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ABSTRACT

In the Abd-B 3’ cisregulatory region, which is subdivided into a series of iab domains, boundary ele-
ments have previously been detected, including the Fab-7 element providing for the autonomous func-
tioning of the iab-6 and iab-7 cistegulatory domains. Here, it has been shown that a single copy of the 860-bp
Fab-7 insulator effectively blocks the yellow and white enhancers. The eye and testis enhancers can stim-
ulate the white promoter across the pair of Fab-7, which is indicative of a functional interaction between
the insulators. Unexpectedly, Fab-7 has proved to lose the enhancer-blocking activity when placed near
the white promoter. It seems likely that Fab-7 strengthens the relatively weak white promoter, which leads
to the efficient enhancer—promoter interaction and insulator bypass.

S enhancers exert long-distance effects, a question
arises as to how an enhancer can specifically ac-
tivate its target gene without affecting adjacent genes
(DorseTT 1999; BONDARENKO ¢f al. 2003; WEST and
FRASER 2005; FRASER 2006; GASZNER and FELSENFELD
2006). In this relation, of interest is the class of DNA
sequence elements, named insulators, that contribute
to the organization of independent gene function do-
mains by restricting the functions of enhancers and
silencers (SUN and ELGIN 1999; KunN and GEYER 2003;
CAPELSON and CoRrcEs 2004; BRASSET AND VAURY 2005;
WEST and Frasgr 2005; GAszNER and FELSENFELD
2006; VALENZUELA and KAMAKAKA 2006). Insulators are
characterized by two properties. First, they operate in a
position-dependent manner, preventing the functioning
of enhancers and silencers when inserted between these
regulatory elements and a promoter but not when lo-
cated upstream or downstream from them (GYURKOVICS
et al. 1990; HOLDRIDGE and DoORSETT 1991; GEYER and
Corces 1992; KeLLuM and ScHEDL 1992; SiGrisT and
PiRROTTA 1997; MALLIN ¢t al. 1998; COMET et al. 2006).
However, insulators do not inactivate enhancers, silencers,
or promoters, which indicates that they interfere with
signaling between these classes of control elements
(GEYER and Corces 1992; Car and LEvINE 1995; ScoTT
and GEYER 1995). Second, insulators protect gene ex-
pression from the positive and negative effects of chro-
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matin surrounding a gene (IsHII et al. 2002; MUTSKOV
et al. 2002) and confer the capacity for position-
independent transcription to transgenes reliably in-
tegrated into the genome (BONIFER ¢ al. 1990; KELLUM
and ScHEDL 1991; ROSEMAN et al. 1993, 1995; BURGESS-
Beussk et al. 2002). Most of the insulators that have
been identified in multicellular organisms appear to be
constitutive and remain active irrespective of develop-
mental stage or tissue type.

Several constitutively active insulators/boundaries
that have been found in the Drosophila Antennapedia
(ANT-C) and bithorax (BX-C) complexes are crucial for
the developmental functions of homeotic genes in each
complex (GYURKOVICS et al. 1990; HAGSTROM et al. 1996;
ZHOU et al. 1996, 1999; MIHALY et al. 1998; ZHOU and
LEVINE 1999; BARGES et al. 2000; BELOZEROV ef al. 2003;
GRUZDEVA et al. 2005). The three homeotic genes of the
bithorax complex— Ultrabithorax (Ubx), abdominal-A (abd-
A), and Abdominal-B (Abd-B)—are responsible for spec-
ifying the identity of parasegments 5-14 (PS5—-PS14),
which form the posterior half of the thorax and all ab-
dominal segments of an adult fly (LEw1s 1978; SANCHEZ-
HERRERO et al. 1985; MIHALY ef al. 1998; MAEDA and
KarcH 2006). The PS-specific expression patterns of
Ubx, abd-A, and Abd-B are determined by a complex cis-
regulatory region that spans a 300-kb DNA segment
(Stpos and Gyurkovics 2005; MAEDA and KarcH 2006).
For example, Abd-B expression in PS10, PS11, PS12, and
PS13 is controlled by the iab-5, iab-6, iab-7, and iab-8 cis-
regulatory domains, respectively (LEwis 1978; KarcH
et al. 1985; DuNcAN 1987; CELNIKER et al. 1990; BOULET
et al. 1991; SANCHEZ-HERRERO 1991). The current model
suggests that boundaries flank each iab region and or-
ganize the Abd-B regulatory DNA into a series of sepa-
rate chromatin loop domains (Gyurkovics et al. 1990;
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GALLONI et al. 1993; MIHALY el al. 1998; Sipos and
Gyurkovics 2005; MAEDA and KarcH 2006).

