dT bases on the upper strand. Open triangles mark
the original deletion endpoints of A3 and A12. SAR: summary of nuclear scaffold binding in S.cerevisiae (data in B). ARS: ARS activity in
S. cerevisiae. All the subclones indicated as ARS-positive transformed S. cerevisiae with 102-I04 colonies/jg of plasmid DNA. The signs correspond
to the relative growth rates of primary transformant colonies, defined as follows:
+ + + +: colonies 1 mm in diameter after 2 days; and 3 mm (3 days).
+ + +: 1.5-2 mm (3 days).
++: <0.5-l mm (3-4 days); <1.5-2 mm (5 days).
+: <0.1 mm (3 days); <0.5-1 mm (5 days).
+/-: no colonies visible after 3 days; <0.1-0.5 mm (5 days); <0.5 (to 1) mm (7 days).

MTS: mean values of mitotic stability and standard deviations, measured with the centromeric plasmid derivatives of ftz subclones. Minimal ARS
regions: ARS-L and ARS-R cores (dashed boxes) as defined in Results. The dotted lines represent the regions involved in ARS-L activity, whose
boundaries were not more closely mapped. (B-F) Binding of ftz SAR subfragments to nuclear scaffold from S.cerevisiae. The names of the end-
labeled DNAs (run separately on the left lanes of each panel), are indicated on the top and the sizes of individual fragments on the left of each
panel. Lanes T: combined fragments used as probes for scaffold binding; P, S: scaffold bound and soluble DNA fractions, as in Figure lB. B-F:
fragments containing the ftz SAR subclones and flanking plasmid sequences were generated by cleavage of plasmids EA12B, F189A, F139A, F5OA,
F386B, F247A, F783A and F708A with HindIlI and PstI, 3' end-labeled at the HindIlI site and redigested with SmaI. Probes combined as shown
(lanes T) were added to scaffolds digested with BamHI and HindIlI. F: Plasmids EA12B and F288B were digested and labeled in order to visualize
both the ftz inserts and a 0.96 kb URA3 fragment (no SnaI digestion). A 1.2 kb partial that migrates between F288 and EA12 is digested during the
incubation and is therefore no longer seen in P and S samples. In P' and S' the EA 12 fragment was omitted.
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Relationship of ARS and SAR activities in yeast

related to their short size, we generated and end-labeled
longer DNA fragments that contain the subclonedftz regions.
The results of scaffold binding experiments with these probes
are presented in Figure 2B-F and summarized in Figure 2A
(SAR). As an internal positive control, we used plasmid
EA 12 processed as all the others (1.24 kb fragment in every
panel).
The experiments shown in panels 2B and C confirm that

F783, F139, F50 and F708 do not bind the yeast nuclear
scaffold, while EA 12 does. A subcloning of the two halves
of EA 12 as F189 (0.97 kb, Figure 2D) and F247 (1.17 kb,
Figure 2E), shows a weak but reproducible association of
each half with the scaffold. Binding is always compared
internally with the EcoRI digested A12 fragment, which
binds the nuclear scaffolds more efficiently than either
subfragment. Thus, the first conclusion that can be drawn
from the binding data, is that the F 189 minimal SAR region,
as. deduced from the previous deletion experiments
(Figure 1), binds only weakly to nuclear scaffolds, but in
combination with either its left-hand (F247) to yield EA 12,
or right-hand (F708) sequences to yield EA3, it becomes
an efficient SAR. As was observed for ARS activity, the
addition of a 100 bp of highly AT-rich sequence to the left
of F189 (white bar, Figure 2A), is sufficient to increase
considerably binding to scaffolds (F288, 1.07 kb, Figure 2F).
The F50 segment, which contains the ARS-R core, is

necessary to maintain the weak scaffold binding levels of
F189 (compare with F139), yet it is not needed when left-
hand flanking sequences are present, as shown by the strong
association of F386 (Figure 2E, 1.02 kb). F50 does not bind
on its own, nor in combination with the right-hand flanking
sequences in F783. Thus in contrast to our findings on ARS
activity in this region, there are not two discrete, independent
SAR elements in theftz SAR. Rather than discrete binding
sites of high affinity, it appears that there is a continuum
of sequence extending from the 5' EcoRI site beyond the
SphI site at 789, which has relatively low affinity for the
nuclear scaffold. To detect efficient association in the
standard scaffold binding assay, between 288 and 386 bp
of this region is required.

