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ABSTRACT
A very large cis-regulatory region of -300 kb is
responsible for the complex patterns of expression of
the three homeotic genes of the bithorax complex Ubx,
abd-A and Abd-B. This region can be subdivided in nine
parasegment-specific regulatory subunits. Recent
genetic and molecular analysis has revealed the
existence of two novel cis-regulatory elements Mcp and
Fab-7. Mcp is located between iab-4 and iab-5, the
parasegment-specific regulatory subunits which direct
Abd-B in parasegments 9 and 10. Similarly, Fab-7 is
located between iab-6 and iab-7, the parasegment 11
and 12-specific regulatory units. Mcp and Fab-7 appear
to function as domain boundaries that separate
adjacent cis-regulatory units. We report the analysis of
two new Mcp mutant deletions (McpH27 and Mcp8116)
that allow us to localize sequences essential for
boundary function to a -0.4 kb DNA segment. These
essential sequences closely coincide to a -0.3 kb
nuclease hypersensitive region in chromatin. We also
show that sequences contributing to the Fab-7
boundary appear to be spread over a larger stretch of
DNA, but like Mcp have an unusual chromatin structure.

INTRODUCTION
During the early development of Drosophila melanogaster, the
embryo is subdivided into 14 units called parasegments (PS: for
review, see 1, 2). Each parasegment acquires its specific identity
through the action of the homeotic genes in the Antennapedia
and bithorax complex (BX-C). The BX-C contains three genes,
Ubx, abd-A and Abd-B which are responsible for the identities
of PS5 to PS 14. These parasegments will form the posterior half
of the thorax and all of the abdominal segments of the adult fly
(for review, see 3-6). Ubx, abd-A and Abd-B encode homeo-
domain proteins and they are expressed in intricate temporal and
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spatial patterns in an overlapping set of parasegments (7-19).
A - 300 kb cis-regulatory region is responsible for generating
the complex patterns of bithorax gene expression. Genetic
analysis has suggested that this very large cis-regulatory region
is sub-divided into nine parasegment-specific units-abx/bx,
bxd/pbx, iab-2, iab-3, iab-4, iab-5, iab-6, iab-7 and iab-8. As
shown in Fig. IA, these parasegment-specific cis-regulatory units
are arranged in the same order along the chromosome as the
parasegments they affect (Fig. 1A; 20-25). On the proximal
side of the complex, abx/bx and bxd/pbx control the expression
of the Ubx homeotic gene in PS5 and PS6, respectively (18, 26).
In the middle of the complex, iab-2, 3 and 4 specify the
appropriate patterns of expression of abd-A in PS7, 8 and 9,
respectively (12, 27, 28). Abd-B, which has several alternate
promoters, is controlled by the cis-regulatory units on the distal
side of the complex (Fig. IA). A short Abd-B transcript (class
A) is required to produce the morphological diversity of the
region from PS10 through 13 (10, 11, 13, 19, 29-31). The
iab-5, 6 and 7parasegment-specific units regulate expression of
this Abd-B transcript in PS10,1 1 and 12, respectively (21, 28,
29), while in PS13 its expression is probably controlled by a
PS13-specific regulatory element (iab-8; unpublished data). In
PS 14, a collection ofAbd-B transcripts (class B, C and gamma)
initiating from at least three other promoters are expressed (10,
11, 13, 19, 29, 31); however, the PS14-specific regulatory
elements controlling these promoters have not been identified.

Loss-of-function mutations in one of these nine parasegment
specific cis-regulatory units transforms the corresponding
parasegment into a copy of the parasegment immediately anterior.
Consistent with this transformation in segmental identity, the
normal temporal and spatial pattern of the relevant BX-C
homeotic gene is replaced by an expression pattern which mimics
that found in the parasegment immediately anterior. For example,
the iab-S cis-regulatory region is responsible for the expression
of the shortAbd-B Wanscription unit in a few cells ofthe epidermis
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Figure 1. Synopsis of the BX-C and molecular maps of the Mcp and Fab-7 boundaries. (A) The thin horizontal line represents the 300 kb of genomic DNA. The
Ubx, abd-A and Abd-B transcription units are drawn below the genomic DNA line, the H indicating the positions of the homeoboxes. Horizontal brackets above
the genomic DNA lines represent the approximate extent of the parasegment-specific cis-regulatory units. The arrows point towards the parasegments of a fly in
which the cis-regulatory units function. (B) Molecular map of the Mcp region. The thin horizontal line represents a magnification of the genomic DNA shown in
part A around position +95. Some of the restriction sites in this region are indicated. The extent of the deficiencies in Mcp', Mcp"27 and McpBI16 are shown by
brackets. (C) Molecular map of the Fab-7 region. The thin horizontal line represents a magnification of the genomic DNA shown in part A around position + 122.
Some of the restriction sites in the region are shown. The extent of the deficiencies in Fab-71, Fab-72 and Fab-73 are indicated by brackets. Also indicated is the
insertion site for the bluetail transposon.

and central nervous system (CNS) in PS10. This Abd-B
expression disappears in iab-5 mutant embryos resulting in the
transformation of PS10 into PS9 or, in the adult fly, of the 5th
abdominal segment (A5) into A4 (21, 28). Similarly, a mutation
that removes much of the iab-7 cis-regulatory region (iab-7sz)
results in the transformation of PS12 into PSI1 (or in the adult
A7 into A6). In this case, instead of the normal Abd-B expression
pattern in PS 12, a PSi 1-like pattern, which is generated by iab-6,
is observed (21, 22, 28).

Current models for the functioning of these cis-regulatory
regions divided the regulation of the bithorax complex into two
phases, initiation and maintenance. During the initiation phase,
gap and pair-rule gene products are thought to interact with target
sequences in each cis-regulatory unit. These interactions activate
the cis-regulatory units in appropriate parasegments, where they
direct the initial expression of one of the three homeotic genes
(32-42). As the gap and pair-rule gene products begin to
disappear mid-way through embryogenesis, there is transition
from the initiation to the maintenance phase. During this
transition, the activity state of the cis-regulatory units which was
established in each parasegment during initiation is 'fixed' through

the combined action of the trithorax and Polycomb group gene
products. These proteins then function to maintain this activity
state during the remainder of development (25, 26, 40, 43-53).