Among Abd-B boundaries, the best characterized is
the Fab-7 element located between the iab-6 and iab-7 cis-
regulatory domains. Mutations that inactivate Fab-7 lead
to the fusion of the iab-6 and iab-7 domains, and this
disrupts the specification of PS11 (Gyurkovics et al.
1990; GALLONTI et al. 1993; KARCH ef al. 1994; MIHALY
et al. 1997). As with other known insulators, the insu-
lating activity of the Fab-7 element is neither restricted
to specific enhancer-promoter combinations nor stage
or tissue specific (GALLONI et al. 1993; HAGSTROM et al.
1996; Zruou et al. 1996; SCHWEINSBERG and SCHEDL
2004). The minimal Fab-7 boundary defined in differ-
ent enhancer blocking assays is 1.2 kb long (HAGSTROM
et al. 1996; ZHOU et al. 1996).

In this study, we have found that the Fab-7 insulator
and its 0.86-kb subfragment block the yellow and white
enhancers with similar efficiency. The 0.86-kb insulator
has the same activity when placed at different sites be-
tween the yellow enhancers and promoter. Unexpectedly,
the insulator has proved to lose the enhancer-blocking
activity when inserted near the white promoter. As pre-
viously shown for several other insulators (Car and SHEN
2001; Muravyova et al. 2001; CONTE et al. 2002; KUHN
et al. 2003; GRUZDEVA et al. 2005; KyRCHANOVA ¢t al. 2007),
the interaction between the Fab-7 insulators leads to mu-
tual neutralization of their enhancer-blocking activity.

MATERIALS AND METHODS

Transgenic constructs: The 3-kb Sall-BamHI fragment con-
taining the yellowregulatory region (yr) with the body and wing
enhancers (—2873 to —1266 bp relative to the transcription
start; GEYER and CORCES 1987) was subcloned into the pGEM7
plasmid digested with BamHI and Xhol. The white eye en-
hancer (Ee, fragment —1465 to —1084 bp relative to the white
transcription start; QIAN ef al. 1992) was then inserted at
position —1868 from the yellow transcription start site (yr-Ee).
The 5-kb BamHI-BglI fragment containing the yellow coding
region (yc) was subcloned into CaSpeR2 (yc-C2). The I-Scel +
126x2-Eye-yr plasmid containing the yellow and white en-
hancers between the I-Scel sites was described by Ropin and
GEORGIEV (2005).

The 1.252-kb Fab-7 fragment (F7'?) was cloned by PCR
amplification of the genomic DNA between primers 5'-
ACTGCAGTGAAGACACGAACC-3" and 5'-CGTGAGCGACC
GAAACTGC-3’; the 0.858-kb Fab-7 fragment was cloned by PCR
amplification between primers 5'-GATTTCAAGCTGTGTG
GCGGGG-3' and 5'-CGTGAGCGACCGAAACTC-3'. There-
after, these Fab-7 fragments were sequenced to confirm their
identity and subcloned between lox [lox(F7) and lox(F7'?)
plasmids] and frt [frt(F7) plasmid] sites. Sequences from e(y)3
cDNA were used as spacers. In particular, the 2.7-kb BamHI-
Nodl and the 1.4-kb Puull-Bgll fragments were cut from the
coding region of the ¢(y)3 gene and cloned, respectively, be-
tween lox [lox(2.7)] and frt [fre(1.4)] sites.

To construct Eye(F7'?)YW and Eye(F7)YW, the lox(F7'?)
and lox(F7) fragments were inserted into the yr-Ee plasmid
digested with Eco47III at —893 from the yellow transcription
start site [yr-Ee-lox(F7'?) and yr-Ee-lox(F7)]. Next, the yr-Ee-

lox (F7'?) and yr-Ee-lox (F7) fragments were cloned into the yc-
C2 plasmid digested with Xbal and BamHI.

To construct (Eyw) (F7)Y(F7)W and (Eyw) (F7?)Y(F7)W, the
lox(F7) fragment was inserted into C2-yc between the yellow
and white genes [C2-lox (F7)-yc|. Here and below, the orienta-
tion of the Fab-7 fragment relative to the direction of the yellow
and white genes was verified by PCR. The frt(F7) fragment was
inserted in the direct or reverse orientation into the I-Scel +
126x2-Eye-yr plasmid digested with Eco47III [I-Scel +126x2-Eye-
yr-frt(F7)]. The resulting fragment was subcloned into C2-yc-
lox (F7) digested with Xbal and BamHI.