Scaffold binding requires a minimal repetition of
characterstic DNA sequences
As seen above, binding of the ftz SAR appears not to be
mediated by a few distinct sites of high affinity, but rather
by reiterated structural characteristics of 'SAR DNA', which
must extend a critical length to lead to efficient binding,
perhaps in a cooperative fashion. A test of this model comes
from our study of a 100% A+T stretch of DNA, called the
[64] cassette (Zweifel and Fangman, 1990). This cassette,
shown in Figure 3A, is a 64 bp stretch of yeast mitochondrial
DNA that contains some of the structural characteristics of
SAR sequences (see below). Four tandem repeats of the
cassette, [6414, do not bind the nuclear scaffold, while
fragments containing a repetition of the motif eight or 11
times ([6418 and [64]11) bind strongly (Figure 3A). This
differential distribution is not an artifact due to the overall
length of the end-labeled fragments used as probes, since
the same differential binding is observed with sets of longer
fragments containing the [64] inserts (shown schematically
on the left of Figure 3A). Zweifel and Fangman (1990) have
tested these same tandem repeats in a yeast non-replicating
vector and have shown that [64]11 and [64]8, but not [64]4
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Fig. 3. Binding of yeast scaffolds requires a minimal length of SAR
DNA. (A) The [64] cassette is a stretch of yeast mitochondrial DNA,
composed only of dA-dT base pairs. The T-rich strand is shown and
the 10/11 match to the ARS consensus is underlined. This sequence
has been subcloned in tandem arrays of either 4, 8 or 11 repeats in
the BamHI site of YIp5 (Zweifel and Fangman, 1990). From these
plasmids, we generated and end-labeled HindIII(H) -PstI(P) and
HindHII-SalI(S) fragments, combined them as shown, and incubated
with yeast nuclear scaffolds digested with EcoRI, HindIII and XbaI.
Sizes are in kb and the number of tandem [64] repeats is given on the
left. Lanes T: [64]n probe mixtures. Lanes P, S: DNA fractions as
described in previous figures. The largest fragments are vector-derived
and do not bind, with the exception of the largest in the righthand
lanes, which results from a PstI partial digest and retains the [64]11
SAR insert. (B) The [64]4 insert was subcloned next to the F189 and
F139 ftz SAR subclones. As indicated, this improved the ARS activity
of F189, and imparted a weak activity on the ARS-negative F139
insert (signs defined in Figure 2A). The lower panel shows that these
hybrid DNA fragments bind with a high affinity to yeast nuclear
scaffolds (digested with BamHI, HindIII and PstI). The probes used
(lanes T) were mixtures of EA12 labeled as in Figure 2F, and of the
hybridftz-[6414 plasmids, digested with PstI and 3' end-labeled with
T4 DNA polymerase. The hybrid [64]4-ftz fragments are indicated by
their size in kb (underlined).

inserts, have a weak ARS activity in S. cerevisiae. Scaffold
binding of these elements thus correlates with their ARS
activity in yeast.
The observations on [64]n inserts are similar to those

described above with ftz SAR subclones, in that the
combination of small non-binding units leads to scaffold
binding by the larger fragments. If scaffold association truly
requires a given length of a reiterated motif, which is present
in both the 64 repeat and the ftz SAR, then juxtaposition
of the non-binding [64]4 element to non-binding fragments
fromftz, should again restore scaffold binding activity. To
test this we constructed the hybrid [64]4-ftz elements
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shown in Figure 3B. Juxtaposition of a [6414 element to the
left of F139, leads to a tight binding to yeast nuclear scaffolds
and coincidentally creates weak but detectable ARS function
([64]4-F139, labeled 1.52, Figure 3B). Juxtaposition of
the [64]4 to F189 also leads to much more efficient binding
to yeast nuclear scaffolds and stimulates its ARS activity.
Thus, the combination of potential SAR segments of different
origins efficiently confers scaffold binding activity. Like the
ftz F247 region, [6414 enhances simultaneously SAR and
ARS activities of the minimal F189 domain.
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Fig. 4. The patterns of binding to Drosophila and yeast scaffolds are
similar. The probes described throughout this work were used for in
vitro binding experiments with nuclear scaffolds from Drosophila SL-3
cells. (A) A8-A13 deletions through the ftz USE were used with
Drosophila scaffolds exactly as described for yeast in Figure lB (left
panel). (B) Subclones EA12, F139, F189, F247, F386 and F783 were
used as described in Figure 2B, D and E. (C) HindIII-Sall fragments
containing the [64]n inserts, used as described in Figure 3A.