In addition to the 9 cis-regulatory units which direct the
parasegmental expression of the three homeotic genes, genetic
studies have identified two unusual cis-acting elements, Mcp and
Fab-7. Mcp is located between the iab-4 and iab-5 cis-regulatory
units, while Fab-7 is located between iab-6 and iab-7. Unlike
loss-of-function mutations in the cis-regulatory units, which show
a transformation of the affected parasegment into the parasegment
immediately anterior, deletions that remove either of these
elements have an opposite, gain-of-function phenotype; they
transform the affected parasegment into a copy of the parasegment
immediately posterior. In the Mcpl deletion, PS9 is replaced by
a duplication copy of PS10. In the adult fly, Mcpl results in the
development ofA4 into a copy ofA5 (24). The gain-of-function
phenotype of Mcpl appears to be due to the inappropriate
activation of the iab-5 cis-regulatory unit in PS9 where iab-4
normally functions. Consistent with this suggestion, Abd-B, which
is not normally transcribed in PS9, is expressed in PS9 in a
PS10-like pattern in Mcpl mutant embryos (21, 28). Deletions
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Figure 2. DNase hypersensitive sites in the Mcp boundary. In the experiments
shown in this Figure, DNA samples from DNase I (DN) or micrococcal nuclease
(MN) digests of nuclei from embryos (0-3, 0-4 and 12-24 hr collections)
and KC cells were resticted with Eco Rl and electrophoresized on 40 cm agarose
gels. After blotting to nitrocellulose filters, the DNA probed with an Eco RI -Sph
I fragment from the distal side of the Eco RI fiagment. N is a naked DNA control
in which total genomic DNA was digested partially the DNase I. Micrococcal
nuclease naked DNA controls were not included in the experiments shown here;
however, in contrast to the chromatin digests, there are multiple sites for
micrococcal nuclease across the 6.0 kb Eco RI fragment in naked DNA. To align
as closely as possible the Mcp chromatin structure with the Mcp sequence, total
genomic DNA was digested to completion with Eco RI and partially with Pst
I, Sal I, or Xba I. (Lanes containing a 2.0 kb MW ladder were also included
in these and other gels, but are not shown in the photos presented here.) In other
experiments the nuclease cutting pattern was aligned using partial digestion with
other restriction enzymes. The weakly labeled Sal I fragment just below the full
length Eco RI fragment arises from Eco RI cleavage at a second Sal I site which
is located on the distal edge of the 6 kb fragment, very close to the distal Eco
Rl site. The probe used for indirect end-labeling extends beyond this Sal I site.
Proximal and distal limits of the B116 and H27 deletions are indicated by the
stipled area. Bars indicate positions of minor nuclease hypersensitive sites. The
proximal most site at -625 bp is not indicated.

that remove Fab-7 transform PS1 1 into PS12 in the embryo, and
in the fly A6 into a copy of A7 (23). In this case, the
transformation appears to be due to the inappropriate activation
of the iab-7cis-regulatory unit in PS11 whereAbd-B is normally
controlled by iab-6. Indeed, in Fab-7 mutant embryos the pattern
of Abd-B protein expression in PS 1I is identical to that found
in PS12 (22).

Since the dominant gain-of-function phenotype of the Fab-7
deletion mutants can be reverted by second site mutations that
eliminate either iab-6 or iab-7 function, the inappropriate
activation of iab-7 in PS1 1 would appear to involve interactions

Figure 3. Chromatin structure of the Mcp and Fab-7boundaries. (A) Chromatin
structure of the Mcp boundary. The thin top line represents the sequenced region
presented in Fig. 4A. The black rectangles indicate the extent of the hypersensitive
regions. Strong hypersensitive sites are shown by thick black rectangles, while
weak hypersensitive regions are indicated by thin black rectangles. The ovals
indicate nuclease resistant DNA segments that could be packaged into nucleosome
core particles. The different Mcp boundary deletions are shown below the DNA
line. (B) Chromatin structure of the Fab-7 boundary. The chromatin structure
of the Fab-7region was analyzed previously in 22, and the results are sumnarized
here. The thin top line represents the sequenced region presented in Fig. 4B.
The ovals indicate nuclease resistant regions that could contain nucleosome core
particles. The different Fab-7 boundary deletions are shown below the DNA line.

between the iab-6 and iab-7 cis-regulatory units (23). A similar
interaction between iab-4 and iab-5 appears to be required for
the dominant gain-of-function phenotype associated with the
Mcpl deletion (24). These findings have led to the suggestion
that Mcp and Fab-7 may correspond to the boundaries of cis-
regulatory domains (22, 23, 54). In this model, the boundary
elements are responsible for ensuring that the different cis-
regulatory units in the bithorax complex are functionally
autonomous. Consequently, when one of these insulating elements
is deleted, adventitious interactions between adjacent cis-
regulatory units are possible.

In previous studies (22) we examined the chromatin structure
of the Fab-7DNA segment and characterized three Fab-7deletion
mutants by genomic Southerns. These studies indicated that the
sequences essential for Fab-7 function spanned a DNA segment
of about 3 kb and have an unusual chromatin structure in embryos
and tissue culture cells. In this paper, we have characterized the
original Mcp allele, Mcpl, as well as two new Mcp mutants.
This analysis maps the sequences required for Mcp function to
a DNA segment of - 0.4 kb. Moreover, we find that the essential
sequences closely coincide with a -0.3 kb nuclease
hypersensitive region. We also report here the sequence of Fab-7
and of the various Fab-7 mutants, and compare the sequence and
chromatin organization of the Fab-7 element with Mcp.