To construct (Eyw)Y(F7)W, the lox(F7) fragment was
inserted in the direct orientation between the yellow and white
genes [C2-yclox(F7)]. The I-Scd+126x2-Eye-yr fragment was
subcloned into C2-yc-lox (F7) digested with Xbal and BamHI.

To construct (Eye) (2.7) (F7)YW, the frt(F7) fragment was
inserted into the lox(2.7) plasmid digested with BamHI
[lox(2.7)frt(F7)]. The lox(2.7)-frt(F7) fragment was inserted
into the I-Scel +126x2-Eye-yr plasmid digested with Eco4 7111 [I-
Scel+126x2-Eye-yr- lox(2.7)-frt(F7)]. The resulting fragment
was subcloned into C2-yc cleaved with Xbal and BamHI.

To construct (Eyw)Y(F7%) (1.4)W, the frt(1.4) fragment was
inserted into the lox(F7) plasmid digested with BamHI
[lox(F7)-frt(1.4)]. The lox(F7)-frt(1.4) fragment was subcl-
oned into the C2-yc digested with Bgll [C2-yc-lox (F7)-frt(1.4)].
The I-Scel +126x2-Eye-yr fragment was subcloned into C2-yc-
lox (F7)-frt(1.4) digested with Xbal and BamHI.

To construct EywF7Y(F7%) (1.4)W, the I-Scel+126x2-Eye-yr
fragment was subcloned into C2-yc-lox(F7)-frt(1.4) digested
with Xbal and BamHI.

To construct (Eye)F7_;70YW, the 500-bp fragment was ob-
tained by PCR amplification of the yr plasmid between primers
5'-CGCAAAGTTGGCCGATCTATGG-3" and 5'-CAGGAAACA
GCTATGAC-3'. After sequencing, the 500-bp fragment was
cloned into F7 digested with Pstl and Spel (F7-500). The 770-bp
fragment was obtained by PCR amplification of the yr plasmid
between primers 3-ATCCAGTTGATTTTCAGGGACCA-5" and
5" TGTCTTCCATGATTGATTTTCACGC-3'. After sequencing,
the 770-bp fragment was cloned into F7-500 plasmid digested
with HindIII and Xhol (F7-500-770). The F7-500-770 fragment
was cloned into the pSK-I-Scel+126x2-Eye plasmid digested
with Hincll [(Eye)-F7_;7o]. Finally, the resulting DNA fragment
was cloned into C2-yc digested with Xbal and BamHI.

To construct (Eye) (F7_543)YW the lox(F7) fragment was
inserted in direct orientation into the yr pGEM?7 plasmid di-
gested with Kpnl [yr-lox (F7_z4s)]. I-Scel +126x2-Eye-yr fragment
was subcloned into yr-lox (F7_s43) plasmid digested with Xbal-
Eco4THI [I-Scel +126x2-Eye-yr-lox (F7_s43)]. The resulting frag-
ment was subcloned into C2-yc cleaved with Xbal and BamHI.

Generation and analysis of transgenic lines: All flies were
maintained on the standard yeast medium at 25°. The mutant
alleles and chromosomes used in this study and the balancer
chromosomes are described elsewhere (LINDSLEY and ZiMM
1992). The construct, together with P25.7wc, a P element
having defective inverted repeats used as a transposase source
(Karess and RuBIN 1984), was injected into y ac w''*® pre-
blastoderm embryos as described (RUBIN and SPRADLING 1982;
SPRADLING and RUBIN 1982). The resulting flies were crossed
with y ac w''"* flies, and the transgenic progeny were identified
by the color of their eyes and cuticle structures. The trans-
formed lines were tested for transposon integrity and copy
number by Southern blot hybridization.