Binding requirements for association with yeast and
Drosophila nuclear scaffolds are similar
Are the determinants of nuclear scaffold binding delineated
by the present studies in yeast also those involved in
interactions of the ftz SAR with nuclear scaffolds in
Drosophila? We performed in vitro binding experiments with
nuclear scaffolds from Drosophila SL-3 cells with many of
the fragments and constructs described above. Figure 4A
shows the binding of the 3' deletions through the ftz USE
(fragments A8-A13, see Figure IA). For the fragments
smaller than -2.5 kb, we see that A13 fails to bind, while
A8 -A 12 bind to Drosophila nuclear scaffolds. As observed
previously with Drosophila, binding is reduced for fragments
>2.5 kb perhaps due to steric interference (Izaurralde et al.,
1988). In addition to the results shown, we have found that
the 5' deletion A3 binds Drosophila scaffolds, while A4 and
A5 do not (data not shown).
A closer mapping of theftz SAR on Drosophila scaffolds

parallels the results obtained with yeast. Figure 4B shows
binding experiments with the SAR subclones F139, F189,
F247, F386, F783 and EA 12 (for maps see Figure 2A). The
EA12 fragment does not bind completely in these
experiments, but as it parallels the binding of the full-length
ftz SAR it is taken as our internal positive control. The
subclones F139 and F783 do not bind Drosophila scaffolds
at all, and very small amounts of F189 and F247 can be
seen in the pellet fraction. Thus, F189 appears to have a
very low affinity in this system, and it requires flanking
regions (as in EA12 or F386) to be readily detected. In
addition, F288 binds to Drosophila scaffolds, while F50 and
F708 do not (data not shown).

Identical binding patterns as observed in yeast are also
obtained in Drosophila for the [64]n fragments (Figure 4C,
to be compared with Figure 3A). As before, the binding to
Drosophila scaffolds is dependent on the [64]n insert, but
not on the overall size of the probe fragments (data not
shown). Thus. juxtaposition of the same non-binding
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above the ftz SAR, A, B, C and D, are operationally and structurally defined. A + B + C (terminating on the Hinfl site) constitute the smallest,
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10/11 matches, respectively; see Figure 2A for a complete display in the ftz SAR. Closed rectangles: DNA stretches expected to be bent
[(A3orT3)N7-8(A3orT3)], where the spacer N7-8 is not oligo(dT) or (dA). Open rectangles: as before, but N7-8 containing A >2 or T >2 stretches,
which may not allow bending. Black dots: non-overlapping T4, A4, T2A2 or A2T2 stretches, expected to confer a narrow minor groove and stiff
double helix structure to DNA. The parameters of the search are described in more detail in Materials and methods. The white bar shows the distal
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2A.
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Relationship of ARS and SAR activities in yeast

elements can mediate the binding of SARs to scaffolds from
both species, suggesting that there exist repeated sites of
relatively weak interaction and a requirement for a critical
extent of SAR DNA for efficient scaffold interaction.