EXPERIMENTAL PROCEDURES
Drosophila cultures
Fly stocks were maintained on standard yeast-cornmeal medium.
Mcpl is described in 24, Fab-71 in 23, Fab-72 and Fab-73 are
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described by 22. McpH27 and McpBJ16 were found among the
progeny of two genetic screens for mutations affecting BX-C
function. McpH27 was induced by X-rays (4,000 rads; 1000
rads/min, 0.5mm Al filter) on an Fab-7 bearing chromosome
and was recovered in a screen of -38,000 flies for Fab-7
revertants. McpBI16 was induced on an Oregon R chromosome
with X-rays (using similar conditions) in a screen for second site
suppressors of Fab-7. Approximately 20,000 flies were examined
in this screen. Both mutations were identified on the basis of their
dominant Mcp phenotype.

Whole genome Southern, construction of genomic libraries
and phage analysis
Whole genome Southern, construction of genomic libraries and
phage analysis were performed as described in 20, 23 and 24.
Partially Sau3A digested genomic DNA fragments (from
McpH27, McpB"16, Fab72 and Fab-73 homozygous flies) were
fractionated on sucrose gradients. Fragments between 15-20 kb
in length were inserted into the BamHl sites of EMBL3 (55).
Mcpl and Fab-71 were already cloned as described 23 and 24.

DNA sequencing
Appropriate DNA fragments from the genomic clones were
subcloned into pEMPL8, pEMBL9, Bluescript KS- or SK-
vectors. Sequencing reactions were performed on single strand
DNA preparations using universal or specific primers and the
Sequenase kit (USB) . Subclones were also generated by
unidirectional digestion with Exo 3 exonuclease using a protocol
from Promega (56).

A

Chromatin studies
Nuclei were prepared from 0-3 hr, 0-4 hr, 0-12 hr and
12-24 hr mass collected embryos and from Drosophila tissue
culture cells as described in 57. The nuclei were incubated for
different lengths of time with DNase I or microccocal nuclease,
and the digested DNA was then purified by proteinase K treatment
and phenol extraction as described in 57. Total genomic DNA
was also isolated from nuclei (not treated with nuclease). For
indirect end-labeling experiments, the DNA samples were
restricted with the appropriate restriction enzyme, electro-
phoresized on 40 cm agarose gels, and blotted to nitrocellulose
fiters.

RESULTS
Chromatin structure of the Mcp boundary
Putative boundaries of chromatin domains in number of systems
have been found to be associated with unusual chromatin
structures. In chicken, a boundary from the 5' end of the globin
gene complex contains a 'constitutive' nuclease hypersensitive
site that is present in chromatin from many different tissues (58).
Similarly two putative boundaries from the 87A7 heat shock locus
ofDrosophila, scs and scs', are defined by a pair of rather broad
nuclease hypersensitive sites which flank a short nuclease resistant
core (59-61). This is also true for the Fab-7 boundary in the
bithorax complex, which is thought to separate the iab-6 and iab-7
cis-regulatory domains; the DNA segment required for Fab-7
function contains three prominent nuclease hypersensitive sites
(22). These observations suggested that it would be of interest