The lines with excisions were obtained by crossing the flies
bearing the transposons with flies of Flp (w'""%; §* CyO, hsFLP,
ISA/Sco; +) or Cre (y', w'; CyO, P[w+,cre]/Sco; +) recombinase-
expressing lines. A high level of FLP recombinase was pro-
duced by exposing late embryos and second or third instar
larvae to heat shock at 37° for 2 hr. A high level of I-Scel
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F1Gure 1.—Comparison of the enhancer-blocking activities
of 1.2.kb (F7'?) and 0.86-kb (F7) fragments from the Fab-7
insulator. (A) Diagram shows Fab-7 region that includes
one minor (marked with an *) and three major nuclease hy-
persensitive sites (HS1, HS2, and HS3) whose extent is indi-
cated by open boxes (KarcH et al. 1994) and the 1.2-kb and
0.86-kb Fab-7 fragments tested in the enhancer-blocking assay.
GAF binding sites are shown as solid ovals. (B) Reductive
schemes of transgenic constructs and analysis of F7'* and
F7 in an enhancer blocking assay. In schemes of constructs
(not drawn to scale), Fab-7 fragments are shown as pentagons
with apexes indicating their orientation. The yellow wing (W)
and body (B) enhancers are shown as solid ovals, and the eye
enhancer (E) inserted between them is shown as an open
oval. The yellow (Y) and white (W) genes are shown as boxes
with arrows indicating the direction of their transcription.
Downward arrows indicate the target sites of Flp recombinase
(frt) or Cre recombinase (lox); the same sites in construct
names are denoted by parentheses. The “yellow” column
shows the numbers of transgenic lines with the yellow pigmen-
tation level in the abdominal cuticle (reflecting the activity of
the body enhancer); in most of the lines, pigmentation levels
in wing blades (reflecting the activity of the wing enhancer)
closely correlated with these scores. The “white” column
shows the numbers of transgenic lines with the white pigmen-
tation level in eyes (reflecting the activity of the eye en-
hancer). The level of pigmentation (i.e, of y expression)
was estimated on an arbitrary five-grade scale, with wild-type
expression and the absence of expression assigned scores 5
and 1, respectively. The “white” column shows the numbers
of transgenic lines with different levels of eye pigmentation.
Wild-type white expression determined the bright red eye
color (R); in the absence of white expression, the eyes were
white (W). Intermediate levels of pigmentation with the eye
color ranging from pale yellow (pY), through yellow (Y), dark
yellow (dY), orange (Or), dark orange (dOr), and brown
(Br), to brownish red (BrR) reflect the increasing levels of

endonuclease was achieved by heat-shock treatment for 2 hr
on day 3 after hatching, as described (RopIN and GEORGIEV
2005). The excisions were confirmed by PCR analysis. The
details of the crosses used for genetic analysis and for excision
of functional elements are available upon request.

The yellow phenotype was determined from the level of
pigmentation of the abdominal cuticle and wings in 3- to 5-day-
old males developing at 25°. As a reference group, we used flies
in which the y allele had been characterized previously. The
level of pigmentation (i.e., of y expression) was estimated on
an arbitrary five-grade scale: wild-type expression was assigned
score 5, and the absence of expression, score 1. The white
phenotype was determined from eye pigmentation and testis
pigmentation in adult flies. Wild-type white expression in eyes
determined bright-red eye color (R); in the absence of white
expression, the eyes were white (W). Intermediate levels of
whiteexpression (in increasing order) were reflected in the eye
color, ranging from pale yellow (pY) through yellow (Y), dark
yellow (dY), orange (Or), and dark orange (dOr), to brown
(Br) or brown-red (BrR). Males from different transgenic lines
were allowed to age 10 days before dissection and visual
inspection of the testes.

RESULTS

The 1.2-kb Fab-7 insulator and its 0.86-kb subfrag-
ment block the yellow and white enhancers with similar
efficiency: To test the enhancer-blocking activity of the
Fab-7 insulators and functional interaction between
them, we employed the test system with the yellow and
white genes that have been extensively used in insulator
studies (GEYER and Corces 1992; KeLrLum and SCHEDL
1992; ROSEMAN ¢t al. 1993; MurRAvYOVA et al. 2001; KUHN
et al. 2003; SCHWEINSBERG ¢! al. 2004; SCHWEINSBERG
and ScHEDL 2004; GRUZDEVA el al. 2005; SAVITSKAYA
et al. 2006). The yellow gene (designated Y) is required
for dark pigmentation of larval and adult cuticle and
its derivatives. Two upstream enhancers (designated Ey)
are responsible for yellow activation in the body cuticle
and wing blades, while the enhancer responsible for
yellow activation in bristles resides in the intron of the
yellow gene (GEYER and CORCEs 1987; MARTIN el al.
1989). The white gene (designated W) is required for
eye and testis pigmentation and is regulated by the eye-
and testis-specific enhancers (designated Ew; QIAN et al.
1992). These enhancers were inserted between the yellow
wing and body enhancers (Eyw).