Common structural sequence motifs
What is the nature of the sequences constituting an effective
SAR? In this respect, it helps to simplify the data presented
above as follows: three operationally defined regions of the
ftz SAR, called A, B and C (see Figure 5), are involved in
scaffold binding. Region C is not separated from the more
distal region D by our data, but mapping studies in
Drosophila chromosomal DNA have shown that the latter
does not bind, while the genomic EcoRI-Hinfl fragment
(or A+B+ C) is sufficient for tight scaffold association
(Gasser and Laemmli, 1986). On their own, regions A or
B of theftz SAR (F247 or F189) both bind weakly to yeast
scaffolds, while C (see F708), does not. On the other hand
Region C, like the [64]4 cassette contributes to the binding
when combined with B, as in EA12. Regions A and B are
86% and 80% AT-rich, respectively, and are composed
mostly of a mixture of short alternating (dAdT)n and
homopolymeric or semi-homopolymeric stretches (dTn, or
dTmdAm, were n>3 and m >2). The [64]4 element is
100% A+T and has similar sequence characteristics. Region
C is 68% AT-rich and contains frequent, short oligo(dT)
stretches, but little alternating dA-dT.
Oligo(dA dT) homopolymeric stretches allow a more

compact stacking of base pairs than in standard B-type DNA,
which results in a decreased helical repeat, a narrow minor
groove and a stiff conformation that resists internal bending
(Nelson et al., 1987; Travers, 1989; Yoon et al., 1988). The
T-box consensus TTTTT(A/T)TA(A/T)T (Gasser and
Laemmli, 1986), and the S. cerevisiae ARS consensus
(A/TTTTATA/GTTTA/T) (Stinchcomb et al., 1981; Broach
et al., 1984), both are found statistically enriched in SAR
and ARS sequences (Gasser and Laemmli, 1986; Amati and
Gasser, 1990), and both contain homopolymeric dTn
stretches. The spacing of oligo(dA * dT) stretches at
10-11 bp intervals along the helical repeat results in a bent
DNA structure (Anderson, 1986; Koo et al., 1986).
Drosophila SARs (Homberger, 1989; Kas et al., 1989) and
some yeast ARSs (Anderson, 1986; Snyder et al., 1986)
have been experimentally shown to be bent. We therefore
considered the distribution of these two related characteristics
in relation to scaffold binding.
The distribution of oligo(dA . dT) and bent DNA motifs

along the segments of interest is presented in Figure 5 (small
rectangles for bent DNA and black dots for oligo(dA * dT)
units alone, see legend and Materials and methods). The
regions of theftz SAR involved in scaffold binding (A, B,
C), in addition to their high AT content, contain both types
of structural motifs. The [64] cassette has three regions of
homopolymeric dT, with the rest of its sequence being mostly
alternating in character. Importantly the [64]4 element has
no potentially bent DNA, even at the junctions of tandem
[64] repeats. Thus, non-bent, potentially stiff AT-rich DNA
can contribute to scaffold binding (Figure 3A and B and
Figure 4). Secondly, while region C of the ftz SAR is less
AT-rich than the others, it still contains homopolymeric
oligo(dT) stretches (comparable with [6414) and virtually no
alternating (dA-dT)n. Since both region C and [6414 can
contribute to scaffold association, this suggests that short
oligo(dT) stretches are crucial for SAR DNA.

Discussion

The eukaryotic genome appears to be punctuated by regions
of AT-rich DNA ranging in size from 0.3 to 3 kb that have
a high affinity for the nuclear scaffold or matrix. In a few
cases SARs appear to coincide with boundaries of active
transcriptional domains, in others they flank enhancer
elements, while in others a function is not clear (reviewed
in Gasser et al., 1989). In budding and fission yeast,
genomic elements able to promote plasmid replication (ARS
elements) bind the nuclear scaffold (Amati and Gasser, 1988,
1990). Since SARs identified in one species are generally
able to bind scaffolds from other distantly related eukaryotes,
it was suggested that sites of interaction involve conserved
DNA sequences and ligands. Prior to this work, however,
no systematic deletion analysis of a scaffold attached region
had been done to determine the sequences essential for
scaffold interaction.
To test whether a function is conserved along with the

conservation of structure, scaffold attached regions from
Drosophila melanogaster (or dSARs) have been tested for
their ability to promote autonomous plasmid replication in
yeast. A significant subset of dSARs (23 out of 58 have ARS
activity in S. cerevisiae (Brun et al., 1990; Amati and Gasser,
1990). In the present work, we have identified the sequences
involved in ARS and SAR activities in the SAR located
upstream of the_fishi tarazu gene of Drosophila (Gasser and
Laemmli, 1986). The two activities in S.cerevisiae, and SAR
activity in Drosophila, appear to be mediated at least in part
by similar DNA sequence characteristics. This establishes
a molecular basis for their extensive correlation.