100
IGAATTCGCT CGGAAAGGGA AGAAGTTCTG TGGCTTACTG AGTAAAGCGG ATTAAACTTT GATTGTCCCC AAAAGTTATG TGATGGCAAT TATAATCATA

200
AAACTTTGAA ATAAATGTGT AACTTATTCA TTTGCACACG GTTTTCAATT TTTGATTATT CTGGAAAATT GCTATTTAGG ATGATTTGTA TGTGTACTTT

300
AAAACAGAAA TAGATTAAAT AAAGTTCTGC TATACATGAC ATTTTAGAAA AATAAATATT GACTATCTTT GGTATACAAT TTCAGAAATA AGACAATTCC

400
ATTTTAAAAT GTTAAATATT TGATTAATTA TATATACAGC TAAACTTGAA ATGCACGAGT TCCTGGAATG AGTAGATATT AATTTAAATT AATCCCATGC

500
TACCGCTCAG TTAATTTAAA TTATATAAGT TGGTACTTAA ATTATGTAAA TTGTCTTGTC AAAGAATTTT TATGAACGAT AACAATTAAT AATAATTAGT

600
ATTTAAAAAG GTGTATTTGG CGATTTTGTG TATATTAAAA AACATGACGC ACCTTACGCA AATGAATGAA CATTGTCATT AGCCGAAAAA AGTGTCGCCA

700
TATTTGTGTT TAAAATACAA ;ATCAAATAACC ATTACTCAGA GCTTGCCTGA AACGAGGCGA GGAAAAAATG ATTTCGAAAT CGCTTATGAA

800
ATATAATTGG CTAATTTAGC AAGCCTCAAT ATAAAGTATA AGCATTCAAT TTACGATCTG AGTCAGCCGG AATCGAAACA GCATTATTCG CCGGAGATAA

900
CGAATGGCGA GTGCAGAAC.TCWTAGM GAGTGCTCCG CCAACAGGTT CGCGATAAGG CGGGGCCATT AAGAGGCACC TGTCAGTGCG ACCCTCCCCG

1000
CCCACCATTG TCGTCATAAA GCGTCAAGTT TATGCCGAAA ATTGAAATTA ATATGCCGTT CGATGGCTCG ATTAAAATGC GCTAAACGAA ACCGGCAAGT

1100
ACGGGGCAAG TATGACTCTA TATATGTETG TACACATGTA TGTGT%$ .T4. GGGCG TGGCACCTGA AATGCTGTAA AAGCCAGFTG CAGbCTTAAA

1200
TTGATTTAAA GTTTGCTGCC TCTTCAACGA CAGTTCAAAT GCAAATTGGC TG AZ T GCCCGTTTTC CGTTTTATTG CGAATATTAA ATGAAATTAA

1300
TGAAATTTTC TGCGCCATAA TCCTTTGCAA AACGCATAAA TTTGCTCATT AAGTGTGCGC AAATATTGTA TGTATCCGCT CCGCTAAAAG GTCTATATAC

1400
TTTATATACT TGTATTGMTTTAAQCTCA GATAAATAAG CTCAGAGTAC ATAAGCGACG CCCAAAAAGC CCAAATGTAG AGCTTTTTCG AAATTAAACA

1500
GAAAGTCGGG TCTGCAAATA A4GGCTTTTC TGGGGAAGAA ATAAATTATA TCTTAATAAA TATATTTTAA ACTTAACTCA GACTTGGATT TATTTTGAAC

1600
TACACACTTA AGTGATTTAA ATAATTTTAA ATATATTTCT TACAtMMW TACAiATCCAAC ¢TTGCGCTGG GCCCCCTATTG?l?STCTrT

1700
CGCAGCTCAT J Q CACACTTACA ACGATT6GQTrTCATGTG TTAGTGCGTG

1800
~AATAATGA8~CAA~G~T?TTG T~?1COTCcrACCM TAATG GACM AGATQGCAC ATTJA OT GCCTCTGAAA

1900
ACATGGCO9t I 1¶' ATG T OGj GGGTAGTATA TGTATCT1AGTTAAGT CGATTTTGTC

2000
AACTAATTTT GCGCTTTGTT ACCCCTGAAA ATGG ATGCGCAGTA TGCAGCTGGT GCGGAATTTT TCTAGATTTT TTTTCGGTTT TTTCTGCTCT

2100
GCTTATCAGT TTATTGGACT GTAGTTAAAA CTTGCATGCA ATATTTAATG CGGGAAAATG AGAATGCAAA TTTTTGTGAA ATCTCTTTGG CTCTGACATG

2200
TACCAAAATC CAAGTGCCTG ACTAAATTAA GTTTTTTTCT TTCTTCTTAC CCCAAAATCA AAACTTGATC CCAGCTATAT CGTGACACGT TCGCATTATG

2300
CTGTCGAAAA TTGTCACATA AATCAATCAT ATTTATACAA ATGTCCCTGA TAGCCAAACC GCCCGCCACC AGTTGTTGAC AATATGCT* TTTGCTTCGT

2400
CTTTGTCTTG CCTTTTTGTC TGTCCATGCC CACGATAAGC AGTTGCTGAA AACGTGTTTT GGCATTTGAT TAGTTGCGAT ATGAGCGGCG GCAGAAGTTC

2500
CAGGGAGCCA CGCAGCGAGT TCAAAATATT TCCAAACATG GAAGGTAATT CTGCCGGCTA ACGACTGGCA GCCATGTCAT TGGTCGCAGG TTGGTAAGCG

TAAGTATGTT TTCATGCCGA TGGATGTGGA ATTTTATAAC ATGGGCATAC GGACTGAGGC ATTTGCAGGT GTCAAATGG CGT
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B100~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~0B CTACCGTGGG CCCGGTTAAG ATTGAGATTC CAGCTTTTCG GGCAGTGGGA AGTCGTATTT TAGGCAGCTC CTTAAAAAGT CACTTGAACG GAAAACGCAA 200