Previously, the minimal Fab-7 insulator was mapped in
the 1.2-kb fragment between Psil and Apal (Figure 1A).
In our assay, we used the same 1.2-kb fragment (F7'?) and
its 0.86-kb subfragment (F7) in which the 5" sequences of
F7'* were deleted. The F7 subfragment contains all GAF
binding sites related to the enhancer-blocking activity of
the insulator (SCHWEINSBERG et al. 2004).

white expression. N is the number of lines in which flies ac-
quired a new y phenotype upon deletion (A) of the specified
DNA fragment; 7T is the total number of lines examined for
each particular construct.
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The F7 [Eyw(F7)YW] and F7'* [Eyw(F7'#)YW] flanked
by lox sites were inserted between the enhancers and
promoters at —893 relative to the yellow transcription
startsite (Figure 1B). We obtained 15 transgenic lines car-
rying a single copy of Eyw(F7'%)YW and 17 Eyw(F7)YW
transgenic lines. Both F7'% and F7 partially blocked the
yellow and white enhancers with comparable efficiency
(Figure 1B). Deletion of the insulators resulted in re-
covery of yellow and white expression in most of trans-
genic lines, confirming the role of these elements in
insulation. These results suggest that the 0.86-kb sub-
fragment contains the sequences required for the Fab-7
insulator activity in adult flies.

Functional interaction between two copies of Fab-7
insulator leads to neutralization of their enhancer-
blocking activity: Considering that two consecutive Mcp
insulators (KYRCHANOVA et al. 2007) or gypsy insulators
(Carand SHEN 2001; MUrAVYOVA ¢l al. 2001; KUHN et al.
2003) between an enhancer and the target gene pro-
moter fail to block gene activation, we decided to find
out whether two Fab-7 insulators would neutralize each
other’s enhancer-blocking activity. In all further ex-
periments, we used the minimal 0.86-kb Fab-7 insulator
(F7).

In the (Eyw) (F7)Y(F7*)W construct (Figure 2), one
Fab-7 insulator (F7) flanked by frt sites was inserted at
—893 and the second Fab-7 copy flanked by lox sites was
inserted between the yellow and white genes in the in-
verted orientation (designated F7%). To check the contri-
butions of the enhancers to yellow and white expression
in the presence or absence of Fab-7 insulators, the frag-
ment containing the enhancers was flanked by 126-bp
direct repeats and sites for the rare-cleaving I-Scel endo-
nuclease that permits excision of enhancers as described
in MATERIALS AND METHODS (RODIN and GEORGIEV 2005).

Throughout the text, parentheses in construct desig-
nations enclose the elements flanked by the frt (Govric
and LinpQuist 1989), lox (SiecaL and HAarTL 2000), or
I-Scel sites at which those elements can be excised in
crosses with flies expressing Flp or Cre recombinase or
I-Scel endonuclease (as noted in MATERIALS AND METH-
oDs). By comparing yellow and white expression in trans-
genic lines and their derivatives with two, one, or no Fab-7
elements, and in the presence or absence of the en-
hancers, it is possible to estimate the levels of enhancer
blocking by different combinations of the elements at
the same genomic site.

Twelve transgenic lines carrying a single insertions of
the (Eyw) (F7)Y(F7%)W were obtained (Figure 2). By com-
paring yellow phenotypes in the original and derivative
transgenic lines with one Fab-7 element inserted at —893
or no Fab-7 insulators, we found that Fab-7 blocked the
yellow enhancers effectively, while the second Fab-7 copy
inserted downstream of the yellow gene had no notable
effect on insulation. Deletion of the yellow enhancers
resulted in decreasing of pigmentation to y*like level in
all transgenic lines, suggesting that the yellow enhancers
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Ficure 2.—Tests for the functional interaction between
Fab-7 insulators based on the ability of the eye and testis en-
hancers to stimulate transcription across the pair of the Fab-7
elements. In schemes of constructs, downward arrows indicate
the target sites of Flp recombinase (fit), or Cre recombinase
(lox), or I-Scel endonuclease (sce). Arrows near the names of
the construct show the order in which the N/ T values were
calculated. The “testis” column shows white expression in tes-
tis: +, extensive pigmentation; —, weak pigmentation or its
absence. Other designations are as in Figure 1. Photographs
show the eyes and testes of males heterozygous for the con-
struct (P/+) from one transgenic line and its derivatives.

partially stimulate yellow expression across the Fab-7
insulator in half of the transgenic lines tested.