Scaffold binding resufts from the juxtaposition of
non-binding elements: recognition of intrinsic DNA
structure
For all the DNA sequences studied in this work, we observe
the same distribution patterns between the bound and soluble
fractions with scaffolds from yeast and Drosophila cells. This
again suggests that SAR binding occurs by a similar
molecular mechanism in all species. Kas et al. (1989) have
recently studied the association of artificial polymers with
Drosophila nuclear scaffolds. They find that 160 bp of
randomly ligated (dT 11 dA11) oligonucleotides are
sufficient to recognize the nuclear scaffold, while the
alternating polymer poly(dA-dT) binds only above a critical
size of 600 bp. Similar sizes and sequences were implicated
in the aggregation of DNA by interaction with topoisomerase
II and histone H1 (Adachi et al., 1989; Izaurralde et al.,
1989). Thus their data are consistent with our deletion
analysis of the ftz SAR, in which we find that reiteration
of a stiff, narrow minor groove structure due to oligo(dT)
stretches, correlates best with scaffold binding activity.
The simplest interpretation of our data on the ftz SAR

subclones and the [64] cassette is that they contain an
extended region of relatively low affinity binding sites, which
need to be reiterated over a critical minimal length for an
efficient binding to nuclear scaffolds. Besides a relatively
frequent occurrence of (semi-)homopolymeric dA - dT
stretches, the ftz SAR regions A, B and C, and the [64]4
element contain numerous matches to the ARS consensus,
which itself has the potential to form a narrow minor groove
structure. This structure is thus the most obvious feature of
SAR DNA. It is important to note that the [64]8 SAR
element and the minimal combinations offtz SAR regions
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which lead to efficient scaffold binding actually contain a
lower amount of stiff oligo(dT) DNA stretches than the
> 160 bp of random poly(dAl 1 dTl 1) necessary to bind
to Drosophila scaffolds (Kas et al., 1989; see Figure 5). This
may indicate either that oligo(dT) sequence is not the sole
determinant of SAR-scaffold interactions, or that inter-
spersion of the homopolymeric regions with flexible DNA
is preferable.

Neither the [64] cassette nor the random poly(dAl 1 dTl 1)
polymer is expected to have a bent helical structure (Nelson
et al., 1987). Thus, bending appears not to be essential for
the scaffold binding of certain SAR sequences, despite the
striking observation that all the Drosophila SARs tested have
this character (Homburger, 1989; Kas et al., 1989). Another
factor contributing to scaffold interaction may be the low
thermal stability of dA - dT. This structural feature is more
readily detected in closed tortionally stressed circular
molecules, yet local unwinding of SAR sequences might be
favored under certain conditions. Consistent with this,
supercoiled plasmid DNA was shown to bind selectively to
nuclear scaffolds in a sequence independent fashion. This
binding could be competed by single stranded, but not double
stranded linear DNA (Tsutsui and Muller, 1988).

Relationship of ARS and SAR activities
In our initial mapping experiments within the ftz SAR a
minimal 189 bp element was defined that has both ARS
activity and a weak interaction with the scaffold. Within the
level of resolution of our mapping, scaffold binding was
invariably associated with enhanced ARS function. The
converse relationship is more complicated: the ability to
interact with nuclear scaffolds is not a strict prerequisite for
ARS activity on plasmids, since F783 is an ARS but not
a SAR on its own. On the other hand, F783 contains a region
clearly implicated in scaffold binding (region C), which has
SAR DNA characteristics, and which enhances the ARS
activity of the ARS-R core (F50). Thus, it appears that ARS
activity in general cannot be separated from sequences
contributing to scaffold attachment.