TGTAAGCCCA TAGCCATTGG TGACTAAGGA AATACAGAAG CCGGTGAACG GTAAAGCCCC AGAGCTT G TGGACTTTTC TTTTAATGAG CTGTCAGAAT
300

TATCATAAAG CAATTAAACG CATT¶tACAC TCATAACCGT AGGCAAGTAT TCAATCCACA CGCACTGCCA CGCCCCCCAA AACGATTCCA CCGCCCCTTC
400

GGCGAGCCGT GTCTTTGCCA CTGACACTAA TTGGTTGCTT TATGGCCCAG TTAAATCGTA AAACTCAAAT TTTATGCTTT GTCACTGAAA CGATTATGAC
500

GTCCGTTGCT CGTCCTCGTC GTCGTCCTCC CAAGATCCCT CGATTCTGCC GTCAATCCGG GAATCCCGTC AAGTGGCTTC ATCTCCGGCG TTCGTTGCCA
600

TAATGCCCCT TGATTTATGT CTCTGCCCGA GTTATTTGCG CTAATTTACA GATTGATTTC GGTCTTAAGA TTTTACTGTC CCCTGTTTAT TCATCGCCTT
700

TTGCACCTAC TTAATTTGTC TCTGCTTCTG GACCTATGCT TTATTGCTGT TACCAAGTTG TGGAATCACT GGATACCAAA ACTTTTGCTA TCTTCGCAGG
800

GCTAAAACAA AACCAGTTTG CCTTTTAGGG TATGGACCGA TTTTGAACCC ATAAAAATTA ACGAGCGTAT TAAAATTTCA AACAAATGCT GAAATGTATT
900

TATTAATTAT TAATTTAACC TAATTTATGT CTTTGCAAAA AAAAATAGAT GTAATGTTAC TTTAATCACA GCTTAACTAC AGTTTGTGTT GAATAAAGTG
1000

TTTATCTCTG CACCAAATTA ATAAATTAAG AAACACCCCG ACTAAGCATA AAATACCATG GTTTTGATGA TTTAGGTATC ACAGAAAAGT AATTTCTCCA
1100

ACTCGTGAAG GTCGTGCATA AATTTGACCC CACCACTCGG TGTTCGCTCT ATTCAAATGT GCGAAGTAAA CAAAAAGAAA TATATAAGAA ACGAAAATAA
1200

ATGTTTGTGT TCGGCTCCAA TGTATAGGAG CATTGTTTCA ACAACAAACA ATGCGATATA TTTAAACTAT TCCACATGCT GGTGTGACTA TATGGGTGTA
1 3 00

TTTTCCGATC GGATTGATTT GTTTATGTGG GTGAAGGCGC GAAACTGTGA CGAATGGAAC GGCAATCGGG AATGGAAATG ATAATTAACC GCACCTTATC
1400

TCAAATTGCT GCCCTCGATT AAATGCTCCT TTCATTCGCC TTGCCCCTGG AAATTCTCAT TATCAA A T AATGANCG AAATGTACTC
1500

TGATTAAGAT GATCTGAAAT GMATMC TGCAOrMW ACACGMAC CAAGGACGCA CTTCCM¶ GGAAGAC CCA'rGGTrC AGACTTTGTr
1 600

CAACATTGTT GTTGAGCCGT GCGATTGCCC CAATCATTCT TATCAGCAAA AAGCAGAGCT GTGCCATTGT TTGATATTTT GCCACCCACA ATGCATCCAA
1700

CTTTGTTGCC AAGTGAGCGA AAAACTTATT ATATTTCGCC CGCACAATCC CCTCAAAAAA TGAATGCAAG CCCAAAAAAA CAAAAAAAAA AAAAAACGAG
1800

AAAAAGAACA GGACGAGTGG CAAAAGCTGG CAAAGCAGCE AAAATCGTAA AAAAGAAAAT TGCATTTCCC CAAAGCAGCG AAACTTGCGC AGGACTTTTG
1900

AGAT :T M M ' ..MA AG UOTCACG
2000

GGGAGCWA-A 4 "'M *,' " " "C"M":M
2100

GACACGTGAA CAGG?GC A
2200

CG1SGA1AAGAOMCA GTTAGCAAGA GAGCGGCTAA GGTTTGATGG
2300

TTTGATTG~_ GTTGC CGTTCGAAAT ATTTTTGATA AAATATAAAA AATAATTCAG AGGCTGAGGC AAGTCTAAAA ACAATGCTTT GCCTAP2
2400

EjTAGCTTT TATAATTTTT TTTTAAAM? TAMTTAGC ATT1'tTl TTAMATGAT CTCCA GCCAACTGr TTC CT AGCGGCG 20C
2500

?WCACCWTT? GGT?rGCGTA, CCGACTrA CGGM3GCGcC1 N?flAGCC T~ATACTACC CATCTCGCTC TTA3OCCACCC CTAAM'ACG
TTACTTACCC TGGGCAACTT CCTTCGTCG TCGGC7CG TTTCTGCATT TTTTTTGTTT TTGTCTGGGC GACGACGCAG TCAGAAAGTC CCTCGAAATT

2700
CCTCCGCTCC CTCGCTCGCT CACAATCCTG TTTTTTGGGC CTCTAGTTTT TCGGGGCCCC GAGTTTCGGT CGCTCACG¶C GCMGAAC CACAACAGAC

2800
GACGTCGCAG GTGAGTGGCG AGCAGAGCGCA?G G G TGTGG&&TC cACTGCG TAGGCAGA CGCGMGAG AGG,CGAAGW

2900
CACGCTCTCT TTCACATCCA TGATGCTGC CGCTGTCTCG CTCC TTATP GCTCGGCCAT CATGGGGCTC CATTAAATCC ACTGCCTCT

3000
CGCCGGGAAT CCGAATTGCC GACATTTTCG ATTCCGCCGA CGGCATTTTG TTGGGCATTT TCGGGGCTGA AAAGAAATGA TAATGTTGGA TTTATTTAAT

3100
TATGGAAAGC TATTTTATCT ATAACTCGCA TACGAAACTG ATGTTCTTGG AAAAGCCTTG TTAATACTCT AAAAATAATA GTAAATAAGA CGGAAATTAA

3200
GACTTTTATC TTGTTCATAA ATAAATAGAC CTTTGTAGAC CTCTTACCGA ACCCAATAAT TTTTTATAAG CTCGATTATA AGGCTGTTTT ATTTGATTTA

3300
ATTTTTTAGA TTGTGTAAAC AGAATTATTT ATGATTCATT AATGCAGTCC GAAACTTTCA ATTTTAAACT TTAGTCGAAT CCAATTTAAA ATAAATCGGC

3400
ATTTATTTTT AATGGCAGAC CGAAACACTT TAGCAAAACT ATTTCTTCGG GATGGCAATA AACAGAGAGA GGAGGAAAGT GTCCAATGAG ATTTCCATCG

3500
CTGTCAAACA AAGGCAGCGA CGACGCGCGA CGCCTCGTTG ACATTTGCCA ATAAAAATAA ATAAAATACC ATTTGTTCAG GAATCCGACA TCGTCCACAC

3 600
AATTCCCTTG CCCAAGTTTT CTAGACTTTT GGCCACGCTC ACCGGCGGCA ACTAAAAATA AATGCCGCCT TTTAGTCGAG GCGATCAGGG AACACTTTTG

3700
GGGGCGTGAG GCGGTTCCAA GGGGAAGGAG TAGGTGTGGG TGGGGAGTGT GTGTGCGTTG CGCATTTTAA TACAGTTTAA TGCCCCATCA TGCGCCACCT

CGACCTCCAC TACGGGTAAA TTCCCTAGTA CACCCGTCAA CAATCGAACG CCATAGCATC AAGCTT

Figure 4. Nucleotide sequence of the Mcp and Fab-7 boundaries. (A) The nucleotide sequence from the from the Mcp boundary is shown in the proximal to distal
orientation, with iab-4 to the left and iab-S to the right. Few landmark restriction sites to correlate with Fig. lB and Fig. 2 are boxed (GAATTC=EcoRl; CTGC-
AG=Pstl; GTCGAC=Sall; TCTAGA=Xbal; GCATGC=Sphl). Brackets indicate the proximal deletion breakpoint of Mcpl at position 1027, the distal deletion
breakpoint of McpH27 at position 1837 and the two deletion breakpoints of McpBJ16 at 1421 and 2289. The approximate positions of the nuclease hypersensitive
regions are shown by gray boxes. EMBL # X778982. (B) The nucleotide sequence from the Fab-7 boundary is shown in the proximal to distal orientation, with
iab-6 to the left and iab-7 to the right. The HindlIl (AAGCTT) and EcoRl (GAATTC) sites shown in Fig. IC are boxed. The insertion site of the bluetail transposon
is indicated by a triangle at position 2536. The proximal deletion breakpoint of Fab-71 is indicated at position 225. The Fab-72 deletion from position 1739 to 2528
is due to an imprecise excision of the bluetail transposon. At the distal site, an insertion of 27 nucleotide of unknown origin occurred (CATCAGCAGGCATTTATTT-
CATCATG). The nuclease hypersensitive regions mapped in (22) are shown by gray boxes. EMBL #X78983.