Comparing eye and testis pigmentation in the (Eyw)
(F7)Y(F7%)W lines and their derivatives with the deleted
enhancers showed that the eye and testis enhancers can
effectively stimulate while expression across two Fab-7
insulators (Figure 2). At the same time, the deletion of
the Fab-7 insulator located downstream of the yellow gene
led to a strong reduction of eye and testis pigmentation,
indicating that one Fab-7 copy at —893 effectively blocked
the white enhancers. Unexpectedly, we found that a sin-
gle Fab-7 insulator located close to the white promoter
failed to effectively block the eye and testis enhancers
(Figure 2). Thus, the Fab-7 insulator located close to the
white promoter proved to lose its enhancer-blocking
activity.

Orientation of Fab-7 insulators relative to genes and
to each other is not crucial for their insulating activity
and the outcome of their functional interaction: The
proximal and distal Fab-7 copies in the (Eyw)(F7)
Y(F7*)W construct were in opposite orientations, and
this factor might have an effect on the observed en-
hancer-blocking activity. To test the enhancer-blocking
activity of the proximal (relative to the enhancers)
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F1GURE 3.—Tests for orientation dependence of the Fab-7
insulator. (A) The (Eyw) (F7*)Y(F7*)W and (B) (Eyw)Y(F7)W
constructs and phenotypic analysis of the corresponding
transgenic lines carrying these constructs and their deriva-
tives. Other designations are as in Figures 1 and 2.

Fab-7 insulator inserted in the opposite orientation and
to reveal the outcome of pairing between collinear Fab-7
insulators, we made the (Eyw) (F7®)Y(F7®)W construct
in which both Fab-7 elements were in the same ori-
entation, opposite to the direction of the yellow and white
genes (Figure 3A).

The levels of yellow pigmentation in flies of all 12
transgenic (Eyw) (F7%)Y(F7°)W lines (Figure 3A) were
similar to those in flies of the initial (Eyw) (F7)Y(F7%)W
lines (Figure 2). Thus, the orientation of the proximal
Fab-7 insulator is not crucial for enhancer blocking.
Again, deletion of the distal (relative to the enhancers)
Fab-7 insulator had no influence on yellow pigmentation.

Comparing eye and testis pigmentation in the (Eyw)
(F7)Y(F7*)W (Figure 2) and (Eyw) (F7?)Y(F7*)W (Figure
3A) transgenic lines, we concluded that the insulator
bypass by the white enhancers in heterozygous flies did
not depend on the relative orientation of Fab-7 insula-
tors. One Fab-7 copy (F7%) inserted at —893 in reverse
orientation [in (Eyw) (F7%)Y(A)W derivative lines, Figure
3] strongly blocked the white enhancers, confirming that
the orientation of the proximal Fab-7 copy is not crucial
for insulating activity.

Thereafter, we tested if the activity of Fab-7 located
near by the white promoter was also orientation inde-
pendent. In the (Eyw)Y(F7)W construct, we inserted the
Fab-7 insulator flanked by lox sites between the yellow
and white genes in the direct orientation (Figure 3B). In
all 11 (Eyw)Y(F7)W lines tested, the enhancers effec-
tively stimulated white expression, with the deletion of
Fab-7 having no significant effect on it. Thus, the Fab-7
insulator inserted in the direct orientation also failed to
block the white enhancers. Taken together, these results
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F1cURE 4.—Tests for role of the distance between Fab-7 and
the white promoter in insulator bypass by the enhancers: (A)
(Eye)Y(F7%) (1.4)Wand (B) (Eye) (F7)Y(F7%) (1.4)W transgenes
and analysis of yellow and while expression in original transgenic
lines and their derivatives obtained by deleting either Fab-7, or
the enhancers, or the DNA spacer (1.4 kb) inserted between Fab-
7 and the white promoter. Other designations are as in Figures 1
and 2.

suggest that the orientation of Fab-7 relative to the
enhancer—promoter pair is not crucial for its enhancer-
blocking activity.

Distance between Fab-7 and the white promoter is
crucial for enhancer blocking: The insulator bypass by
the enhancers in the case of Fab-7 placed close to the
white promoter suggested that the distance between
the promoter and the insulator could have a role in
enhancer blocking. To test this possibility, we inserted a
1.4-kb spacer flanked by frt sites between whiteand Fab-7
in the (Eyw)Y(F7%) (1.4)W construct (Figure 4A). As in
the previous constructs, Fab-7 flanked by lox sites was
inserted in the reverse orientation on the 3’ side of the
yellow gene. Flies in 16 of 20 transgenic (Eyw)Y(F7%) (1.4)W
lines had low levels of eye and testis pigmentation, which
indicated that the white enhancers were blocked (Figure
4A). Deletion of either Fab-7 insulator or the 1.4-kb spacer
restored activity of the enhancers. Thus, the 1.4-kb DNA
fragment did not block the enhancers but increased the
distance between Fab-7 and the white promoter, which
allowed Fab-7 to insulate the enhancers.