Sequences required for ARS activity in S.cerevisiae
There are two prevailing models that attempt to explain the
sequence requirements for the initiation ofDNA replication
of yeast. It is clear that all ARS elements are all enriched
in dA * dT base pairs (73-83% AT-rich) and that the 11 bp
ARS consensus plays an essential but not sufficient role in
ARS activity (reviewed by Newlon, 1988). Flanking regions
contribute in an essential but poorly defined manner to ARS
activity. Based on deletion studies on the yeast C2G1 ARS,
Palzkill and Newlon (1988) have suggested that flanking
sequences contribute to ARS activity by providing imperfect
copies of the ARS consensus. These occur preferentially on
the strand opposite the ARS core element, 3' of its T-rich
strand. An alternate theory for the role of flanking regions
is that they provide facilitated unwinding of the double helix
due to their high A+T content (Umek and Kowalski, 1987,
1988). This defines a DUE, or DNA Unwinding Element,
that is essential for ARS function.

In theftz SAR we have identified by deletions two minimal
core ARS elements, that we term ARS-L and ARS-R (see
Figure 2A). ARS-L contains a perfect match to the ARS
consensus, yet requires sequences spanning the Alu574 site
for detectable activity. The second, ARS-R core region (the

F50 element) contains two 10/11 and two overlapping 9-11
matches to the ARS consensus, all on the same strand. Both
cores are stimulated by flanking DNA either 5' or 3' of the
fragment; the flanking regions that stimulate activity in ftz
are highly AT-rich and contain near perfect ARS consenses.
In our hybrid constructs, however, we find that the [6414
cassette, which is 100% A+T, cannot fully substitute for
the left portion of ARS-L, which contains 150 bp of 97%
A+T (compare [64]4-F139 with F386). This observation
argues that flanking sequences contribute more than simple
AT richness.
There are two features characteristic of the 5' flanking

region of ARS-L that may serve to stimulate ARS activity.
One is the presence of multiple near matches to the ARS
consensus; the other the presence of bent DNA. A region
containing bent DNA has been shown to enhance ARS
function at the yeast ARSI locus (Anderson, 1986; Snyder
et al., 1986; Williams et al., 1988). Consistent with this we
find that cleavage of the two leftmost stretches of bent DNA
in EA12 (producing F288) results in a significant drop in
growth rate of the transformants and a lower mitotic stability.

It is possible that the characteristic narrow minor groove
structure of short homopolymeric oligo(dT) stretches
contributes to ARS function by attracting proteins that bind
in a cooperative fashion to regions of DNA with this
structure. Histone HI from rat liver nuclei (Izaurralde et al.,
1989), and topoisomerase II from S.pombe (Adachi et al.,
1989) show the same size and sequence dependent preference
for artificial AT-rich polymers as do nuclear scaffolds. All
these interactions are abolished by distamycin, a drug that
binds selectively to the minor groove of AT-rich DNA (Kas
et al., 1989), suggesting that they all possibly occur through
recognition of the narrow minor groove of oligo(dT).
Because of the polypeptide complexity of the interphase
scaffold, it seems likely that SAR ligands may include a large
category of proteins capable of binding preferentially to AT-
rich regions. One diagnostic of such proteins may be the
short amino acid sequence (SPKK)2, which itself binds
preferentially to the minor groove of AT-rich DNA (Suzuki,
1989a,b; Churchill and Suzuki, 1989). The assumption that
proteins which recognize oligo(dA - dT) tracts might mediate
SAR- scaffold interactions does not preclude the involve-
ment of sequence specific DNA binding factors as well.
Particularly relevant to this work is the purification of a
yeast scaffold protein that specifically recognizes the ARS
consensus sequence (J.Hofmann and S.M.Gasser, in
preparation) and which binds in vitro to theftz SAR region
(Q.Dang and S.M.Gasser, unpublished results).

Transcriptional domains and replicons
We have previously proposed that some SARs in higher
eukaryotes might be origins of replication. In our hands,
transient transfection experiments using SAR-containing
plasmids have failed to detect ARS activity in cultured
Drosophila cells (data not shown). Thus, direct biochemical
analyses of replication intermediates in genomic DNA will
be required to answer this question. The one Drosophila
chromosomal origin that has been mapped by two-
dimensional electrophoretic analysis is that of the amplified
chorion gene locus, which functions in ovarian follicle cells.
Remarkably, within a region of 80 bp mapped as the ,3 origin
element these features characteristic of SAR and ARS
elements are found: the yeast ARS consensus, oligo(dA * dT)
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stretches and bent DNA (Heck and Spradling, 1990;
M.Heck, personal communication).