to determine whether the Mcp boundary also has some type of in chromatin were analyzed by the indirect end-labeling
unusual chromatin structure. technique. As indicated in the diagram in Fig. IA, the original
To examine the chromatin structure of the Mcp DNA segment, Mcp mutation, Mcpl, is associated with a deletion of a - 3.6

we prepared nuclei from 0-3 hr, 0-4 hr, and 12-24 hr kb DNA segment from the region in between the iab-4 and iab-5
embryos or from KC tissue culture cells and digested with either cis-regulatory domains (from map position - +94 to + 97.6 kb
DNase I or micrococcal nuclease. The nuclease cleavage products in the bithorax complex). This deletion is contained within a - 6.0
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70.0 % identity in 40 nt overlap

1780 1790 1800 1810

Mcp CAACATTGATGGCTGCCTCTGAAAACATGGCCTCTTTTTC

Fab-7 CATCCATGATGGCTGCCGCTGTC ----TCGCCTCTTCTTC

2820 2830 2840 2850

68.5 % identity in 35 nt overlap

1580 1590 1600

Mcp CGCTGGCGCCCCCTATTGTTTTTCTTTCGCAGCTC

Fab-7 CGCT-GTCTCGCCTCTTCTTCTTCATTTTCAGCTC

2840 2850 2860

66.6 % identity in 30 nt overlan

1630 1640

Mcp GCAACCCACCAGAGGACGCTCGCTGATTGA

Fab-7 GCAAACCAAAAGGTGAAGTTCGCCGCTAGA

2410 2400 2390

Figure 5. Regions of nucleotide sequence homology between the Mcp and Fab-7
boundaries. These homologies have been found with lalign from the Pearson's
programs. The value for the number of local alignments was 10 with the standard
DNA scoring matrix.

kb Eco RI fragment. For indirect end-labeling we used restriction
fragment probes located to either the distal or proximal side of
the Mcpl deletion. In the experiment shown in Fig. 2, Eco RI
restricted chromatin digests were probed with an Eco R1- Sph
I fragment abutting the distal end of the 6.0 kb Eco RI Mcp
fragment. This displays the chromatin digestion products reading
into the Mcpl deletion towards the centromere. In order to align
the chromatin digestion products with the restriction map (and
sequence) of the - 6.0 kb Eco RI fragment, total genomic DNA
was restricted to completion with Eco RI and then subject to
partial restriction digestion with restriction enzymes as indicated.
As illustrated in the autoradiograms in Fig. 2, the - 6. 0 kb

Eco Rl fragment spanning the Mcpl deletion contains one very
prominent nuclease hypersensitive region, as well as several
minor nuclease hypersensitive sites. Essentially the same results
were obtained using probes located to the proximal side of the
6.0 kb Eco Rl Mcp fragment (data not shown). In DNase I digests
of chromatin, the major nuclease hypersensitive region (stipled
area) covers a DNA sequence of more than 300 bp (see Mcp
map in Fig. 3). The minor sites (indicated by bars) are

considerably smaller and are spaced nucleosome length intervals
( 200 bp) (see Fig. 3). Most of these DNase I cleavage products
appear to be chromatin specific as they are not evident in control
digests of naked DNA. The major hypersensitive region is cleaved
extensively by DNase I in early (0-3, 0-4 hr) and late embryos

(12-24 hr) and also in tissue culture cells (Fig. 2). It is also
hypersensitive to micrococcal nuclease (see Fig. 2 and data not
shown). Aligning the chromatin specific DNase I cleavage
products with the restriction map of the -6.0 kb Eco RI
fragment indicates that the major nuclease hypersensitive region
plus the immediately adjacent minor hypersensitive site (thick
bar) are removed by the Mcpl deletion (see Figs 1 and 3).
Hence, like other putative domain boundaries, Mcp appears to
be associated with an unusual chromatin structure.

Isolation and characterization of new Mcp mutations
To more precisely define the sequences required for Mcp function
we isolated new Mcp alleles. Putative Mcp mutations can be
readily identified on the basis of the cuticular pigmentation of
adult male abdomens. In wild type males, there is a marked
difference between the pigmentation of the 4th and 5th abdominal
segments (A4 and A5 correspond to PS9 and PS10 respectively);
A4 is unpigmented except for the very posterior border, while
A5 is black. In Mcpl, A4 is transformed into a copy of A5, and
is darkly pigmented.
Two putative X-ray induced Mcp alleles, MCpH27 and

MCpBJ16, which exhibited this phenotypic transformation were
identified in genetic screens (see Methods). Like the original
Mcpl allele, they are dominant gain-of-function mutations, and
genetic analysis indicated that both are very closely linked to the
bithorax complex. Southern analysis of genomic DNA isolated
from the two mutants revealed that both have lesions in the Mcp
region of the bithorax complex. In McpH27 a DNA segment of
approximately 2.8 kb extending roughly from position +92.5
kb to +95.5 kb is deleted. As indicated in the map in Fig. lb,
the McpH27 deletion overlaps the proximal end of the Mcpl
deletion. MCpBJJ6 is also a deletion; however, it is smaller than
either Mcpl or McpH27 removing a DNA segment of only about
1 kb located between - +95 kb and +96 kb. The McpBl16
deletion is entirely included within Mcpl, while it overlaps with
the distal edge of McpH27. Taken together, the genomic
Southern analysis of the three deficiencies (see Fig. 1B) would
map sequences essential for Mcp boundary function to a small
region of less than 1 kb that is deleted in all three mutants.
Moreover, in spite of the fact that both the extent and the end
points of the deletions in these three mutants are different, their
phenotypes are indistinguishable.