Next, we checked whether Fab-7 pairing allows en-
hancer-promoter communication when the distal Fab-7
and the white promoter are separated by the 1.4-kb
spacer. In the (Eyw)F7Y(F7%)(1.4)W construct, both
Fab-7 insulators were inserted in the same positions as in
the original (Eyw) (F7)Y(F7%)W construct, but the white
promoter was separated from the distal Fab-7 insula-
tor by the 1.4-kb spacer (Figure 4B). In 10 transgenic
(Eyw)F7Y(F7%) (1.4)W lines, the eye and testis en-
hancers stimulated white expression. Deletion of either
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F1GURE 5.—Tests for the influence of Fab-7 on the activity of
white promoter: analysis of eye pigmentation in flies from en-
hancerless derivatives of (Eyw) (F7)Y(F7%)W lines. Other des-
ignations are as in Figures 1 and 2.

the enhancers or the distal Fab-7 insulator led to strong
reduction of eye pigmentation in flies, while deletion of
the 1.4-kb spacer did not significantly change white ex-
pression (Figure 4B). Thus, an increase in the distance
between the Fab-7 insulator and the white promoter
does not affect the ability of the enhancers to stimulate
white expression across the pair of Fab-7 insulators.
The near-by Fab-7 insulator improves the basal activity
of the white promoter: To explain the inability of the
Fab-7 insulator to block enhancers in position near the
white promoter, we suggest that Fab-7 can strengthen
the relatively weak promoter. To test this assumption,
we compared eye pigmentation in the enhancerless
(A) (F7)Y(F7*)W derivatives in the presence of Fab-7
insulators and after their deletion (Figure 5). The de-
letion of the Fab-7 insulator at —893 had no influence
on white expression, while that of the distal Fab-7 insu-
lator markedly decreased eye pigmentation in 5 of 12
transgenic lines, suggesting that the Fab-7 insulator lo-
cated near the white promoter improves its activity.
Fab-7 displays insulating activity in different posi-
tions near the yellow promoter: The next question was
whether Fab-7 fails to block the yellow enhancers when it
is located close to the promoter. To study this position
dependence, we inserted the Fab-7 insulator flanked by
lox sites at —343 bp relative to the yellow transcription
start site [(Eye) (F7_343) YW, Figure 6A]. The distance be-
tween Fab-7 and the yellow promoter was approximately
the same as between Fab-7 and the whitepromoter in the
(Eyw)Y(F7%)W construct. In all 14 (Eye) (F7_343) YW trans-
genic lines, the yellow and white enhancers were blocked
with similar efficiency as in the transgenic lines in which
the Fab-7 insulator was inserted at —893 (Figures 1Band 2).
In the next (Eye)F7_;7,YW construct, we did not
flank the Fab-7 insulator by lox sites, thereby reducing
the distance between Fab-7 and the transcription start
site to 172 bp (Figure 6B). Once again, the Fab-7 insu-
lator effectively blocked the yellow and white enhancers.
These results suggest that the distance between Fab-7
and the yellow promoter is not crucial for insulation.
Finally, we checked whether the distance between the
enhancers and the Fab-7 insulator is crucial for en-
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FIGURE 6.—Tests for the insulating activity of Fab-7 lo-
cated at different distances from the yellow promoter or en-
hancers: (A) (Eye) (F7_345)YW, (B) (Eye)F7_;75YW, and (C)
(Eye) (2.7) (F7)YW transgenes and analysis of yellow and white
expression in original transgenic lines and their derivatives
obtained by deletion of Fab-7, or the enhancers, or the DNA
spacer (2.7 kb) inserted between the enhancers and Fab-7.
Other designations are as in Figures 1 and 2.

hancer blocking. In the (Eyw)(2.7) (F7)YW construct,
the 2.7kb spacer flanked by lox sites was inserted be-
tween the enhancers and Fab-7 at —893 (Figure 6C).
Comparing yellow pigmentation in transgenic lines with
or without Fab-7 before and after the deletion of the
spacer showed that the presence of the 2.7-kb spacer
decreased the activity of the yellow enhancers but had
no influence on the insulating properties of Fab-7.