In mammalian cells the best mapped origin of replication
is in the amplified dihydrofolate reductase domain of the
methotrexate resistant CHOC400 cell line. A region
containing two origins 22 kb apart was found downstream
of the dihydrofolate reductase gene (Leu and Hamlin, 1989).
By measuring the direction of replication fork movement,
Handeli et al., (1989) have confirmed this arrangement and
have mapped a replication termination site roughly centered
between the two origins. A SAR has been mapped to a
3.4 kb fragment which coincides with this termination site
(Dijkwel and Hamlin, 1988). Further study is required to
know whether this observation applies to other loci as well.
Although the role of the ftz SAR in DNA replication in

Drosophila remains open, our mapping data clearly implicate
the SAR as the 5' boundary of theftz locus. Pick et al. (1990)
have recently shown by deletion analysis that there are two
differentftz enhancer regions in the far upstream element.
All enhancer sequences are located downstream of the
minimal SAR (see Figure 5). Another SAR has been mapped
downstream of the ftz coding region and may define the 3'
boundary of the transcription unit (Gasser and Laemmli,
1986). The presence of both SARs appears to be important
for position independent expression in P-element transformed
Drosophila embryos (Hiromi et al., 1985). These results are
consistent with studies of the chicken lysozyme gene and
the human 13-globin gene complex that map SARs to the
boundaries of active domains defined by nuclease sensitivity
studies (Phi-van and Stratling, 1988; Jarman and Higgs,
1988; Grosveld et al., 1987). It is tempting to speculate that
SAR defined units of expression will correspond to units of
replication (replicons) as well.

Materials and methods
Strains, transformations and subcellular fractionations
E coli DH5 was transformed with plasmid DNA as described by Hanahan
(1985). S.cerevisiae strain 62-SC (ALA Ta, leu2, his3, lys2, pep4-3) was used
to isolate nuclei and for binding studies as described (Amati and Gasser,
1988) with some modifications (Cardenas et al., 1990). For transformation
of S. cerevisiae, we used a MA4Ta, ura3-52 derivative of X2 1-80, (constructed
by H.Riezman), for the pIU plasmid derivatives, or MS-10 (MATa, ura3-52,
ade2-101, leu2-3, leu2-112), for the centromeric plasmids. Yeast was
transformed with the lithium acetate protocol as described in Amati and
Gasser (1990). Published methods were used to isolate yeast DNA (Holm
et al., 1986) and for all other DNA manipulations (Maniatis et al., 1982).

Evaluation of ARS activity in yeast
All ARS+ plasmids led to high frequencies of transformation (102-104
colonies/Ag). Growth rates of transformant colonies were assessed in order
to judge the relative levels of ARS activity in the non-centromeric plasmids.
Colony growth rates are roughly equivalent when centromeric plasmids are
used. To obtain accurate and significant measurements of relative ARS
activities the mitotic stability of centromeric plasmids was determined. Mitotic
stability is defined as the percentage of plasmid-containing cells in a clonal
population grown under selective conditions (Palzkill and Newlon, 1988),
and this was measured by plating equal dilutions of transformant cells, grown
in liquid culture for a defined number of generations, on selective and non-
selective plates in parallel. Replica plating of the non-selective plates onto
selective plates usually yielded comparable results. Because of the rapid
plasmid loss in colonies on the non-selective plates and a high reversion
background of the MS1O strain to a 'white' (ade+) phenotype, we could
not use the colony-color assay of Hieter et al. (1985).

Plasmid constructions
The plasmid pIU contains the 1.17 kb HindIII URA3 gene fragment of
S.cerevisiae D4+ strain in the HindlIl site of pBR322, with URA3

transcription going clockwise (see Maniatis et al., 1982). pKXC3 is a
derivative of pIU containing the following short synthetic linker:

5'-GAATTCATCTAGATGGTACCATCTAGATGTTACA-3'
EcoRI XbaI KpnI XbaIl

(Pos. 10 of pBR322)

This vector was used for the subcloning offtz deletions and allowed the
isolation of selected parts of the Drosophila ftz inserts with EcoRI for further
subclonings.