Sequence analysis of the Mcp DNA segment from wild type
and Mcp mutants
To further characterize the Mcp boundary we sequenced a - 2.5
kb DNA segment from the Mcp region. The wild type Mcp
sequence together with relevant restriction sites is presented in
Fig. 4A. Also indicated in this figure are the approximate
positions of the major chromatin specific nuclease hypersensitive
region, and of the minor hypersensitive sites. These nuclease
hypersensitive sites were aligned with the DNA sequence using
the partial restriction enzyme digests in Fig. 2 as reference
markers. This analysis indicates that the major hypersensitive
region spans a DNA segment extending from approximately
1,540 bp to 1,860 bp (see also Fig. 3A). The first minor
hypersensitive site on the proximal side is at - 1,325 bp, the
second at - 1,050 bp, while the third and fourth at - 825 bp
and -625 bp.
To more closely correlate the sequences (and chromatin

structures) required for Mcp boundary function we cloned DNA
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segments from the three Mcp mutants and determined the
proximal breakpoint of Mcpl (24), the distal breakpoint of
McpH27. and both breakpoints of the smallest deficiency,
McpB116. These breakpoints are indicated in the wild type
sequence (Fig. 4A). If one takes into account only the breakpoints
of the smallest deficiency McpBJ16, then sequence essential for
Mcp function would be located between 1422 bp on the proximal
side and 2289 on the distal side. This DNA segment includes
the major nuclease hypersensitive region together with some 429
bp of DNA just distal to the hypersensitive region (see diagram
in Fig. 3A). By contrast, sequences just proximal to the major
nuclease hypersensitive region, including all of the minor nuclease
hypersensitive sites, are not in themselves sufficient to confer
boundary function. It is possible to further refine the DNA
segment essential for boundary function by determining the
minimal region of overlap between the three Mcp deficiencies.
The proximal endpoint of the overlap is defined by the proximal
McpBJ16 breakpoint at 1,421 bp, while the distal endpoint is
defined by the distal breakpoint of McpF27 at 1,837 bp. As
indicated in Figs 3A and 4A, these endpoints closely match the
limits of the major chromatin hypersensitive region, and would
raise the possibility that this unusual chromatin structure
corresponds to the Mcp boundary.

Nucleotide sequence and chromatin structure of the Fab-7
boundary region
Like Mcp, deletions which remove the Fab-7boundary transform
one abdominal segment, in this case A6, into a more posterior
abdominal segment, in this case A7. This phenotypic
transformation appears to be due to the ectopic activation of the
iab-7 cis-regulatory domain in the parasegment in which iab-6
normally functions, namely parasegment 11 (23). In previous
studies we used genomic Southerns to analyze three overlapping
deletions, Fab-71, Fab-72, and Fab-73, which affect Fab-7
boundary function. The approximate breakpoints of these
deletions (mapped by genomic Southern) is shown in Fig. IC
(22). To extend this analysis, we have determined the sequence
of the wild type Fab-7 region and this data is presented in Fig.
4B. We have also cloned DNA from the three Fab-7deficiencies,
and localized by sequencing the proximal breakpoint of Fab-71,
the distal breakpoint of Fab-73 and both breakpoints of the
smallest deficiency, Fab-7F. These breakpoints are indicated in
the Fab-7 sequence presented in Fig. 4B, and are shown
diagrammatically in Fig. 3B. Fig. 3B also shows a map of the
chromatin organization of the Fab-7 region aligned with the DNA
sequence (see 22 and data not shown).
The Fab-7 boundary, like Mcp, has an unusual chromatin

structure; however, the nucleoprotein organization of the Fab-7
DNA segment appears to be considerably more complex than
Mcp. Instead of one major hypersensitive region, Fab-7 contains
3 major hypersensitive regions and several minor hypersensitive
sites (see map in Fig. 3B). The strongest of the minor nuclease
hypersensitive sites (indicated by * in Fig. 3B) is located between

- 1,360 bp and - 1,500. It is separated from the first major
hypersensitive region, region I, by a relatively large nuclease
resistant DNA segment of - 300 bp. Hypersensitive region I
spans a DNA segment of nearly 400 bp and it is located between

- 1,800 bp and - 2,170 bp. It is followed by a - 160 bp nuclease
resistant region which would be just large enough to contain a

nucleosome core particle. Hypersensitive region II is smaller
( ~ 175 bp) than region I, and maps between - 2,325-bp and

bp. Finally hypersensitive region IH extends from -2,675 bp
to 2,900 bp.
The genetic properties of the Fab-7deletions would also suggest

that the organization of functional sequences in the Fab-7
boundary may be somewhat more complex than Mcp. While the
three Mcp deletion mutants are phenotypically equivalent, this
is not the case for the three Fab-7 deletions. The most complete
phenotypic transformation of PS 11 into PS 12 is observed in the
original Fab-7 allele, Fab-71. As indicated in Fig. 3B, this
mutant deletes all three of the prominent nuclease hypersensitive
regions, plus the most of the flanking minor hypersensitive sites.
Although Fab-73 is a strong allele, animals carrying this mutant
occasionally have clones of cells in PS11 that are not transformed.
As indicated in Fig. 3B, this deletion removes the major
hypersensitive regions I and II and all of the minor hypersensitive
sites on the proximal side. However, in contrast to Fab-71,
hypersensitive region IH and the minor sites on the distal side
are intact in Fab-73. Finally Fab-72 appears to retain partial
Fab-7 boundary function as the phenotypic transformation of
PS11 into PS12 in this mutant is incomplete. The Fab-72
deletion is only 789 bp in length. On the distal side, the breakpoint
of Fab-72 is within a few nucleotides of Fab-73. On the proximal
side the breakpoint is just to the left of hypersensitive region I.
Thus in this mutant, hypersensitive regions I and II are deleted,
while the minor nuclease hypersensitive site (*) on the proximal
side and hypersensitive region II on the distal side are retained.

DISCUSSION
Mutations which delete the Mcp and Fab-7 DNA segments in
the bithorax complex have a dominant gain-of-function
phenotype: each transforms one parasegment in the abdomen into
a copy of the parasegment immediately posterior. In the case of
Mcp, PS9 is transformed into PSI0 while for Fab-7 PSll is
transformed into PS12 (23, 24). These phenotypic transformations
appear to be due to the expression of the Abd-B gene in the
affected parasegment in a pattern that is appropriate for the
parasegment immediately posterior. Indeed, Abd-B antibody
staining of Fab-7 mutant embryos reveals that the pattern ofAbd-
B expression in PS11 is identical to that observed in PS12. On
the other hand, Abd-B expression in PS12 is not affected in Fab-7
mutant embryos, and the pattern is the same as that observed
in PS12 of wild type embryos. Abd-B antibody staining of Mcp
mutant embryos gives similar results (21, 22, 28).