DISCUSSION

Previously, the minimal Fab-7 insulator was mapped
with the aid of the eye enhancer—mini-white gene model
(HAGSTROM ¢t al. 1996). The test fragments of the Fab-7
insulator were inserted in close proximity to the white
promoter. As a result, it was found that only the 1.2-kb
fragment corresponding to our Fab-7'* (rather than its
0.86-kb subfragment) blocked the eye enhancer in ~50%
of transgenic lines. Here, we found that both 0.86- and
1.2-kb fragments insulated the enhancers with similar
efficiency when placed at a distance from the white
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promoter. The simplest explanation of these contradic-
tory results is that the 1.2-kb Fab-7 insulator contains the
regulatory element that inhibits the activity of the white
promoter, which is deleted from the smaller 0.86-kb Fab-
7 element. Indeed, our preliminary data show that
the 0.4-kb fragment overlapping the proximal part of
the 1.2-kb Fab-7 insulator often recruits the transposon
in genome regions that negatively influence white ex-
pression (O. KYRCHANOVA, unpublished data). Interest-
ingly, the 1.2-kb Fab-7 insulator contains separable
regions that function at different stages of development
(ScHwWEINSBERG and ScHEDL 2004). The elements re-
sponsible for the insulating activity in embryos and adult
flies (the eye enhancer—white promoter) are present in
the 0.86-kb Fab-7 element. Thus, these results are in
agreement with our finding that the 0.86-kb fragment
contains all sequences required for blocking the adult
enhancers.

As the 0.86-kb Fab-7 insulator inserted close to the
white but not the yellow promoter fails to block the en-
hancers, we suggest that the Fab-7 insulator stimulates
binding of the basic transcription factors to the rela-
tively weak white promoter. The 0.86-kb Fab-7 insulator
contains nine consensus-binding sites for the GAGA
factor (SCHWEINSBERG et al. 2004). The GAGA factor
functions to antagonize the repressive effects of chro-
matin by promoting the formation of nucleosome-free
regions over promoters and other regulatory elements
(LEBOVITCH et al. 2002; LEHMANN 2004). It seems likely
that GAGA helps in the binding of proteins to the white
promoter that helps to overcome the insulating activity
of Fab-7. While further study is required to prove this
model, it is apparent that the DNA fragment tested for
the insulating activity should be placed at a distance
from an enhancer and a promoter to avoid effects com-
plicating interpretation of the results.

Recently, we found that relative orientation of the
Mcp elements defines the mode of loop formation that
either allows or blocks stimulation of the white promoter
by the eye enhancer (KyRCHANOVA et al. 2007). In contrast
to previous observations (ZHOU et al. 1996; MAJUMDER
and Car 2003), we demonstrated here that the Fab-7
insulators can functionally interact with each other. In
contrast to Mcp, however, the relative orientation of Fab-7
does not affect communication between the eye en-
hancer and the white promoter across the pair of Fab-7
insulators. The Mcp insulator located downstream of
the yellow gene significantly improves the enhancer-
blocking activity of the insulator located between the
enhancers and promoter of the yellow gene (KyRCHANOVA
et al. 2007). It appears that the interaction between the
Mcp insulators results in the formation of a loop that re-
stricts communication between the enhancers located
outside the loop and the promoters located inside it. We
found that Fab-7 inserted downstream of the yellow gene
did not contribute to insulation by Fab-7 located between
the enhancers and the promoters. If the Fab-7 insulators

interactin all tissues, their presence on both sides of a gene
does not ultimately improve the blocking of enhancers
located outside the chromatin loop formed due to their
interaction.

The role of Fab-7 and other boundary elements in
transcriptional regulation of Abd-B is as yet uncertain.
According to the accepted model, the insulator/bound-
ary element functions as a barrier separating the iab
domains differing in the status of chromatin (MIHALY
et al. 1998; Srros and Gyurkovics 2005; MAEDA and
KARCH 2006). Recently, CLEARD et al. (2006) directly dem-
onstrated the interaction between Fab-7 and the Abd-B
promoter, concluding that Fab-7 and other boundary
elements appear to be involved in regulating long-
distance interactions between the iab enhancers and
the Abd-B promoter. Itis noteworthy that the interaction
of Fab-7 with the promoter was effective in the tissues
where Abd-B is not expressed, e.g., in the eyes. These re-
sults are in agreement with our observation that the Fab-7
insulators functionally interact in supporting the in-
teraction between the enhancers and promoters of the
white gene. An important task now is to find out whether
the Fab-7 insulators are capable of interaction in all
tissues and at all developmental stages.

This study was supported by the Russian Foundation for Basic
Research (project no. 06-04-48360) and by the International Research
Scholar Award from the Howard Hughes Medical Institute (to P.G.).
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