Undirectional deletions in the Drosophila ftz 5' SAR
The 5' SAR (Gasser and Laemmli, 1986) is part of a larger upstream element
(ftz USE, shown in Figure IA). Unidirectional deletions generated with the
mung bean nuclease system (Stratagene) in theftz USE have been described
by Pick et al. (1990). Deletions from the 5' end are called the AH series;
from the 3' end AT series.

For assays of ARS activity in yeast, a selected set of deletions spanning
the SAR were isolated as KpnI fragments and subcloned into the KpnI site
of pKXC3. The subclones were named AH1-7, and AT8-13 as numbered
in Figure 1. The positions of the deletion endpoints in the ftz USE are:
HAl, 289; HA3, 575; HA4, 822; HA5, 1109; HA6, 1414; TA8, 1466;
TA 10, 1 140; TA I 1, 1036; TA12, 763; and TA 13, 314 (Pick et al., 1990;
this work). The suffix A indicates aftz insert clockwise relative to pBR322
DNA and B indicates the opposite. HA inserts retain the pBKmO polylinker,
while the TA inserts do not. A negative control plasmid (pKLB), containing
the polylinker region of pBKmO in pKXC3 lacks ARS activity.

Construction of ftz SAR subclones
The ftz SAR subclones shown in Figure 2A were inserted into the EcoRI
site of pIU and were assayed for ARS activity in both orientations, except
F247 (A only) and F386 (B only). Constructs were made by standard
methods, taking advantage of the fact that EcoRI-EcoRI blunt end ligations
regenerate an AseI site (New England Biolabs).
The yeast non-replicating plasmid pVHA containing CEN4 has been

constructed by Palzkill and Newlon (1988). We derived a shorter non-
replicating vector, called pSCU, by ligating together the 5.37 kb PstI
fragment from pVHA (containing the 3' portions of URA3 and Ampr,
flanking the Ori-SUPI I-CEN4 region) with the 0.99 kb fragment from pRU
(containing the 5' portions of URA3 and Amp'). The ftz SAR subclones
described above were transferred to pSCU in a similar manner, yielding
plasmids pSCU-121 (1.17 kb SAR insert), -EA12A/B, -EA3A/B, -189A/B,
-5OA/B, -139A/B, -386B, -288B, -783A, 1-247A. pSCU-ARSI was
constructed by inserting the HindUL-EcoRI 615 bp ARSI fragment from
S.cerevisiae into HindIlI-EcoRI digested pSCU.

Construction of hybrid [64]4-ftz inserts
Plasmids pSCU, pSCU-189B and pSCU-139B were digested with HindJH,
blunt-ended and used as vectors to insert a blunt-ended [6414 tandem repeat
(see Figure 3; Zweifel and Fangman, 1990). This yielded plasmids
pSCU-[64]4X, pSCU-139B-[64]4X and pSCU-189B-[64]4X/Y (orientations
unknown). The [64]4 element replaces the normal left-hand flanking
sequencs in the ftz SAR.

Sequence analysis
We have screened the ftz SAR and [6414 elements by computer for the
occurrence of the sequence motifs enriched in SAR sequences and expected
to impact distinct double helical structures to DNA. Short dA or dT
homopolymeric runs spaced by one helical turn are the diagnostic feature
of bent DNA (Anderson, 1986; Koo et al., 1986; Snyder et al., 1986).
For bent stretches, we thus searched the sequence (A3orT3)N7-8(A3orT3).
Computer results were counter-checked by eye, to eliminate stretches
composed mostly of rigid, unbent DNA in the N7/8 spacer (see below).
Putative bent stretches are indicated by black rectangles in Figure 5, and
those containing > T2 or > A2 in the spacer, for which an assignment is
uncertain, by open ones.
The data of Yoon et al. (1988) suggest that sequences as short as T4,

A4, A2T2 or T2A2 can adopt a characteristic narrow minor groove structure
(Nelson et al., 1987). We thus searched for these motifs, which are
represented by the black dots in Figure 5. Note that we systematically
eliminated the occurrences overlapping on two or three positions. Thus,
for example, T5-6 stretches are indicated by one, T7-8 by two, and T12
by three dots. Note that our search does not include the sequences ATTA
or TAAT, on which structure no conclusive data have been reported.
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