Perhaps the simplest model to explain the dominant gain-of-
function phenotypes of the Mcp and Fab-7 mutations is that these
DNA segments contain parasegment specific negative regulators
or silencers-Mcp would be a PS9 specific silencer while Fab-7
would be a PS11 specific silencer. In this view, Mcp would
prevent the positive regulators in iab-S (which are responsible
for activating Abd-B in PS 10) from turning on the Abd-B gene
in PS9. Similarly, the silencers associated with Fab-7 would
prevent the PS12 specific positive regulators in iab-7 from acting
on Abd-B in PS1 1. This model would predict that the dominant
gain-of-function phenotypes ofMcp and Fab-7 should be reverted
by mutations that inactivate the positive regulators in iab-5 and
iab-7, respectively. Indeed, deletions or other rearrangements
which disrupt iab-5 and iab-7 revert the Mcp and Fab-7dominant
gain-of-function phenotypes. A second prediction of this model
is that the dominant gain-of-function phenotype ofMcp and Fab-7
should not be reverted by mutations which disrupt, respectively,
iab-4 and iab-6. In this case, the positive regulators in iab-5 and- 2,500 bp. It is foflowed by a nuclease resistant region of - 175
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iab-7 would still be present and they would still be able to
inappropriately activate Abd-B. However, contrary to this
expectation, mutations which disrupt iab-4 and iab-6 can also
revert Mcp and Fab-7, apparently preventing the regulatory
elements in iab-5 and iab-7 from functioning inappropriately in
PS9 and P51 (23, 24).
The reversion of the gain-of-function phenotypes of Mcp and

Fab-7by mutations that inactivate iab-4 and iab-6, respectively,
lead to the idea that these DNA sequences may correspond to
the boundaries of cis-regulatory domains. In this model, the Mcp
and Fab-7DNA segments would function to prevent adventitious
interactions between regulatory elements (positive and negative)
in adjacent cis-regulatory domains: iab-4 and iab-5 for Mcp and
iab-6 and iab-7 for Fab-7. Consistent with this boundary model,
a lac-Z reporter, the bluetail transposon, inserted into iab-7
appears to be subject to control elements in this cis-regulatory
domain, but is insulated from control elements in the more
proximal cis-regulatory domains iab-5 and iab-6 (22) Moreover,
when the Fab-7 boundary is removed, the bluetail transposon
then responds to regulatory elements in iab-6 (Mihaly, J., Gausz,
J., Gyurkovics, H., and Karch, F. unpublished data).
Whether the Mcp and Fab-7 elements are functionally

equivalent to other Drosophila DNA segments that act as
regulatory boundaries (eg., scs: 59, 60; su(Hw): 62) remains to
be determined. In fact, preliminary studies of DNA fragments
containing the Mcp and Fab-7 elements indicate that they have
some rather unusual and perhaps different properties (cf., 54).
For these reasons, we have used a more classical genetic approach
to further delimit the DNA sequences required for Mcp and Fab-7
boundary function in situ. Analysis of Mcp deficiencies defines
a small 415 bp DNA segment which is deleted in all of the
mutants and appears to be essential for boundary function. As
shown in Fig. 3A, this essential DNA segment closely coincides
with the major chromatin specific nuclease hypersensitive region.
While our results indicate that this nuclease hypersensitive region
is essential for Mcp function, it remains to be determined whether
it is also sufficient. Significantly, the sequences required for Fab-7
boundary function also have an unusual chromatin structure.
However, instead of one major hypersensitive region, the Fab-7
DNA segment contains 3 major hypersensitive regions plus
several minor sites. Our analysis of Fab-7mutants, in particular
Fab-72, indicates that two of these hypersensitive regions, I and
II (see Fig. 3B), are required for function. However, the sequence
removed in Fab-72 may not in themselves be sufficient since this
deletion mutant retains partial activity. From the breakpoints of
the other Fab-7 deletions it would appear that sequences to left
of the proximal Fab-72 breakpoint must contribute to Fab-7
function. Potential candidate sequences would include the minor
hypersensitive site indicated by the * in Fig. 3B. From the
phenotype of Fab-73 it is also possible that sequences to the right
of the distal Fab-72 breakpoint, in particular hypersensitive
region IH, also contribute to Fab-7 boundary function. The
unusual chromatin structures associated with the Mcp and Fab-7
boundaries are present in very early embryos when the activity
state of the bithorax complex in each parasegment is initially
established. Since the same nuclease cutting patterns are found
in late 12-24 hr embryos, it would appear that these chromatin
structures persist (at least in some tissues of the embryo) into
the maintenance phase of BX-C regulation. We have not
examined the chromatin structure ofMcp and Fab-7during larval,
pupal or adult stages; however, the unusual chromatin structures
in each DNA segment are present in tissue culture cells, and

consequently, it is possible that they may persist throughout much
of development.

It is interesting that the nuclease hypersensitive regions in the
Mcp and Fab-7DNA segments closely correlate with sequences
essential for boundary function. Other putative boundary elements
including a boundary from the chicken globin locus, and the
Drosophila scs-like elements also have one or more nuclease
hypersensitive regions (58-60). Moreover, recent studies on scs
localize the sequences required for enhancer blocking activity
to the nuclease hypersensitive regions of this element (54). We
have compared the Mcp and Fab-7DNA sequences with scs and
scs' and with each other. No regions of obvious homology were
noted with either scs or scs', nor with the consensus binding site
for the su(Hw) protein which also has boundary function (62).
We did, however, note some sequence similarities between Mcp
and Fab-7and these are presented in Fig. 5. The most interesting
of these, A, maps to the major nuclease hypersensitive region
in Mcp and to hypersensitive region II in Fab-7. Two other
sequences in the major hypersensitive region of Mcp also show
sequence similarity to Fab-7. Both of these map to the third
nuclease hypersensitive region of Fab-7. Further studies will
clearly be required to determine the functional significance of
these and other sequences in the Mcp and Fab-7 nuclease
hypersensitive sites.
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